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Preface

Information technology has revolutionized daily life in the last decades and the con-
tinuously increasing amount of data to be stored and manipulated strongly stim-
ulated the search for switching and memory elements as tiny as a single molecule.
Molecular switches can be converted from one state to another by an external stimu-
lus such as light, electricity or a chemical reaction. Like with their macroscopic
counterparts, one is able to control numerous functions and properties of materials
and devices.

Applications in computer chips, optical recording systems, holographic and liquid
crystal display materials are close to reality. Some of the optical molecular switches
emerged from well-known photochromic dyes, others are based on entirely new
design principles. The use of molecular switches and trigger elements in biomedi-
cine, for instance in drug delivery systems and biosensors, will open up entirely new
horizons. In a broader context, the design of molecular switches present a formid-
able challenge on the road toward miniaturization in future nanotechnology.

Tremendous progress has been seen in recent years in the development of molec-
ular switching, typically at the interface between chemistry and materials science.
Emphasis so far has been on the mechanism of molecular switching and stability
and reversibility. Important part of the research has been devoted to find means to
address the molecular switches and to use these as trigger elements to control mate-
rials properties. Recent insight into the detailed functioning of “biological machin-
ery’ at the molecular level will, without doubt, be a new source of inspiration to
design more advanced switches and a rapid expansion of this field of research into
molecular biology can be expected.

Key questions ahead of us concern new concepts for addressing individual molec-
ular switches and the construction of more complex systems which incorporate sev-
eral switchable functions. Advances in scanning — probe techniques and single mol-
ecule spectroscopy as well as supramolecular chemistry will play an important role
in this endeavor.

It is considered timely to provide a survey of a number of important develop-
ments in this field. The aim of this book is to discuss basic principles and different
approaches that have been used and present applications of molecular switches in
the control of functions and material properties. It is not the intention to be compre-
hensive, but a selection of topics is made that reflects the fascinating possibilities



X

Preface

offered by the synthesis and application of novel molecules designed as switches.
This volume describes energy and electron transfer systems, molecular switches
based on photoisomerization and reversible photocyclization, redox-based switches,
rotaxanes and catenanes, chiroptical switches and systems that function by virtue of
chemical reactions. Multifunctional switches, logic gates, biomolecular switches and
switchable molecular receptors are examples of more complex systems discussed.
The chapters on peptides and liquid crystals illustrate the use of molecular switches
to control macromolecular and mesoscopic systems.

To cover the variety of topics in such an interdisciplinary area, the help of many
colleagues and friends was needed. I am extremely grateful to the authors for their
excellent contributions. I hope that this book will be a source of inspiration for
many researchers and stimulate new developments in this challenging field of
science.

January 2001 Ben L. Feringa, Groningen
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vinylheptafulvene 75

absorption spectra 107, 221
poly(r-glutamic acid)

containing 85 %
spiropyran units 420

absorption spectroscopy
232

acid/base-controllable 236

acid-base equilibrium 110

activation energy 43, 115

affinity chormatography 210

affinity interactions,
photoisomerization control
by 169

aggregation-disaggregation
effects, photostimulated
426

alcohol dehydrogenase,
reversible
photostimulation 207

alkali metal 111

alkaline earth metal 114

1,2-alternate 287

1,3-alternate 287

AM1 115

amino-azobenzene-4’-sulfonic
acid 409

amorphous film 53
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AND logic 343
AND logic gate 98, 242
endo-annulus orientation
289
antenna complexes 18
anthocyanins 312
anthracene 26
anthraquinone 88
anthraquinone derivative
dihydroazulene 87
vinylheptafulvene 87
anthraquinone radical anion
88
antibody
trans-azobenzene 208
binding 206
binding affinity 173
selective association 212
antibody-antigen
binding 173
dissociation 173
anti-dinitrophenyl-antibody
205
sensing 200
antigen
dinitromerocyanine
monolayer 200
dinitrospiropyran
monolayer 200
monolayer 200
monolayer-functionalized
200
photochemical
isomerization 200
photoisomerisation 174
antigen-antibody
affinity interactions 199
photoswitchable binding
199

antigen-antibody affinity
complexes
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transduction 198
faradaic impedance
spectroscopy 198
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Crystal Microbalance
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optical transduction 198
surface plasmon
resonance 198
antigen-antibody complex
at electrode surfaces 197
at electronic transducer
197
impedance spectrum 198
resonance frequency of a
piezoelectric crystal 198
antigen-monolayer electrode
electrical insulation 200
oxidation of glucose 200
apo-glucose oxidase 195
reconstitution 188
surface reconstitution 196
aromatic stabilization energy
43
artificial receptors 289
association constants 111
photoisomerizable
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atom economy 349
Au electrode,
photoisomerizable
monolayer 192
axially chiral 127
azobenzene 168, 237
cis- 174
dipole moment 185
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trans- 1731, 283, 364, 399 ff
azobenzene-LCs 372
azobenzene poly(r-glutamic

acid) 179

o-helix structure 180

photoisomerization 179
azobenzene poly(r-lysine)

o-helix 180

p-sheet 180
azobenzene-sulfonate 434

groups 433
azobenzoyl--lysine 410
azobis(benzocrown ethers)

284
azo chromophore 407
cis-azo-polypeptides 405
azulenes,

electropolymerization 97
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barbituric acid derivatives
290

benzidine 232f

benzo-crown 48

betaine 69

biaryltype rotor 147

binaphthol 112, 116
derivative 116

1,1"-binaphthyl,
dihydroazulene 86

binary logic 124

biocomputer 208

bioimprinting 119

biological activities 119

biology
ATP synthase 250ff
linear motor 250
rotary motor 250

biomaterial, photosensory
209

biomolecular switches 165
photochemical 204

biosensor devices
enzyme electrode 209
photoswitchable enzyme

209

biphenol 232

biphotochromic compounds
102

bisarylamine 85

bistable species 309

blood clotting, light-regulated
211

boronic acids 48

boronic acid-saccharide
interactions 294

brakes 147

branched arrays 11

bulk amorphous systems 57

by-product 42f
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caclic voltammetry 51
calixarene 287
calix[4]arene 299f
calix[4]aryl esters 289
carboxyazobenzene
trans-2 174
trans-3 174
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catenanes 219, 226, 241, 243
electrochemistry 271 ff
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spectroscopy 271ff
spectroscopy EPR 272
three-state 273
CD spectra 116, 293
dihydroazulene 86
a-helix 402
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poly(r-glutamic acid)
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chains 403
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random coil structure 403
B-structure 403
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cerium(IV) bis(porphyrinate)
double decker 302
chalcone 26
charge transfer (CT) 355
charge-transfer band 240
charge-transfer complex 239
charge-transfer interactions
228,232

chemical structure, spiropyran
poly(r-lysine) 426

chiral azobenzene dyes 437

chiral dopant 118

chiral HPLC 134

chiral recognition of
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chiroptical molecular switch
123

chiroptical properties 114

chiroptical trigger 130

o-chloroanil 229

cholesteric 117

cholesteric pitch 118

cholesteric screw sense 156

cholesteric sense 119

cholesteric (twisted nematic)
155

chrioptical properties
polypeptide structures 402

o-chymotrypsin 119, 182

o-chymotrypson 184

circular dichroism (CD) 49,
128, 238, 402

circularly polarized light 125
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231

clearing point 118
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Co(CN)7™ system 333

co-conformational change
220, 231, 235

coil-a-helix transition 412

coloration — decoloration
cycles 438

color-tap effect 330

complementary recognition
sites 232

complex formation 49

compounds as azobenzene and
spiropyran, photochromic
437

concanavalin A 119
nitrospiropyran-tethered
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photoisomerizable 169

conducting films 97

conducting polymers 79

cone 287

conformational transition
spiropyran-containing

419

UV light-induced 404
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400
m-conjugation 51
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cooperative guest binding
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N-octadecyl-1-aspartate 417
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aspartate 417
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B-benzyl-r-aspartate 416
para-phenylazo-1-aspartate
416
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cross-bar switching 59
cross-talk ratio 59
crown ether 47
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CT 355
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[8+2] cycloaddition 70
cyclodextrin 147, 237f, 243
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light-induced binding 192
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cytochrome C, electron
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of oxygen 193
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data storage 130
delayed emission 348
demetallation 222, 231
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deprotonation 98
detergent micelles 358

devices 241, 243
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DHAs 75,77
furanyl-derivatized 76
structurally fused
photochromic system
99
DHA-VHF 63
2,6-diaminopyridine receptor
290
dianion 66
diarylethenes 37
diastereomer ratio 116
diastereomers 124
diastereoselective 116
diastereoselective
photocyclization 141
diastereoselectivity 116
diazacrown ether 299
diazo-thioketone coupling
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dielectric constant 118
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dihydroazulene 70 ff
absorption maxima 75
anthraquinone derivative
87
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CD spectra 86
photochemistry of-chiral
molecules 86
synthesis 72
dihydroazulene-
vinylheptafulvene 63, 75
dihydroazulene-
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photochromism 68, 70
fluorescence quantum
yield 78
information storage 92
reaction profile 78
singlet pathway 78
thermal back reaction 78
dihydroindolizine 69
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diagram 320

p-oxo dimer 301f

dimeric anthracene 290

dimeric dication 95

dimerization, radical cations
94,97

dimethylaminoindolylfulgide
111

2’-dimethylphenazinyl 90

dinitrospiropyran, antigen
monolayer 200

1,4-dioxybenzene 229

disable signal 356

disaccharides 293

dithienylethene, structurally
fused photochromic
system 99

dodecyl ammonium chloride
(DAC) 409

doping 54
chiral nematic 55
nematic 55

doublet state 9

dual-mode chiral response
142

dual-mode stimulation 312

dual-mode systems 311

dual-mode transducers 345

durability 39, 41

dynamic NMR 148

dynamic optical filtering 208

e
EC-type mechanism 94
effective volume viscosity 168
elasticity constant 118
elastin-like poly
(pentapeptide) 418
electrical contact, glucose
oxidase 196
electric fields, optical control
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electrochemical cell 84
electrochemical oxidation
233
electrocyclic reaction 108
electrode
antigen-antibody complex
198
cytochrome 194
cytochrome oxidase 194
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dinitrospiropyran
monolayer 202
monolayer 200
nanoengineering 191
photoisomerizable
monolayer 193
photoisomerizable redox
enzyme 185
electrolysis 223
electron beam deposition
242
n-electron delocalization 50
electronic circuits 243
electronic coupling 8
electronic transducer 186
electronic transduction 186
electron mediator 195
electrostatic repulsion 196
n-electrons 50
electron transfer 26f, 79,
165
cytochrome ¢ 194
cytochrome oxidase 194
liquid triggered 80
photoinduced (PET) 63
electron transfer mediator
188
electrostatic interactions
191
electron transfer resistance
197
electropolymerization,
azulenes 97
electrostatic repulsion 228,
231, 288
enabled OR logic 357
enabling/disabling input 357
enantiomeric excess 126
enantiomers 124
energy acceptor 112
energy donor 112
energy gradient 22
energy level diagram 319ff,
324, 326
energy transfer 17,27, 43
stepwise 25
TB mechanism 21
TS mechanism 21
enthalpy-entropy
compensation relationship
281
enzyme
light-active 209

nitrospiropyran-FAD-
reconstituted 190
photoisomerization 190
photoswitching direction
191

surface-reconstituted 195

enzyme cascade 165

enzyme electrode
biocomputers 209
photoisomerizable 187

enzyme monolayer
photoisomerizable 187
photoisomerization 190
EPR 14

esterification 119

esterified poly(1-glutamate)
410

exciplex 142

exclusive NOR (XNOR) logic
gates 240

f

faradaic impedance
spectroscopy 197
far red absorbing
phytochrome 428
fatigue 125, 138, 406, 420,
438
process 42
resistance 38 ff
ferrocenecarboxylic acid
206
ferrocenedicarboxylic acid,
diffusional electron transfer
mediator 190
ferrocene-dihydroazulene
conjugate 85
flash photolysis 313
flavin 290
flavylium compound 309 ff
chemical process networks
323
chemistry 312
structural transformations
313
thermodynamic and kinetic
constants 319
flavylium ion 69
flavylium ions with OH
substituents 318
flavylium salts 346
flow dialysis 185
fluorescein 28

fluorescence 43, 80, 111, 125,
145, 239, 294, 312
effect of pH 67
,ON/OFF“-switching 68f

fluorescence-pH profile 294

fluorescence switching 67
metal ion-dependent 65

fluorescence was efficiently
quenched 288

fluorescent monoboronic
acids 292

fluorescent sensor 294

fluorophore 288

Forster 17

p-fructose 296

fulgenate 108

fulgide 68, 107, 400

fulgide derivatives 168

fulgimides 68, 108

fullerene 15

functional integration 351

furan 74, 80

furylfulgide 37f, 108
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gated photoresponse 425
gated response 144
gel 125
Gibbs free energy 303
a-D-glucopyranose 170
a-D-glucopyranose monolayer,
binding of the lectin 171
glucose 48f
oxidation 190
photostimulated oxidation
188
p-glucose 292
glucose oxidase 207
dinitrospiropyran-
functionalized 205
electrical communication
194
electrostacic attraction
194
ferrocene-tethered 195
nitrospiropyran-FAD-
reconstituted 190
oxidation of glucose 187
photochemical activation
194
photoisomerizable 187
photonic activation 194
photoswitchable 187
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reconstituted 190
reconstitution 188
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guests 239, 243

h
hairy rod structure 431
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halflife 43
helical chirality 114
helical pitch 155
helical rods, amphiphilic 436
helices
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right-handed 438
helix 421
o-helix 401
helix inversion 135
helix-sense reversal 415 ff
Heller 108
hemoprotein
cytochrome 191
electrical communication
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1,3,5-hexatriene 108
Hill coefficient 304
'H NMR spectroscopy 229
hole injection 52f
hole transport layer 52
holographic data storage
152
holographic pattern
recording 208
host-guest interaction 47
hosts 239, 243
hybrid solid state devices 29
hydraulics analogy 321 ff
hydrogen bonds 237
[C-H---O] hydrogen bonds
226
hydrogen transfer 109
hydroquinone 88
N-(2-hydroxyethyl)-
spiropyran 419
4"-hydroxyflavylium compound
AND logic behavior 330
energy level diagram 321,
326
network of processes 334
OR logic behavior 331

write-lock-read-unlock-erase
cycle 325ff
7-hydroxyflavylium compound,
energy level diagram 320
4"-hydroxyflavylium ion 70
write-lock-read-unlock-erase
cycle 328
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immunosensor 197, 199
photoisomerizable 199
photoisomerizable antigen
200
reusable 200
reversible 199, 203
impedance spectroscopy 197
indolylfulgide 115
information storage 67, 123,
310
dihydroazulene-
vinylheptafulvene
photochromism 92
information storage device
208
inherently dissymmetric
alkenes 132
INHIBIT logic 355
injection current 53
input-output behavior 358
[C-H:--m] interactions 226
7-1 interaction 348
interlocked molecules 243
intersystem crossing
radical pair 12
spin-orbit 14
inverse temperature
transition 418
ion channel 165
ionization potential 52
ion sensors 79
irreversible switches 242
isomerization
cis-trans 429
E-Z 146
trans-cis 405 ff
Z/E 287
isomerization thermal 179

J
job diagram 303
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Kuhn anisotropy factor 126
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Langmuir-Blodgett (LB) 431
films 42, 430

Langmuir-Blodgett technique
241

Langmuir trough 241

laser photolysis
femtosecond 45
picosecond 45

lateral translation 257

LC display technology 155

lectin 170

ligand to metal charge transfer
(LMCT) 352

light-absorbing antenna 18

light-controllable switching
238

light excitation 309, 312

light-triggered electron
transfer 80

linearly polarized light 129

liquid crystalline 125

liquid crystalline phases
130

liquid crystalline properties
117

liquid crystals 54, 117, 363
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chiral nematic 54
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liquid membrane 286

LMCT 352

lock-state 97

logic gates 63, 239, 242, 310,
339

logic operations 239, 330

luminescence 339
,ON/OFF“-switching 66

luminescent sensors 359

lumophore-spacer-receptor
systems 343
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macrocyclic polyether 226,
228,231, 237
magnetic interaction 54
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monolayer 172
mechanical bonds 219
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D-(+)-melibiose 294
membrane photopigments
410
membranes, photoresponsive
434
merocyanine form 419
mesogen 117
metal ion 47
metalloporphyrins 18f
metal picrate 47
4’-methoxyflavylium, XOR
(exclusive OR) logic
behavior 333
4’-methoxyflavylium
compound
absorption spectra 314
energy level diagram 319,
321
molar fraction distribution
as a function of pH 315
4’-methoxyflavylium ion 313,
324
continuous irradiation 315
energy level diagram 324
fluorescence spectra 316
photochemical behavior
315
pulsed irradiation 317
spectral changescaused by
continuous irradiation
316
thermal reaction 314
8-methoxyheptafulvene 70
micelles 436
microgravimetric quartz
crystal microbalance (QCM)
analysis 197
mixed monolayer, thiolated
nitrospiropyran and
thiolated pyridine 192
molecular dynamics
simulation 421
molecular electronic devices
50
molecular functions 38
molecular-level devices
312
molecular-level switching
devices 309
molecular memory elements
159
molecular motors 147
molecular photoswitches 166

molecular recognition 125,
146
molecular scale arithmetic
353
molecular sensors 63
molecular shuttles 219
molecular switches 287, 399
optoelectronic 63
photochromic 67
photoresponsive 63 ff
three-way 97
molecular switching,
multimonde 99
molecular turnstiels 147
molecular type wire 141
molecular wire 52, 141
molecule-based logic gates
239
molecules, mechanically
interlocked 219
monoclonal antibody 173
monolayer 241f
antigen 200
antigen-antibody complex
200
azobenzene 181
azobenzene-containing
poly(r-glutamate)s 429
azobenzene (poly-1-lysine)
181
binding of DNP-Ab 202
cyclic amperometric 201
cyclic microgravimetric
sensing 203
dinitrospiropyran 202
DNP-Ab sensing 201
faradaic impedance
transduction 201
glucose oxidase 190
nitrospiropyran 196
photoisomerizable 201
photoisomerizable
dinitrospiropyran 203
photoisomerization 181,
192, 194, 202
protonated
dinitromerocyanine
201f
protonated
nitromerocyanine 196
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nitromerocyanine 193
surface pressure 181
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194
monolayer-functionalized
electrode
dinitrospiropyran-
modified 200
electron transfer resistance
200
impedance spectrum 200
isomerization 200
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dinitromerocyanine
200
monosaccharides 292
monolayer 171
motion 125
multimode photochromic
switches 87
multiple reaction patterns
333
multistate/multifunctional
molecular-level systems
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NAND logic 347

nanotechnology 159

naphthalene diimide 9

naphthalene monoimide 9

negative heterotropic systems
297

negative homotropic systems
301

nematic 117, 155

neuron-like networks 310

new sensory system for sugar
molecules 293

nitrophenyl-a.-p-
mannopyranose 170

nitrospiropyran 168, 170,
179

NLO-active 79

noncovalent bonding
interactions 226

noncovalent bonds 243

nondestructive read-out 109,
125

nonlinear optical properties
113, 310

nonlinear optices 152

nonselective receptors 349

NOR logic 351

NOT logic 341
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octaalkyl porphyrin 15

ON, Dimmed, and OFF
states 146

“ON/OFF” photoswitch 283

optical fiber 60

optical image storage 376

optical memory 143, 208

optical nonlinearity 80

optical resolution 115

optical rotation 116, 433

optical rotatory dispersion
(ORD) 405

optical switches 55

optical waveguide 55

optobioelectronics 165, 185,
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optobioelectronic switch 205

optoelectronic, molecular
switches 63

optoelectronic devices 310

optoelectronic gate 24

order — disorder
conformational changes
437

organic photoconductors 53
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OR logic gates 242
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oxidation potential 65
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azobenzene-functionalized
175
azobenzene-modified
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trans-4-carboxyazobenzene-
tethered 175
photoregulated hydrolytic
activities 175
partial-cone 287
patterning, dinitrospiropyran
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memories 328
permeability 168
permeability changes 435
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PET 339
switching principle 341
phase change 54f
phase shifters 55
phenanthroline ligands 220f,
223,225
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3’-phenoxazinyl 90
para-phenylazo-r-aspartyl
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N®p-phenylazobenzene-
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p-phenylazobenzyl/p-benzyl-1-
aspartate 435
p-phenylazo-1-phenylalanine
404, 407
phenylfulgide 114
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phosphorescence 345
photoactive dopants 155
photoactive yellow protein
(PYP) 69
photobiocatalytic 190
photobioelectrocatalytic
switch 190
photobiological switches
multicycle photobiological
switches 166
reversible artificial
photobiological switches
166
single-cycle photobiological
switches 166
photobistable 123
photochemical activation,
bioelectrocatalytic
functions 195
photochemical activation —
deactivation, enzymes
176
photochemical
bioswitches 204
biphasic 204
glucose oxidase 204
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polarization of FLC 369
photochemical isomerization
207
trans-azobenzene modified
NAD"-cofactor 208
cis-azobenzene NAD™-
cofactor 208
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photochemical patterning
212
photochemical phase
transitions 364
chiral dopant 370
dynamic gratings 391
isotropic glass 377
phase-type holograms 391
reflection-mode system
375
photochemical switching
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biocatalytic redox
functions 185
bioelectrocatalytic
properties 194
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photochemistry of-chiral
molecules, dihydroazulene
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photochromic 123, 345
performance 38
photochromic chromophores
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photochromic compounds
364, 399
applications 309
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photochromic dopant 117
photochromic polymers 152,
433
photochromic polypeptides
432
photochromic protein 428
photochromic reactions,
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photochromic switching,
multifold 74
photochromism 37, 67, 107,
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electrochemical triggering
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photoreactions 75
quantum yields 75
photocyclization 38, 139
photocycloreversion 38
photodestruction 126
photodevices 291
photodimerization of
anthracene 284
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photoeffects, molecular and
thin films 428
photoelectrochemical
switching 50
photoexcitation 141
photoinduced electron transfer
(PET) 291, 294, 339
photoinduced E/Z
isomerization 283
photo-induced spectral hole
burning
poly(methyl methacrylate)
5
tetrabenzoporphyrin 5
photoinduced swelling 435
photoisomer
dinitrospiropyran 207
protonated
dinitromerocyanine 207
photoisomerizable
assemblies 179
association 205
azobenzene-functionalized
peptide 181
azobenzene-modified
NAD* 207
trans-azobenzene modified
NAD"-cofactor 208
cis-azobenzene NAD*-
cofactor 208
command interfaces 191
dinitrospiropyran 205,
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dinitrospiropyran
monolayer 201
electrodes 191
FAD cofactor 188f
immobilized enzyme 182
inhibitors 167, 213
liposomes 178
macromolecules 179
matrices 167,178
microenvironments 178
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biomaterials 182
polypeptide 180
redox proteins 204
photoisomerizable antigen
173,213
coenzymes 208
enzyme activation
deactivation 208
inhibitors 208

photoisomerizable cofactor
167
nitrospiropyran-FAD 189
photoisomerizable
components 168
photoisomerizable enzyme
electrodes 187
glucose oxidase 187
layered electrode 190
oxidation of glucose 187
photoisomerizable interface
186
photoisomerizable lectin,
kinetics of association
171

photoisomerizable membrane-

mimetic assemblies 178
liposomes 168
monolayers 168
polymers 168
photoisomerizable
monolayer 178,193
thiolatednitrospiropyran
194
photoisomerizable peptide,
NMR studies 181
photoisomerizable polymer
179
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184
nitrospiropyran-
acrylamide 183
nitrospiropyran-modified-
poly(r-glutamic acid)
179
photoisomerizable protein
170
directed functionalization
176
mutant 176
phospholipase A 176
photoisomerizable substrate,
photoswitchable binding
199
photoisomerizable units
167,170
photoisomerization 38, 55,
145, 165
biocatalyst 175
cis-trans 98, 132
cofactor 168, 208
dinitromerocyanine 203
dinitrospiropyran 203

dinitrospiropyran
monolayer 200
enzyme monolayer 205
inhibitor 168
nitrospiropyran 192
protonated
dinitromerocyanine
state 200
protonated
nitromerocyanine 192
reversible 205
trans-cis 399, 415
photoisomerization antigen
patterning of antibodies
211
patterning of surfaces 211
photomechanical effects,
monolayers 428
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amperometry 80, 82
photomodulation 85
photomodulation
amperometry 90
photomorphogenesis 165
photonic materials 124, 159
photonics
all-optically controllable
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films 387
amplitude-type hologram
389
anisotropic rearrangement
379
antiferroelectric LCs 369
azobenzene LCs 372
4-butyl-4"-methoxyazo-
benzene 365
crosslinked PLC networks
377
4,4’-dioctylazobenzene 372
donor-acceptor
azobenzenes 374
ferroelectric LCs 367
glasstransition
temperature 372
guest/host systems 364
guest/polymer LC systems
365
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optical switching 376
holography 388
information processing
363
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LC materials in
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new concept for fast LC
response 371

nonlinear optical effect
388
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novel approach to alignment
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optical dichroism 379
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PDLC-SLM 385
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365

phase-type hologram 389
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381
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techniques 383
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transition 364
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photoinduced alignment
behavior 379
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373
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365
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electrical transduction 191

photonic triggering 185
photon-mode 109
photooptical switching

devices 58
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quantum yields 77
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photoredox switches 64
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electron transferreactions
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437
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photoresponsive LB and thin
films 431
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photoresponsive waveguides
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photosolubility effects 426
photosolubilization 427
photostationary equilibrium
174
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40, 108, 126, 411
photostimulated electron
transfer 81
photoswitchable
antigen-antibody 208, 210
antigen-antibody

interactions 197
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papain 175
binding 170
binding interactions 213
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biotransformations 210
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therapeutic enzymes 210
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functions 196
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404
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acid) 414
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poly(r-glutamate)s,
photochromic Langmuir-
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430
spiropyran-modified 419
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azobenzene-containing
405
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containing 85 mol %
azobenzene units, change
in solubility 427
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Approaches to a Molecular Switch Using Photoinduced Electron
and Energy Transfer

Aaron S. Lukas and Michael R. Wasielewski

1.1
Introduction

We are poised at an interesting time in the history of chemistry, as our fundamen-
tal understanding of complex processes such as photosynthesis and gene replica-
tion has reached the molecular level. Advances in these areas would not be possi-
ble without the development of many new physical techniques. Ultrafast photo-
nics and single molecule science were fields yet to be discovered a mere thirty
years ago. In the coming decade, researchers hope to synthesize concepts gleaned
from research in these fields and develop a computer, the operation of which is
based on the interactions of individual molecules with one another. This compu-
ter has the potential to be orders of magnitude smaller, faster, and more efficient
than those based on semiconductor technology."* Massive size reductions using
molecular switches will most probably be limited by quantum statistical conside-
rations (see, however, comments on quantum computation in Section 1.4), if rea-
sonable data error rates are to be maintained.! Nevertheless, molecular devices
that use visible light for addressing and control purposes have a realizable data
density of approximately 2 x 10° bits cm™ merely through diffraction-limited spot
size considerations alone. Recent results suggest that three-dimensional address-
ing 5 the use of excitonic waveguides,®”) and near field optical techniques®9' can
greatly increase this resolution. Furthermore, since energy and electron transfer
processes can occur on a subpicosecond timescale, it is possible to produce devi-
ces that respond with equal rapidity. Employment of fast, photo-driven processes
of high quantum efficiency should also reduce the heat load produced by present-
day computing devices, resulting in a more energy efficient system, and conceiva-
bly in economically viable molecular electronic devices.

Nonetheless, a working device has yet to be achieved. Successful examples of molecu-
lar systems capable of rectification,'*" wiring,"*™*?! memory storage,”**~*"! and
switching!*®* have been demonstrated; however, integration of these various compo-
nents has proved difficult.

The development of a set of underlying principles to guide this undertaking is an
active area of research.’®>”) One promising approach is to base such a device on the
interaction of light with these various components.’**? There are several advan-
tages to performing switching operations by means of optical inputs and outputs.
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Electronic absorption is an extremely rapid process, and it should be possible to cre-
ate switching devices that respond equally as rapidly. The excited states of molecules
can fluoresce, undergo electron and energy transfer, and cause bond making and
bond breaking. Each of these processes can be used for switching and storing data.
Variable addressing of molecular states can be achieved by modulating the wave-
lengths, intensities,®® polarizations, and temporal and spatial properties of laser
pulses. Information can be read from these systems by means of fluorescence, spec-
tral bleaching,®*”? circular dichroism,”*7% readout of electronic spin states, and
other methods.

Switching systems based on photochromic behavior,!
of chirality,[75’7(”1°1] fluorescence, 1927108l intersystem crossing,
chemically and photochemical induced changes in liquid crystals,'** " thin
films,7%12°12%) and membranes,**"Y and photoinduced electron and energy
transfer™®71°% have been synthesized and studied. The fastest of these processes
are intramolecular and intermolecular electron and energy transfer. This chapter
details research in the development and applications of molecular switches based on
these processes.

Theoretical work strongly supports the idea that an electron transfer reaction can
form the basis for a molecular switch.'"*¢1>171>3 Yet the field has been slow to
develop, because the optimal use of electron transfer processes requires careful con-
trol of molecular structure, electronic coupling, and thermodynamics in a complex

29.43,45, 771001 gptical control

(109113 glectro-

array of donors and acceptors. Experimental work has focused mainly on approaches
to molecular switches that make use of photochemical and electrochemical confor-
mational changes within molecules. The general class of molecules to be discussed
has several distinguishing properties. It is any molecule or array of molecules cap-
able of absorbing a photon at a first wavelength, A;, which induces a change in its
electronic and/or nuclear structure. This structural change does two things; it
attenuates the absorption of a second photon at A;, and introduces a new absorption
at a second wavelength, A,. The switch has been turned “on”. Turning the switch
“off” can be done in one of several ways. We will examine systems the lifetime of
which is modulated thermally, magnetically, and also by absorption of a photon
either at this second wavelength, A, or at some other part of the spectrum. The life-
time of the “on” state determines the turnover time and also the potential applica-
tions of a switch. Molecules with very long state lifetimes are no longer switches,
but are considered memory devices.

The operation of any optically controlled device is critically dependent upon the
efficiency of light absorption by the input chromophore, and its ability to undergo
electron transfer. Three characteristics make an excellent input chromophore: a
large ground state extinction coefficient, long-lived excited state (several nano-
seconds), and high fluorescent quantum yield. The most commonly used chromo-
phores for light absorption are fused polycyclic aromatic hydrocarbons, metallated
and free base porphyrins, and derivatives of other light absorbers found in nature.

Reading the electronic state of the switch is often performed by use of optical
transient absorption and fluorescence emission spectroscopy. Fluorescence is a
much more sensitive technique, and can be done even at the single molecule level.
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It also requires a much smaller density of photons to provide a stable signal; how-
ever, very few charge-separated ion pair states exhibit radiative charge recombina-
tion. In these cases, transient absorption is often used, because it allows direct non-
destructive observation of a molecule’s electronic configuration. Problems with this
technique include photodegradation of more sensitive biological systems. Also, tran-
sient absorption is difficult to perform on monolayers or in the solid state, in which
absorption cross sections are much lower than in solution. For this reason, mono-
layers and thin film assemblies are generally characterized using fluorescence emis-
sion or other more sensitive techniques.

1.2
Systems Consisting of Single Molecules

Perhaps the simplest optically controlled switches are single molecules embedded
in a solid host matrix. These systems consist of an amorphous, polycrystalline, or
crystalline film doped with dilute concentrations of impurity molecules. The most
commonly used dopant molecules are fused polycyclic aromatic hydrocarbons and
porphyrins. In addition to facile sample preparation, these planar molecules absorb
in the visible to near IR regions of the spectrum, possess large extinction coefficients
in both the ground and excited states, and have high fluorescence quantum yields.

1.2.1
Two-level Systems

Theoretically, the simplest molecular switch is a two-level system (TLS) consisting of
a double well potential in which two near degenerate states are separated by a poten-
tial barrier.">* Single molecules embedded in solid media demonstrate TLS proper-
ties, and the study of these systems for optically controlled molecular switching is
an active area of research.®>'%! The most commonly studied impurity molecules
are pentacene (1), perylene (2), and terrylene (3). The coupling of single or multiple
neighboring TLSs results in spectral diffusion in the emission spectra from these
single molecules. The TLS behavior may arise from structural relaxation within the
single molecule, or more probably from small rearrangements of the surrounding
medium. Structural fluctuations in the medium are probably coupled to phonon
excitations in the impurity molecule. While initial work on TLS suggested this effect
should only be observed in amorphous solids, it has also been observed in polycrys-
talline matrices™™” and crystalline!*®" solids.

Pentacene
A Nl N NP 1)

N PN e a\r
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Terrylene

Perylene ‘O
“O O‘O

The switching lifetime of the resonance frequency has been observed to exhibit
an exponential dependence on the intensity of irradiation.’*” The intensities of the
emission lines from each state are proportional to the probability of the TLS popula-
tion in that site. This ratio is given by

exp(-AE/kT) M

where AE is the energy separation between sites. When many TLSs are coupled
to a single molecule, multiple resonance frequencies are observed.!*>”!

Investigation of the microscopic origin of these TLSs has demonstrated the feasi-
bility of modulating resonance shifts in a single molecule by interrogation of neigh-
boring solvent molecules coupled to the system.'*® In poly(methyl methacrylate)
doped with free base phthalocyanine and small amounts of water, it has been shown
that reorientation of nearby water molecules is the source of spectral diffusion ob-
served in the phthalocyanine.

These systems demonstrate the possibility that an optical switch might be based
on photochemical manipulation of a single molecule’s electronic state and local
environment. However, these systems also possess several limitations:

1) These switching phenomena are observed only at liquid helium tempera-
tures.

2) These systems suffer from photo-bleaching at relatively low photon densities.

3) Single molecules do not allow for broad spectral coverage. While perylene,
terrylene, and porphyrins all have large extinction coefficients, their absorp-
tion bands are only 20 to 50 nm wide. In some cases, it may be desirable to
incorporate light-absorbing antenna complexes to enhance this spectral cov-
erage. By selecting molecules on the basis of their spectral and electrochemi-
cal properties, it should be possible to cover any region of the visible spec-
trum. This should also improve the lifetime of these systems, because a sin-
gle molecule need not absorb photons during each clock cycle, which can
lead to photodegradation.

4) Switching events based on a TLS are on the order of seconds to minutes, and
probably have greater application to optical data storage.
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5) It will not be possible to take full advantage of the gains in data storage den-
sity provided by such systems unless improvements are made in our ability
to address single molecules. These experiments are performed in dilute solid
solutions, in which single impurity molecules can easily be addressed with-
out interference from neighboring molecules. This technology has yet to be
applied to arrays of molecules in close contact with one another. This leap
must be made before consideration can be given to devising high-density
data storage systems based on TLS switching.

Photo-induced spectral hole burning!®~"?! uses small fluctuations in local envi-
ronment to store bundles of information in a single molecule. In these systems, the
presence (or absence) of a spectral hole at a particular frequency is utilized to encode
numerous bits of digital information within a single, focused laser spot. In some
systems, the absorption of two photons encodes the data, while the readout is per-
formed with a one-photon process.®® These systems have the advantage of greatly
increased readout speeds, allowing for fast switching in small laser spots.

meso-TETRA (p-TOLYL)-
ZINGC-TETRABENZOPORPHYRIN

POLY (METHYLMETHACRYLATE) \ O ’

Carter and co-workers demonstrated spectral hole burning by means of an inter-
molecular electron transfer mechanism. In this experiment, poly(methyl methacry-
late) (4) films were doped with zinc tetrabenzoporphyrin (5) electron donors and
chloroform (CHCI;) electron acceptors. The formation of gated holes occurred when
both the singlet-singlet and triplet-triplet absorptions were excited, as seen in the
Jablonski diagram in Figure 1. Excitation of the ground state with 627 nm light (A,)
resulted in a triplet population, with a quantum yield of 0.8. The lifetime of the
triplet state is T = 39 ms. If a second photon arrives before this state decays, then
triplet—triplet transitions can occur. This excited state readily donates electrons to
nearby acceptors, chloroform molecules in this case. The color of the second photon
need not be specific, although the highest yield for electron transfer occurred with
A, = 488 nm. Electron transfer from two-photon absorption results in hole formation
in the singlet manifold, and the observed photobleaching. The energy of the reduced
CHCI; was not determined, but this system is likely to work with other electron
acceptor groups. It is unclear whether the free electrons can migrate between
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Fig. 1: Energy level diagram for the zinc tetrabenzoporphyrin donor/chloroform acceptor system.

chloroform molecules, adding to the stability of the system; however, this is likely in
view of the high concentrations of CHCI; used. Optimal electron transfer was ob-
served when chloroform was used in a molar excess of 10°:1. Furthermore, a weak
electron acceptor such as chloroform makes the charge recombination a highly Mar-
cus-inverted process.

In their current form, these systems offer far greater applicability to the construc-
tion of high-density optical memory devices. Several fundamental issues remain
unresolved before single molecules can be widely used. Presently these switching
effects are observed only at liquid nitrogen temperatures or below. It should be pos-
sible to observe the same effects under ambient conditions. Additionally, cross-talk
between molecules is likely to occur as the concentration of the dopant molecules
increases and nearest neighbor interactions become important. But this may not be
a problem, as the density of states should also increase in this situation, making
possible even greater gains in the data storage capacity. It is clear, though, that many
of these questions will not be answered until the experiments are performed. Work
on the single molecule level can also lend insight into covalently bound systems con-
sisting of multiple subunits. We now examine such systems.
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1.3
Systems Consisting of Multiple Chromophores

1.3.1
Intramolecular Electron Transfer

Covalently linked arrays of electron donors and acceptors can be used to perform
switching operations. In addition, systems can be designed to store and transport
digital information. It is possible to tune both the optical and electrochemical prop-
erties of a multicomponent system by selecting the appropriate electron donors and
acceptors. These systems are inherently more complex, yet allow for a wider range
of applications than devices based on single molecules. Generally, these systems
consist of an input chromophore, a bridging group, and an output chromophore.
Absorption of a photon results in one of two processes: stepwise photoinduced elec-
tron transfer, resulting in a charge-separated state, or energy transfer followed by
fluorescence.

An early hypothesis for a molecular switch based on stepwise photoinduced elec-
tron transfer appeared in 1988.*°! The design comprises a polymer consisting of a
[D-A;-A;], monomer unit, in which D is an electron donor moiety and A; and A,
are primary and secondary electron acceptors, respectively. The system is designed
to form a rigid photoactive chemical bridge, capable of storing and transferring digi-
tal information between two electrodes. This is done by means of synchronization
of two processes: oxidation/reduction of the termini at an electrode and photoexcita-
tion of the electron donor within the polymer.

The clock cycle for the switching process begins with photoexcitation of every
electron donor in the polymer, forming the ["D-A;-A,], state. There are three
potential deactivation pathways from this state to consider: fluorescence back to the
ground state (dot), forward electron transfer to A; (solid), or backward electron
transfer to A, in the adjacent monomer unit (dash-dot). A HOMO / LUMO scheme
for these processes in the first three units of such a polymer is shown in Figure 2a.
The donor-terminated end of the polymer can decay only by the first two paths. It
should be relatively simple to enhance the coupling between "D and A, such that
forward electron transfer is the preferential process. Spontaneous thermal electron
transfer, resulting in the state [D"—A;-A3], (Figure 2b), follows this initial charge
separation step. This places free electrons and holes on neighboring monomers
adjacent to one another. The basis for switching in this system is that electron tun-
neling between monomer units in this state (solid), resulting in charge recombina-
tion, is kinetically preferred over charge recombination to the ground state within a
single [D—A;—A;] monomer (dash-dot). If the electronic coupling can be controlled,
to favor charge recombination across the unit, this leaves a single hole on the donor
adjacent to the cathode. The next phase in the clock cycle is the data writing process,
which is done electrochemically. If cathodic current flows and returns the donor to
its ground state electronic configuration, then photoinduced electron transfer can
occur from this donor site during the next clock cycle. However, if no reduction
occurs, the hole will propagate along the polymer during the next clock cycle, leav-
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Fig.22  HOMO / LUMO scheme for operation
of a proposed molecular shift register.*®! The
clock cycle is initiated by photoexcitation of the
donor moiety, resulting in the electronic confi-
guration shown in (a). Decay pathways from

A Ay

electron transfer to the adjacent monomer unit
(dash-dot), and fluorescence (dot). Successive
forward electron transfer steps results in the elec-
tronic configuration shown in (b). The charge-
separated state [D*~A;—A3], can charge-recom-

this excited state are forward electron transfer
within the same monomer unit (solid), back

bine within a single monomer unit (dot-dash) or
with the adjacent monomer unit (solid).

ing positive charge on the first two electron donors in the system. The holes are
read out at the anode as zeros. The system must register n cycles before data entered
at the cathode is read at the anode.

The authors discuss several parameters related to optimizing the efficiency of
such a device. Firstly, the chromophore that is photoexcited must possess a distinct
absorption band with a large extinction coefficient. Other chromophores in the poly-
mer should not absorb in this spectral region. The second concern is the ability for
charge recombination to occur between monomer units. This process must be
favored over charge recombination within a single monomer, or a switching error
occurs. The free energy for each process is identical, and thus preference for one
path over the other is based exclusively on the electronic coupling between the var-
ious sites. There are many examples of molecules with long-lived charge-separated
states that would be appropriate for such a system. Even if tunneling through the
barrier separating monomer units were slow, of the order of hundreds of nanose-
conds, this could still be much faster than charge recombination within the [D-A;-A;]
monomer. Bottlenecks can be avoided by encoding data to the polymer only on alter-
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nate clock cycles. This also improves the yield for charge shift between monomers.
Thus, if tunneling had a quantum efficiency of 0.95, this would improve after two
clock cycles to 0.99 for transfer from a single monomer to the next. However, even a
device with 99 % efficiency is not sufficient for a polymer with more than several
repeat units. For a polymer of 100 repeat units, the yield of transmission for a single
bit through the polymer drops to 36 %. Many systems have been designed which
undergo highly efficient, long-lived charge separation appropriate for such a
device,!*2162163 bt as of yet no working system has been constructed.

In the proposed device, the transport of holes is the basis for data transmission;
however, polymeric and oligomeric systems capable of soliton propagation have also
been synthesized and studied. '*1631:32343537.39.42] Eyyriher examination shows that
one could operate this system to transport negative charge along the polymer. In
this scheme, the clock cycle begins with the electrochemical encoding of data into
the polymer. Reduction (or lack of reduction) of the ground electronic state of the
donor adjacent to the electrode places a free electron into its LUMO. This reduced
species undergoes spontaneous stepwise thermal electron transfer until the negative
charge is localized on the last acceptor group in the first monomer (Figure 3a). Radi-
cal anions of many organic chromophores have distinct spectral signatures with
large extinction coefficients. Selective photoexcitation of the [D-A;-Aj3] state gives
an excited doublet state, with the electronic configuration as shown in Figure 3b.
Optical switching is achieved by preferential charge shift from this excited state to
the LUMO of the donor in the next monomer unit. Competitive charge shift to the
adjacent acceptor will result in switching errors.

While such a device has yet to be constructed, Debreczeny and co-workers have
synthesized and studied a linear D—A;—A, triad suitable for implementation in such
a device."®" In this system, compound 6, a 4-aminonaphthalene monoimide (ANT)
electron donor is excited selectively with 400 nm laser pulses. Electron transfer from
the excited state of ANI to A;, naphthalene-1,8:4,5-diimide (NI), occurs across a 2,5-
dimethylphenyl bridge with T = 420 ps and a quantum yield of 0.95. The dynamics
of charge separation and recombination in these systems have been well character-
ized."®! Spontaneous charge shift to A,, pyromellitimide (PI), is thermodynami-
cally uphill and does not occur. The mechanism for switching makes use of the
large absorption cross-section of the NI anion radical at 480 nm, (e = 28,300). A
second laser pulse at 480 nm can selectively excite this chromophore and provide
the necessary energy to move the electron from NI™ to PI. These systems do not rely
on electrochemical oxidation-reduction reactions at an electrode. Thus, switching
occurs on a subpicosecond time scale.

Y\ o 0 o
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Fig. 3: HOMO / LUMO scheme for a modi-
fied molecular shift register in which bits are
encoded and propagate as free electrons
instead of the system based on hole transfer
described in Figure 2. Data is encoded by
electrochemical reduction of the donor moiety
adjacent to the cathode, resulting in the
electronic configuration shown in (a).
Subsequent stepwise thermal electron transfer
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A, A,

localizes the free electron on A,. Photo-
excitation of this species results in an excited
doublet state, (b), which can decay by forward
electron transfer (solid), back electron transfer
(dash-dot), or internal relaxation processes
(dot). Tuning of the energetics and electronic
coupling to favor the forward electron transfer
pathway propagates the charge to the next
monomer unit.

Excitation of the NI anion radical within ANI*-NI"-PI with a 480 nm laser pulse
rapidly forms the ANT*—*NI"-PI excited doublet state. Its electronic configuration is
analogous to that in Figure 3b. There are two pathways for decay from this excited
state: charge recombination back to yield the '"ANT excited state or charge shift to
PI. The driving force for each of these paths is nearly identical, and thus the yield
for each process is determined by electronic coupling. The electronic coupling
between NI and PI is much greater than that between NI and ANI, because no phe-
nyl bridge separates them. As expected, this is the preferential path for deactivation,
and can be observed directly by monitoring the formation of PI” at 720 nm. Charge
shift to PI occurs with T = 300 fs and a quantum yield of 0.88. The overall yield for
the switching process is 0.84.
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The electronic coupling can be changed by the insertion of a phenyl bridge
between the NI and PI, resulting in compound 7. Identical excitation of the NI™ with
480 nm laser pulses results in a much slower charge shift to PI, t = 4 ps, and a
quantum yield of only 33 %.["% It is clear that, as hypothesized, the ability to control
electronic coupling between various sites is the determining factor in realizing the
construction of a working device. However, enhancing the electronic coupling to
favor the charge shift reaction from NI™ to PI also increases the rate for back electron
transfer from PI” to NI. The PI” state undergoes back electron transfer to NI with t
= 600 fs in 6 and T = 312 ps in 7. It is likely that the addition of a third electron
acceptor attached to PI could provide a lower energy electronic state into which the
system could relax, thereby reducing back electron transfer to NI. This would be
more analogous to the polymeric systems described earlier.

ANI NI Pl
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Recent work has investigated the potential for controlling the partitioning of
charge in branched arrays."®” This has many potential applications to the develop-
ment of photoactive networks and dendritic systems capable of electron transfer.
Compounds 8 and 9 employ 1,3,5-triaminobenzene as the central branch point. In
each molecule, ANI is attached to the 1-position and serves as the electron donor.
The electron acceptors again are NI and PI, and are attached to the 3- and 5-posi-
tions, respectively, in compound 8. Excitation of ANI with 400 nm laser pulses
results exclusively in electron transfer to the NI branch. This is due to the 0.3 V
difference in reduction potentials between NI and PI. Excitation of NI~ within NI™-
ANT*-PI with 480 nm laser pulses 2 ns after formation of this initial ion pair results
in formation of an excited doublet state. This excited state can decay by charge
recombination back to ANI, or by charge shift to PI. The 720 nm absorption band of
PI” appears with t= 600 fs, and a quantum yield of 0.44. Competitive charge recom-
bination to the ANI excited state also occurs quite rapidly (t = 500 fs), and is the
reason for the observed yield. The NI-ANI*-PI” state is 0.3 eV above that of the NI"-
ANI*-PI state, and 2.7 eV above the ground state. Charge recombination to the
ground state is a Marcus-inverted process, and so charge shift back to the initial
charge-separated state (t = 400 ps) is the exclusive decay path. The lifetime of the
electron on the second branch of the system was significantly enhanced by the addi-
tion of a lower energy acceptor on the end of PI, in this case a second NI moiety. In
compound 9 the rate of switching from branch 2 back to branch 1 is T = 2 ns; how-
ever, the yield for the initial switching between branches decreases to 0.36.

1
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The spin properties of charge-separated ion pairs can also be exploited for the
purposes of all optical switching. Radical pair intersystem crossing (RP-ISC) of the
form '[D*-A""] < *[D*-A"] to yield the spin-correlated triplet state is observed in
the photosynthetic reaction center, but is seen rarely in synthetic systems. The rea-
son for this observation is that the spin—spin interactions are generally strong even
in systems which undergo charge separation over large distances. However, the
time for charge recombination in the triplet manifold is usually greatly different to
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that in the singlet state. An all-optical switch based on this property can be devised
by controlling the rate, and thus the yield, of the intersystem crossing.
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MeOAn ANI NI

Wasielewski et al.''” developed the first multi-step donor(1)-donor(2)-acceptor
molecule - MeOAn-ANI-NI, compound 10 - that mimics all of the primary spin-
dependent charge separation and recombination dynamics of the photosynthetic
reaction center. This makes it possible to use the same strategy as an entry point to a
molecular switch based on photocontrollable spin dynamics. Transient absorption
spectroscopy carried out on 10 in toluene determined the nature of the intermedi-
ates and the rate constants for intramolecular electron transfer between the electron-
ic states in the energy level diagram displayed in Figure 4. At 295 K, excitation with
420 nm, 130 fs laser pulses selectively excites the ANI chromophore within MeOAn-
ANI-NI. The lowest excited singlet state of ANT accepts an electron from MeOAn
with T = 8 ps. A subsequent dark electron transfer step with t = 430 ps forms the
final radical ion pair, [MeOAn *—ANI-NI""], with a lifetime of 310 ns. Photoexcita-
tion of 10 oriented in a solid liquid crystal matrix results in the two broad electron
paramagnetic resonance (EPR) spectra shown at two orientations in Figure 5, with

3.0 N MeOAn-1*ANI-NI1
i ke meoAnANINI
25F 1
: kET
20 [ MeOAN-ANI-*NI 3'kET Kep.isc
< ] /skav “[MeOAR*-ANI-NI" ] [MeOANn*-ANI-NI']
[05)
—15[ hv
> |
o [
S1.0L
05F
0.0 [ MeOAn-ANI-NI

Fig. 4. Energy level scheme for 10. Internal conversion occurs in
the fully charge-separated state to give the triplet. Charge recombi-
nation gives the T state localized on the NI chromophore.
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additional narrow lines superimposed at the center of the spectra. The broad spectra
are due to a triplet state.

In all the covalent electron donor-acceptor systems produced earlier, triplet states
observed by EPR were formed via a spin-orbit intersystem crossing (SO-ISC) mecha-
nism. Another possible mechanism of triplet formation is RP-ISC, mentioned
above, which results from radical ion pair recombination, and which had been ob-
served previously, by time-resolved electron paramagnetic resonance spectroscopy
(TREPR), only in bacterial reaction centers and in the green plant reaction centers
Photosystems I and II. These two mechanisms can be differentiated by the polariza-
tion pattern of the six EPR transitions at the canonical orientations. In SO-ISC, the
three zero-field levels are selectively populated and this selectivity is carried over to
the high-field energy levels. RP-ISC is also selective, but acts directly on the high-
field triplet sublevels via singlet-triplet mixing S-T° (or S-T*'). Thus, SO-ISC results
in mixed absorption (a) and emission (e) lines within a particular EPR transition,
ie., T'>T° (i = %1), while in RP-ISC a mixed polarization pattern is impossible.
Inspection of the triplet spectra (Figure 5) in the B L L and B || L orientations shows
that the polarization pattern of a,e,e,a,a,e can only be attributed to a RP-ISC mecha-
nism, as found for reaction center proteins. This unique triplet state is localized on
C, and exhibits zero-field splitting parameters identical to those obtained by direct
observation of C itself.
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In a subsequent study, Gust and co-workers synthesized and studied compound
11, consisting of carotenoid (C) and free base octaalkyl porphyrin (FBOAP) electron
donors, and a fullerene (Cgo) electron acceptor,!'®® In the fully charge-separated
state, this molecule decays exclusively to the triplet. The lifetime of the excited triplet
state can be modulated by applying an external magnetic field at 77 K.''") Excitation
of the FBP with 416 nm laser pulses resulted in electron transfer to form the C-P*-
Cso charge-separated state with t= 10 ps, and unity quantum efficiency. Hole trans-
fer from the FBP to C competes with charge recombination and occurs with t = 270
ps and a yield of 0.14. In the absence of a magnetic field, this final charge-separated
state decays exclusively to the carotenoid triplet state, *C—P—-Cqo with T = 1.3 us.
Application of a relatively weak magnetic field, B = 4.1 mT, resulted in a 50 %
increase in the lifetime of the triplet state to T = 2.0 us. No effect was observed at

ambient temperatures.
Fullerene (Cgq)

Carotenoid Free Base
OctaAlkyl Porphyrin (FBOAP)
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Sato and co-workers reported the first example of the ability to change the mag-
netic field in a single crystal by optical means. While the magnetic field is a macro-
scopic property, the principle behind the switching mechanism is photoinduced
electron transfer within the crystalline lattice. Sato and co-workers employed a Prus-
sian Blue complex of stoichiometry K, ,Co; 4[Fe(CN)¢] - 6.9 H,0, which formed the
rock salt crystalline lattice depicted in 12. The Curie temperature (T.), below which
long range ordering of the electron spins results in the creation of a magnetic mate-
rial, was 14 K. [llumination with 660 nm flashes of light raised this temperature to
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19 K. The mechanism for this switching of the magnetic properties is photoinduced
electron transfer from the diamagnetic low-spin complex Fe''-CN-Co"" to the high-
spin electronic configuration Fe''-CN-Co'. At 5 K this results in a doubling of the
magnetic field strength. Furthermore, the lattice can be switched back to the low-
spin diamagnetic state by the application of a second laser pulse at 450 nm. While
the overall time for both switching processes is of the order of several seconds, this
result is an important example of the capability to control macroscopic properties by
switching on a molecular level. One can also envision the integration of switches
based on spin control with this technology, to yield an all optical magnetic device.

The systems examined thus far have all been based on the propagation of positive
or negative charge using consecutive laser pulses. Alternatively, it should be possible
to base optical switches on the application of consecutive laser pulses to cause
charge recombination. Electric fields can also have a profound effect on the lifetimes
of charge-separated states. Debreczeny and co-workers demonstrated the all-optical
control of an ion pair lifetime by means of the large, anisotropic, local electric field
generated by a second ion pair.!'®” The molecular tetrad 13 consists of zinc-tripentyl-
porphyrin (Zn3PN) and phenyldimethylpyrromethene (PDP) electron donors and
NI and PI electron acceptor groups. Selective excitation of PDP with 513 nm laser
pulses resulted in electron transfer to form the Zn3PN-NI-PI-PDP™ charge-sepa-
rated state with T = 700 ps and unity quantum yield. The lifetime of this charge-sep-
arated state is T= 1.3 ns. However, if a 416 nm laser pulse excited the tetrad 700 ps
after the formation of the ion pair, its decay to ground state was accelerated by an
order of magnitude.

CsHyy

CsHus (13)

Zn3PN NI Pl PDP
Further work used a similar system to inhibit the formation of a second ion pair
completely, using the electric field of an initial ion pair. In compound 14, Zn3PN
and 9-(N-pyrrolidinyl)perylene-3,4-dicarboximide (pyr-PMI) are the electron donors,
while NI and PI are once again electron acceptors.’”% Photoinduced electron trans-
fer from Zn3PN to PI with 416 nm laser pulses occurs with t = 27 ps; however, if a
645 nm laser pulse is used to excite pyr-PMI first, this event is completely inhibited.

pyr-PMI

NI Pl Zn3PN
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Photoinduced electronic switching may also be performed by modulating the inten-
sity, as well as the wavelength and timing, of laser pulses. This was demonstrated by
O’Neil and co-workers, using a molecule (15) consisting of two free base tri-pentylpor-
phyrin (FB3PN) electron donors covalently bound to either end of a perylene-3,4:9,10-
tetracarboxylicdiimide (PDI) electron acceptor 15.1°*! Excitation of the FBP with 585 nm
laser pulses resulted in single electron transfer to PDI, forming the state FB3PN*-
PDI"-FB3PN. When the intensity of the laser pulse was increased, both FBP moieties
were excited, resulting in double electron transfer to PDI, forming the state FB3PN"—
PDI?>—FB3PN"*. This effect is detectable because the PDI anion absorbs at 713 nm,
while the dianion absorbs at 546 nm. Thus, by modulating the laser intensity, one can
reduce the perylene acceptor either singly or doubly. This is possible because only 0.2 V
separates the one- and two-electron reductions of PDI. Other molecules, with closely
spaced reduction potentials, such as terrylene, quaterrylene, and many metal com-
plexes, should also display this behavior.

FB3PN PDI FB3PN

1.3.2
Intramolecular Energy Transfer

While electron transfer reactions that occur through a superexchange mechanism
depend exponentially on the distance between electron donor and acceptor, Forster
type, through-space (TS) energy transfer has a distance dependence of 1/r°. Thus, it
is known to occur efficiently over much larger distances. Energy transfer is also
known to occur by means of a Dexter, through-bond (TB), mechanism. For most of
the rigidly linked systems described here, in which site-to-site distances are less
than 20 A, the Dexter mechanism is predominant. Within an antenna of mixed
chromophores, energy transfer proceeds downbhill in a site-to-site fashion until
energy is localized on the chromophore with the lowest excited state energy. One
advantage of using an antenna is that excitation is not site-specific, and absorption
of a photon by any chromophore results in energy transfer to the same low-energy
site. Fluorescence, non-radiative decay, electron transfer, or a combination of these
processes follows energy transfer. Thus, employing light absorbers with large extinc-
tion coefficients allows versatility in the choice of electron donors or fluorophores.
Designing systems for efficient light absorption across the visible spectrum that can
transfer this energy to chromophores capable of converting the energy to chemical
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potential is an active area of research.'**?7"172 1t also has applications for the
design of efficient optical switching devices.

Many of the molecules discussed in the previous section are not very robust and
photodegrade rapidly under intense visible irradiation. However, switching errors
are more likely to occur at low photon densities. A simple solution to this problem
is to use a light-absorbing antenna that can efficiently transfer energy to the input
chromophore. This greatly increases the lifetime of the devices and, in addition,
makes it possible to design an antenna that absorbs either at specific wavelengths,
or across the entire visible spectrum. By judicious choice of chromophores, energy
transfer can alleviate many of the problems inherent in devising efficient, robust all-
optical switches employing electron transfer reactions. Many antenna complexes
based on mixed metalloporphyrins have been studied.['3”,138141-143,146-148,150,173]
Porphyrins are often used because their electrochemical and spectral properties can
be tuned by substitution of appropriate metals.

A synthetic system should meet several requirements in order for researchers to
learn useful information about the transfer of energy among the chromophores. It
should be structurally rigid, soluble in organic solvents, and incorporate controlled
metallation sites including free base and metalloporphyrins. Even so, there is no
limit to the variety of architectures that can be constructed from arrays of covalently
linked chromophores. Porphyrins are natural candidates for the creation of arrays
with fourfold symmetry. Lindsey and co-workers synthesized pentamer 16, consist-
ing of four ZnPs surrounding a central FBP.'**! This system undergoes energy
transfer from the ZnP — FBP with a quantum yield of approximately 90 % based
on quenching of the ZnP emission. Further work from his laboratory has enabled
the placement of eight light-harvesting chromophores about the periphery of a sin-
gle free base or zinc porphyrin.'"*" The phenyl rings of the porphyrin are substi-
tuted at the 3- and 5-positions with ethynyl groups linked to boron-dipyrromethene
dye molecules.
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Lindsey and co-workers also constructed macrocyclic square (17) and hexagonal
(18) structures in which alternating metalloporphyrins and free base porphyrins
formed the subunits."*>'*" The all-free-base and the zinc- and magnesium-substi-
tuted arrays (M; = M,) were synthesized as reference systems. In each system, the
dominant electronic mechanism was TB energy transfer; however, the rate
decreased by 50 % between the square (vt = 12 ps) and hexagonal architectures
(vrp = 17 ps). This occurred despite there being one chemical bond fewer and a
slight decrease in the center-to-center distance separating the chromophores. This
effect was attributed to the change in substitution pattern from a para to meta linker.
Thus, energy transfer in these architectures occurs via mediation of the conjugated
linker groups, and not through the o-bonded framework. Although these competi-
tive rates are quite similar, due to the proximity of the two chromophores, it should
be possible to control energy transfer over greater distances on the basis of this
effect.
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(17)

(18)
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The trigonal and tetrahedral macromolecules 19 and 20, synthesized by Vauthey
and co-workers,'*”) are systems in which these ideas might be applied. Interestingly,
these systems show significant contributions both from TB and from TS energy
transfer mechanisms. In 19, the ZnP to FBP distance is 35.5 A along the shortest
line, and 67.5 A via the bonded pathway. The rate of ZnP — FBP energy transfer is
= 62 ps, and occurs primarily via a TS mechanism. Only when the bonded pathway
became smaller (< 45 A) did the authors observe a shift to the TB mechanism. How-
ever, in compound 20, in which the interchromophore distance is 27 A through
space and 32 A through the bonded pathway, the TS mechanism is still dominant.
The TB mechanism is disrupted by the sp>-hybridized central carbon. This again
demonstrates the need to give significant consideration to the electronic structure of
the medium through which electronic communication must occur. The conjugation
of the linker is especially important when energy and electron transfer events occur
across large distances.

(19)
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In 19, the array of chromophores is beginning to take on a dendritic type architec-
ture, with the termini capped with light-harvesting antennae. Recent work has dem-
onstrated not only the construction of dendritic antenna complexes, but also the
construction of systems in which the dendrimer itself is the light har-
vester.3¢1391491 The great advantage of using dendritic architectures is that the
number of light-harvesting chromophores increases as 2" for each additional gen-
eration. Unfortunately, this increase in photon absorption efficiency is countered by
a decrease in energy transfer efficiency. The dendritic compounds 21 and 22, synthe-
sized by Moore and co-workers, again demonstrated the requirements for construct-
ing efficient energy transfer dendrons. Once more, the electronic structure of the
intervening medium is crucial in designing an efficient system. While 21 and 22
each contain sixteen light-absorbing groups, the linking groups between absorber
and collector are different. Compound 21 is a dendrimer with a simple fan-out
macromolecular structure, while 22 contains localized regions of m-conjugation
between the absorber and collector. This creates an energy gradient, which results in
a directional energy flow and is reflected in the rates of energy transfer. Energy
transfer occurs with T = 311 ps in 21, while despite the greater inter-chromophore
distance the rate of energy transfer in 22 increases by almost two orders of magni-
tude to t= 5.3 ps, with a yield of 98 %.
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It is also possible to incorporate dendritic design motifs into polymeric systems.
Recent work by Sato and co-workers has demonstrated the feasibility of constructing
light-harvesting, dendritic side chains on polymer chains of fluorophores.!"*”! The
repeat units of the dendrimer are 1,3,5-poly(benzyl ether) moieties. Polymers with
dendritic side chains ranging between two and four generations were synthesized
(23). The attachment of these groups to the poly(phenyleneethynylene) polymer
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introduces a large absorption band at 278 nm in the ultraviolet region of the spec-
trum. Excitation in this region results in energy transfer to the polymer backbone
with unity quantum efficiency, and is observed as a fluorescence at 454 nm. In addi-
tion to acting as light absorbers, the dendritic side chains act as solubilizing groups
and also increase the fluorescent quantum yield in solution by preventing interchain
collisional deactivation. Similar types of dendrimers are readily applicable to poly-
mers of the [-D-A;-A,~], monomer type,!'”* both to improve solubility and to act
as light-harvesting antennae.

Thus far we have examined systems designed for the absorption of energy by one
chromophore, transfer of this excitation, and final dissipation of this energy by
emission in some other chromophore. It is also possible to modulate this emission
and create a molecular switch based on competing routes of energy transfer, one of
which is non-radiative. An example of such a switch employing energy transfer in
porphyrin arrays is an optoelectronic gate synthesized by Lindsey and co-work-
ers."*® This consisted of three porphyrins and a light-absorbing dye in a linear (24)
or branched (25) arrangement; their operation is identical, however. The branched
design 25 consists of a trisubstituted zinc porphyrin (ZnP) with a borondipyrro-
methene dye (BDPY) and magnesium and free base porphyrins (MgP and FBP,
respectively) on its periphery.
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BDPY ZnP FBP MgP

BDPY ZnP FBP

(25)

The FBP para to the BDPY has the lowest-energy excited state, and is highly fluor-
escent. A HOMO / LUMO scheme for this array is shown in Figure 6. Excitation of
the BDPY with 485 nm light initiates a stepwise energy transfer. The energy
becomes localized on the FBP and is dissipated radiatively as fluorescence centered
at 650 nm. The quantum yield for the total process is approximately 0.8 for both the
linear and the branched architectures. Activation of a non-radiative decay pathway
within the system can modulate this emission. The MgP has the lowest oxidation
potential ("'E;/, = 0.34 V vs. SCE) and a vacancy in its HOMO can be easily created
by electrochemical or chemical oxidation. For this experiment, iron perchlorate
(Fe''(C104)3) was used as the chemical oxidant. Once oxidized, energy is transferred
to the MgP™, which has low-lying absorptions indicative of a variety of low energy
singlet-singlet transitions. These are non-radiative, and thus no emission is observed
from the monocationic species. Furthermore, the fluorescence signal was fully
restored by returning to the neutral species by addition of triethylamine or electro-

25
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Fig. 6: Energy level scheme for compounds energy excited state. In the neutral state (solid),
24 and 25. Excitation with 485 nm light initiates this is the FBP. Electrochemical oxidation of MgP
a series of energy transfers, which localizes the lowers its excited state energy (dash) and
excitation onto the chromophore with the lowest- activates a non-radiative decay pathway.

chemical reduction. This system demonstrates an ability to modulate energy trans-
fer in large arrays; however, the “ON/OFF” switching of fluorescence is limited by
diffusional processes, which are relatively slow compared to the energy transfer
events.””

A trichromophoric system (26) studied by Wang and Wu switches between energy
and electron transfer pathways in a single molecule by proton binding.'*! In 26,
absorption of near ultraviolet light by the anthracene results in quenching by elec-
tron transfer from a nearby piperazine. Bound to the other side of the piperazine is
a chalcone moiety, an a,f-unsaturated carbonyl group, which has a lower excited
state energy than the anthracene. When H* ions are added to solution, electron
transfer is quenched by H* binding at the piperazine site, and energy transfer can
proceed from the anthracene to the chalcone. Again, while this system is highly effi-
cient, it relies upon diffusion and binding of ions in solution and would not be fea-
sible in the solid state.

= J
(26)
o

Anthracene Piperazine Chalzone

Gust and co-workers designed a synthetic antenna reaction center capable of
undergoing energy transfer followed by electron transfer.'**) Four ZnP chromo-
phores are covalently linked to a FBP electron donor, forming a cross, and the FBP
is in turn attached to a Cgo electron acceptor (compound 27). Excitation of a ZnP
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results in energy transfer, T = 240 ps, to the FBP, with a quantum yield of 0.69. The
excited state of the FBP decays exclusively by electron transfer, T = 3 ps, giving rise
to the charge-separated ZnP,~FBP*—Cg, state, which has a lifetime of T = 1 ns. The
authors discussed several parameters that determine the efficiency of energy trans-
fer in light-harvesting antennas. The choice of metal for substitution in the por-
phyrin is key in determining the rate and yield of energy transfer, because the metal
exercises control both over the electrochemical properties and over the excited state
lifetime. As stated previously, a through-bond energy transfer mechanism is domi-
nant for most antenna complexes, and the choice of linkage is thus critical in deter-
mining electronic coupling between sites. This includes factors such as substitution
site and steric hindrance, in addition to site-to-site distance and bond type. Several
small, fast, and highly efficient energy transfer steps are likely to be much more
efficient than a single, one-step energy transfer.

One of the greatest concerns in this field is the leap to be made from studying
isolated complexes to the synthesis of large assemblies that will retain the character-



28

1 Approaches to a Molecular Switch Using Photoinduced Electron and Energy Transfer

istics of single molecules. The synthesis of large, covalently linked light-harvesting
and switching assemblies becomes increasingly complex as more chromophores
and redox-active units are added. It is clear that many of the design considerations
that apply to the single molecule level are not suitable for the synthesis of macro-
molecules. Thus, it is desirable to construct architectures by means of self assem-
bly,”>782] or other techniques!*®* which have exceedingly high yields and produce
arrangements with a minimum of defect sites. Dendrimers,"#*"°% poly-

(1917194 membranes,['2>~1%%) [200-208] 1have been employed as sup-

mers, and zeolites
ports for the construction of well defined supramolecular arrays. However, it may be
unnecessary to construct entire arrays in which the local environment of each sub-

unit is rigorously controlled.

OH

o = (28) (29)
07 ™o NEt,
NH,*CF
x y (30)
H/N\R

Recent work has demonstrated the deposition of consecutive thin films (nano-
meters thick) of light-harvesting and redox-active molecular subunits, creating a
layered structure capable of stepwise energy and electron transfer.?*”! The light-har-
vesting chromophores coumarin (28) and fluorescein (29) are incorporated into
ionic polymers of poly(allylamine hydrochloride) (30; R = H). Deposited sequen-
tially, they absorb light across a large portion of the visible spectrum and funnel it to
a palladium(II)tetrakis(4-sulfonatophenyl) porphyrin 31. This chromophore has a
long-lived excited triplet state, and can transfer an electron to an acceptor in the next
layer. In this case the electron acceptor is viologen-substituted polyvinyl toluene 32.
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A key aspect of this system is the insertion of semiconductor layers between the
layers of chromophores. Local control is exerted over the network of covalent bonds,
but there is no rigorous control over the local environment during film formation.
The inorganic spacers ensure that each layer maintains a homogeneous distribution
of chromophores, and that there is no interlayer migration. No covalent bonds link
any of the redox-active chromophores. The semiconductors both increase the yield
and rate of electron transfer from the excited state of the donor and inhibit the back
electron transfer reaction from the acceptor. These layers consist of anionic
Zr(HPOy); - H,0 (a-ZrP) or HTiNbOs sheets. Figure 7 shows the scheme for this
assembly. Energy and electron transfer occurred with quantum yields of 0.47 and
0.61 in the a-ZrP and HTiNDOs spaced assemblies, respectively.

The rate of energy and electron transfer in any of these systems is an ensemble
average of all sites within the layered assembly, and thus there is no single rate for
any of the processes in the assemblies. Nonetheless, in addition to the increased
quantum yield, assemblies constructed with the HTiNbOs spacer exhibit a long-
lived charge-separated state component not observed in the o-ZrP spaced assem-
blies, of © =900 us. While there is still much to be learned from the study of multi-
chromophore arrays, this synthetic approach appears to hold much promise for the
creation of organic-inorganic hybrid solid state devices.

Electron . ) )
Transfer Electron Acceptor (32) Fig. 7: S'chc'ematlc r'epresjentahon of .
the organic-inorganic solid state hybrid
e L DR ReYeR synthesized by Mallouk and co-work-
Electron Donor (31) ers.?%! Absorption of a photon by any

of the organic layers results in energy
Energy transfer to the electron donor layer.
LH 2 (29) Transfer This initiates an intermolecular electron
R ot Rayen T transfer reaction. Interestingly, both the
LH 1 (28) yield of energy and electron transfer
5 _ g can be modulated by changing the elec-
tronic characteristicz oftheginirganic
oo Substrate ] semiconductor material.
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1.4
Conclusions and Future Prospects

There are still many hurdles to cross before optical molecular switches are inte-
grated with other components to build all-optical computing devices. The synthesis
of large arrays of molecule-sized switches into a network capable of processing infor-
mation is a major challenge. While covalent attachment schemes can be used to test
a variety of switch concepts, ultimately a molecular self-assembly strategy is neces-
sary to carry out organization of these elementary units into large, working arrays.
The use of such switches must be implemented in a solid, organized matrix. Surface
attachment and/or three-dimensional order induced by incorporation into a crystal-
line matrix may be necessary to achieve full functionality for such systems. Address-
ing molecular switches remains a problem as well. The use of diffraction-limited
focused light pulses provides a useful start, but sub-diffraction optical techniques
need to be improved and implemented for transfer of information into and out of
these molecular arrays. Present day near-field optical techniques are relatively slow,
so that although they provide better spatial resolution, the speed of information
access is somewhat limited. Finally, the fundamental quantum mechanical chal-
lenges of using molecules themselves to store and process information needs to be
more fully explored. While the fundamental limitations dictated by the Heisenberg
uncertainty principle place stringent criteria on such information processing, the
intrinsic properties of quantum systems may be exploited for molecule-based com-
putation. The ability of quantum systems to function as coherent superpositions of
states may make it possible to design molecules that take advantage of these proper-
ties to implement quantum computation schemes. The future of this area is quite
promising, especially when one considers the vast possibilities provided by molecu-
lar design and synthesis coupled with utilization of the numerous photophysical
properties of molecules.
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2
Photoswitchable Molecular Systems Based on Diarylethenes

Masahiro Irie

2.1
Introduction

The term “photochromism” can be defined as a light-driven reversible transforma-
tion between two isomers possessing different absorption spectra.l"? The two iso-
mers differ from one another not only in their absorption spectra, but also in their
geometrical structures, oxidation/reduction potentials, refractive indices, and dielec-
tric constants. When such photochromic chromophores are incorporated into func-
tional molecules, such as polymers, host molecules, conductive molecular wires, or
liquid crystals, the functions can be switched by photoirradiation.*~ Photostimulated
reversible changes in refractive index can also be applied to optical waveguide switch-
ing ) This chapter reviews applications of photochromic chromophores, especially diar-
ylethene derivatives, in various photoswitching molecular systems.

The photochromic chromophores can be classified into two categories, depending
on the thermal stability of the photogenerated isomers. When photogenerated iso-
mers are unstable and revert thermally to their initial isomer state in the dark, the
chromophores are classified as T-type (thermally reversible type). Most photochro-
mic chromophores belong to this type. The photogenerated blue color of 6-nitro-
1’,3",3"-trimethylspiro-[2H-1-benzopyran-2,2’-indoline], for example, disappears in
less than half an hour even in high Tg polymer matrices.®! Such thermally unstable
photochromic chromophores cannot be applied in photoswitchable molecular sys-
tems, because the switched states are unstable. For those applications, the character-
istic of persistence, or in other words thermal irreversibility, is indispensable.

Such thermally irreversible photochromic chromophores represent the other
class, classified as P-type (photochemically reversible type). Although many photo-
chromic compounds have been so far reported, P-type chromophores are very rare.
Only two families, furylfulgide derivatives and diarylethene derivatives, exhibit this
reactivity.”'” The photogenerated isomers of these derivatives are thermally stable
and never revert to their initial isomers even at elevated temperatures (~100 °C).
The thermally stable photochromic compounds offer potential for various applica-
tions in photoswitching and memory devices.

The primary difference, for our purposes, between furylfulgide derivatives and
diarylethene derivatives is fatigue resistance. Diarylethenes have high durability; col-
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oration/decoloration cycles can be repeated more than 10* times while maintaining
satisfactory photochromic performance, whereas in most cases the corresponding
cycles for furylfulgide derivatives are limited to less than 100."") Another advantage
of diarylethenes is that the synthetic routes to them are fairly short in comparison
with those to furylfulgide derivatives. Section 2.2 describes photochromic perfor-
mance of diarylethenes which belong to the P-type category.

Properties which change concomitantly with diarylethene derivative photoisome-
rization are: geometrical structures, electronic structures, refractive indices, and
chiral properties (when the molecules have chiral substituents). Table 1 shows how
the above property changes are applied to various photoswitching molecular sys-
tems. Details of these photoswitching functions are described in Sections 2.3 to 2.6.

Tab 1:  Photoswitching of diarylethenes.

Photoreversible Property Changes Molecular Functions
Geometrical Structures Host—Guest Interactions
Electronic Structures Absorption Spectra

Fluorescence Intensities
Electrochemical Properties
(Oxidation/Reduction Potentials)
Electron Flow in Molecular Wires
Magnetic Interactions

Refractive Indices Optical Waveguide Switches
Chiral Properties Liquid Crystalline Phases
2.2

Basic Diarylethene Photochromic Performance

Figure 1 shows a typical diarylethene derivative absorption spectral change."? Upon
irradiation with 313 nm light, a colorless hexane solution of 1,2-bis(2,4-dimethyl-5-
phenylthiophen-3-yl)perfluorocyclopentene 1a turned blue, in which an absorption
maximum was observed at 562 nm.

The blue color was disappeared by irradiation with visible (A > 500 nm) light. In
the dark, however, the blue color remained stable and at room temperature never
reverted to the colorless form. In toluene, the colored isomer was found to be stable
even at 100 °C. The stable, colored isomer was isolated by HPLC and its molecular
structure was analyzed by NMR and X-ray crystallography. Both indicated that the
blue colored isomer was the closed-ring form. Therefore, the photochromism of the
diarylethene derivative was ascribed to the following photocyclization and cyclorever-
sion reactions.
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Fig. 1: Absorption spectraof 1.0
hexane solutions of (—-) 1a
and (—) 1b, and (- - -) in the
photostationary state under °
irradiation with 313 nm light. 8
£
<]
7]
o
<
400 500 600 700
Wavelength/ nm
F2 Fa
313 nm

A > 500 nm

Hereafter, a and b indicate the closed- and open-ring form isomers, respectively.
The photocyclization and cycloreversion quantum yields were determined to be 0.46
and 0.015, respectively."? In the absence of oxygen, the coloration/decoloration
cycle could be repeated more than 2000 times.""*! The basic performance of diaryl-
ethenes is described below.

2.2.1
Fatigue Resistance Character

A fatigue resistance character is an indispensable property for applying photo-
chromic compounds in photoswitching devices. Photochromic reactions are always
attended by rearrangement of chemical bonds. During this bond rearrangement,
undesirable side reactions take place to some extent, limiting the durability of the
photochromic compounds. The difficulty inherent in obtaining fatigue resistant
photochromic compounds can easily be understood by the following reaction
sequence, in which a side reaction to product B’ is involved in the forward process.

(I)S 7\-1.‘1)A—-B
B' = S— (1)
Xy, ®pp

Even if the side reaction quantum yield, ®, is as small as 0.001 and B converts per-
fectly into A (@p_. o= 1), 63 % of the initial concentration of A will decompose after 1000
coloration/decoloration cycles. Thus, if the cycle is to be repeated more than 10,000
times, the quantum yield of by-product formation has to be less than 0.0001.
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The fatigue resistance character of several diarylethene derivatives has been mea-
sured as follows."*! A benzene solution containing a diarylethene (~ 10™* mol/L) is irra-
diated with UV light of wavelength A;, capable of exciting the open-ring isomer, until the
absorbance of the closed-ring isomer corresponds to 90 % of the photostationary state.
The colored, closed-ring isomer is then completely bleached by irradiation with visible

Tab. 2: Fatigue resistance properties of diarylethenes in benzene.

Compounds Repeatable Cycle Number 9

in air under vacuum

2a 70 480

3a 80 (in hexane) 200 (in hexane)
> 10* (in crystal)

la 200 (in hexane) > 2000 (in hexane)
(n1,2 = 500)
4a 3.7x10° 1.0x10*
o
o= o0
5a - >1.1x10*
Nhsc™s
HsC
o
o o
. 6a >1.1x10* -
& Joery Q
SHA
Fa
Fa Fo
7a >1.3x10* -
/ Ve \ .
s (in methylcyclohexane)
HaC S
o=x"¥=0 7.0 x 10* in polystyrene pro-
= CHs 8a 3.0 x 10* (in polystyrene) tected with PVA
$hd ™ CHs in the presence of singlet oxy-

gen quenchers

a) The number of photochromic cycles at which the absorption of the
open-ring isomer has decreased to 80 % of the value at the first
cycle. ny; is the number of cycles after which half of the open-ring
isomers have decomposed.
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light of wavelength A,. This operation is repeated many times, and after each 100 cycles
the absorbance of the open-ring isomer (or the closed-ring isomer) is measured. The
repeatable cycle number can be defined as the number of photochromic cycles after
which the absorption of the open-ring isomer (or the colored closed-ring isomer) has
decreased to 80 % of the value at the first cycle.

Table 2 summarizes the result of repeatable cycle numbers in benzene.
the presence of air, 1,2-di(2,3,5-trimethylthiophen-3-yl)maleic anhydride 2a and 1,2-
di(2-methyl-5-phenylthiophen-3-yl)perfluorocyclopentene 3a decomposed in fewer
than 80 cycles. The low durability is due to endoperoxide formation,'” the endoper-
oxide possibly being produced by reaction with photogenerated singlet oxygen.
When the thiophene rings were replaced with benzothiophene rings, the number
increased remarkably;"® benzothiophene has a much lower reactivity to singlet oxy-
gen. For 1,2-bis(2-methyl-1-benzothiophen-3-yl)perfluorocyclopentene 7a in hexane,
the photocyclization/cycloreversion reactions could be repeated over more than
13,000 cycles, even in the presence of oxygen.''®

[13,15-19] 1)

7a 7b

It is worth noting the difference in the fatigue resistance characteristics of 1 and
3.1 Compound 1a has methyl groups at the 4- and 4’-positions of the thiophene
rings, while compound 3a has no methyl groups at these positions. Figure 2 shows
the cycle number dependence of absorbances of the bleached samples.

0.8

ogloe—o— o o ° a
< 0.4 _.\.\1r\.\.___-

02+

o0 0— 10
ol . J ,
0 200 400 600 800
Cycle number

Fig.2: Fatigue resistance properties of 1 and after irradiation with visible light. The visible
3 in deaerated hexane upon alternate irradia- absorbance at 547 nm (o), which still remained
tion with 313 nm and A > 440 nm light. Absor- after visible irradiation of a hexane solution

bances of 1a (@) and 3a (m) were plotted containing 3, was also plotted.
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The absorbance of 1a remained almost constant even after 850 cycles, while the
absorbance of 3a gradually declined. At the same time, a photostable, violet product
with an absorption maximum at 547 nm was formed. The photostable by-product
could be isolated by HPLC, and was found by elemental analysis and molecular
mass determination to be isomeric with compound 3a. Its molecular structure was
determined by X-ray crystallographic analysis to be a six-membered condensed ring
structure 9, as shown in Figure 3. The by-product was produced from the closed-
ring form more efficiently by UV irradiation.

Fig. 3: ORTEP view of by-product 9 showing 50 % probability
displacement ellipsoids and its chemical structure.

Such by-product formation is the main fatigue process, in the absence of oxygen,
of dithienylethenes with no methyl groups at the 4- and 4’-positions of the thio-
phene rings. The methyl substituents at the 4- and 4’-positions are considered to
block rearrangement of the thiophene rings to the six-membered condensed ring.
The blocking of such rearrangements improved the fatigue resistance characteristics
of benzothienylethene derivatives 4, 5, 6, 7, and 8.

The fatigue resistance character of the following diarylethene was also examined
in LB films.["”)

F2
Fa Fa

CH3

YA\ N

S”H3C g C1gH37 Vis.

CHg

10a 10b
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To measure the character, the excitation energy transfer method was employed,
using an LB double layer film consisting of an acceptor monolayer containing
photochromic chromophores and a monolayer containing fluorescent oxacarbocya-
nine. This method is highly sensitive for detecting fluorescence from the donor
monolayer and useful to detect photochromic reactions in the acceptor monolayer.
The fluorescence intensity is modulated by the photochromic reactions in the accep-
tor layer. Upon irradiation with UV light, the spirobenzopyran LB film underwent
prompt bleaching to half of the initial fluorescence intensity change at 1500 s, while
the fluorescence intensity change in the diarylethene-containing LB films remained
constant for 10,000 s. The quantum yield of by-product formation was estimated to
be less than 0.25 x 107°. This value suggests that the cycle can be repeated more
than 10° times. Diarylethenes possessing benzothiophene aryl groups have durabil-
ity applicable to practical photoswitching molecular systems.

222
Thermal Irreversibility

Thermal stability of both isomers is an indispensable character for application to
photoswitching molecular systems, as described in the introduction. None of the
diarylethenes so far reported exhibit thermochromism;!'” the open-ring isomers are
thermally stable. The thermal stability of the closed-ring isomers is dependent on
the nature of the aryl groups.*” When the aryl groups are furan, thiophene, or thia-
zole rings, which have low aromatic stabilization energy, the closed-ring isomers are
thermally stable and do not revert to the open-ring isomers at room temperature.

The thermal stability of 3a above 150 °C was measured in crystalline and melt
states.”!! Tts halflife at 150 °C was determined to be 3.3 h. The activation energy was
determined as 139 k] mol ™' from the temperature-dependence of the thermal cyclore-
version rates. This value suggests that the half-life of the closed-ring isomer is 1900
years at 30 °C. The closed-ring isomer is stable enough for practical application.

On the other hand, photogenerated closed-ring isomers of diarylethenes with pyrrole,
indole, or phenyl rings, which have rather high aromatic stabilization energy, are ther-
mally unstable.?? The photogenerated, blue, closed-ring isomer of 1,2-bis(2-cyano-1,5-
dimethyl-4-pyrrolyl)perfluorocyclopentene 11a disappeared in 37 s (=14, ) at 25 °C.

Fo F2

Fa > o Fze
AR — Q @ \

NC N Hae” CN A NC NTHoe” CN
CHj CHa CHs CHg
11a 11b

Regarding the closed-ring isomers, the difference in behavior between those di-
arylethenes with furan, thiophene, or thiazole rings and those with pyrrole, indole,
or phenyl rings agrees well with the theoretical prediction that the thermal stability
depends on the aromatic stabilization energy of the aryl group.!*”
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Some diarylethene derivatives that possess strongly electron-withdrawing substi-
tuents deviate from the general rule.>**) The closed-ring isomers of 12b and 13b,
possessing dicyanoethylene substituents, reverted to the open-ring isomers in 3.3
min and 186 min, respectively, at 60 °C. The dithienylethenes 14b, with pyridinium
ion substituents, and 15b, with formyl residues, also underwent thermally reversible
photochromic reactions.

oHC” N7y [N cHO

15b

The thermal instability of these closed-ring isomers is ascribed to the fact that the
photogenerated central carbon—carbon bonds in the closed-ring isomers are wea-
kened by the electron-withdrawing substituents.

When bulky substituents are introduced at the 2-positions of the benzothiophene
rings, as in 16a, the red closed-ring isomers were found to become thermally
unstable.**

The red color disappeared in 20 h at 70 °C, while no such instability was observed
for the closed-ring isomer 7b, with methyl groups at its 2-positions. It is considered
that the bulky substituents at the reactive carbons also weaken the photogenerated
central carbon—carbon bond.

223
Response Time

Although photochemical reactions in general take place very rapidly, for application
to switching devices it is essential to know the response times. The photoinduced
coloration and decoloration rates of diarylethenes have been measured by using
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picosecond and femtosecond laser photolysis methods in solution, as well as in crys-

tals. Both the coloration and the decoloration rates (“ON” and “OFF” rates) were
[25]

determined for the following compound 17 in hexane.

O
e} e}
uv
HaC — CHj .
CH
A\l Vis.
HiC™ g G 8 CHs
17a 17b

The open-ring isomer was excited with a 355 nm laser pulse (fwhm: 22 ps) and the
formation of the closed-ring isomer was followed at 560 nm in hexane. A rapid spectral
evolution in a few tens of picoseconds was observed, and attributed to the photocycliza-
tion reaction. The rise curve was reproduced by taking into account the pulse duration
and the time constant of formation (t= 8 ps). Taking the rather long pulse duration into
account, it was concluded that the switching time is shorter than 10 ps.

The decoloration process was also measured, by exciting the closed-ring isomer
17b with a 532 nm laser pulse. Immediately after the excitation, the depletion was
observed in the absorption around 560 nm, together with an increase in absorption
around 600-750 nm. The increase in absorption is ascribed to S1-Sn transition. The
bleached signal partly recovered and reached a constant value. A time constant of 2—
3 ps reproduced the recovery of the decreased absorption, indicating that switching
from the closed-ring to the open-ring isomers took place within 2-3 ps.

The above experiment is only one example in which both “ON” and “OFF” pro-
cesses were measured in the same molecular system. However, the pulse duration
used was longer than the switching rates. To know switching rates precisely, it is
necessary to use a shorter pulse. Using a femtosecond laser pulse, the photocolora-
tion rate of 18a®® and the photodecoloration rate of 19b®”) were measured.

uv

Vis.

Si(CHg)a - (CHa)sSi




46 | 2 Photoswitchable Molecular Systems Based on Diarylethenes

The coloration rate of 18a was determined to be 1.1 ps, while the decoloration rate
of 19b was 2.1 ps. Both coloration/decoloration reactions take place in less than a
few picoseconds in solution.

Fa P2

Fz Fg F2 F2
355 nm .
TN q GEEP \

HiC N g7y, Ns”” CHy HaC Mg e’ s
20a 20b

CHga

The photocoloration rate of 20a was measured in the crystalline phase, as shown
in Figure 4. The time evolution of the absorption at 505 nm indicated that the
appearance of the colored isomer 20b is very rapid even in the crystalline phase. The
time profile of the absorbance at 505 nm immediately after the excitation is shown
in Figure 4b. The solid lines in the figure are simulation curves, taking into account
the duration of the excitation and monitoring laser pulses and the time constants of

(a) T T T T i
L /f\wvgw 1 min.
- ,/%.r"\\_w‘r/\v__
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Fig. 4: (a) Time-resolved transient absorption microcrystalline 20a excited with a picosecond
spectra of microcrystalline 20a excited with a 355 nm laser pulse. Solid lines are simulation
picosecond 355 nm laser pulse. (b) Time pro- curves calculated on the basis of pulse widths

file of transient absorbance at 505 nm for of pump and probe light and time constant.
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the absorbance change. Although the S/N ratio of the time profile is rather poor, it is
clearly shown that the coloration reaction took place within 10 ps. In addition, no
spectral evolution was observed at and after several tens of picosecond following the
excitation. The switching time in the crystal was similar to that in solution, indicat-
ing that there is no appreciable difference in switching rates between the solution
and the solid phases.

The following section describes various photoswitching molecular systems
employing diarylethenes as the switching units.

2.3
Host—Guest Interactions

Switching of host—guest interactions by means of photoirradiation may potentially
enable us to carry out active transportation of guest molecules. Photochromic com-
pounds such as thioindigo,[zg] azobenzene,*?"! and anthracene*” have been widely
used as switching moieties. Diarylethenes can also be used as switching units after
introduction of two crown units, as shown in Figure 5.°**%! In the open-ring iso-
mer, two crown ether moieties in a parallel conformation can cooperatively bind
with a large metal ion, while in the photogenerated closed-ring isomer, the crown
ether moieties are separated from each other and cannot capture the metal ion.
Two-phase solvent extractions of alkali metal picrates were carried out: with the
open-ring isomers and with their photostationary states under irradiation with 313
nm light. The decrease in the aqueous phase absorption due to the picrates was
used to estimate the extraction capability of the compounds.?**-*?

In the case of dithienylethene 22a, with benzo-15-crown-5 ether residues, the
solution of the open-ring isomer extracted KPic and RbPic into the organic phase to
an extent as high as 50 %. Upon irradiation with 313 nm light, the extraction cap-
ability was dramatically decreased to 10-20 %, similar to the extraction capability of
a single benzo-crown model compound. The open-ring form captures the large

UV (313 nm)

VIS (>480 nm)

open-ring form
anti-parallel conformation

parallel conformation

Fig. 5: Concept for photoswitchable ion tweezers possessing a diarylethene switching unit.
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(a) Fig. 6: Control of aqueous phase con-
centrations of (a) KPic (solid line) and
RbPic (dotted line), using 22 in CH,Cl,,
Q and (b) CsPic with 23. Alternating irra-
g diation with 330 £ 70 nm and > 480 nm
a light.
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metal ions in a tweezer-like manner. When the dithienylethene 23a, with benzo-18-
crown-6 ether residues, was used, photostimulated extraction capability enhance-
ment was observed only for CsPic. In the case of 21a, the extraction capability was
very small and the photoeffect was unremarkable. Figure 6 shows the switching
behavior of metal ion capture upon alternate irradiation with UV (330 + 70 nm) and
visible (> 480 nm) light. Good reversibility without photodestruction was observed
in all cases.

Not only metal ions but also glucoses can be reversibly captured by a diarylethene
possessing boronic acid groups upon photoirradiation, as shown in Figure 7.3%
Boronic acids are widely used for recognition of saccharides, as saccharides have
many hydroxyl groups that can form esters with them. The open-ring isomer 24a is
expected to form a 1:1 complex with a saccharide through ester formation between
two facing boronic acids and four hydroxy groups. In the closed-ring isomer the
boronic acid groups are separated from each other and cannot form the complex.
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saccharides

open-ring form
anti-parallel conformation

parallel conformation

hv hv'
(UV) (VIS)

hv

closed-ring form

Fig. 7:  Concept for photoswitchable saccharide tweezers possessing a diarylethene unit.

24a 24b

When p-glucose was added to EtOH-tris-HCI buffer solution (pH 7.8) containing
24a, a circular dichroism (CD) spectrum appeared and its intensity increased with
increasing p-glucose content. This indicates that p-glucose reacts with 24a to pro-
duce a complex. Upon irradiation with 313 nm light, the Ae value decreased to 40 %
of the previous one, the degree of conversion in the photostationary state under irra-
diation with 313 nm light being 60 %. This indicates that the closed-ring isomer
scarcely reacts with p-glucose. Upon irradiation with visible light, the Ae value
returned once more to that prior to UV irradiation. Complex formation could be
switched upon alternate irradiation with UV and visible light.

49



50

2 Photoswitchable Molecular Systems Based on Diarylethenes

24
Photoelectrochemical Switching

Photoirradiation-controllable reversible switching of electrochemical properties is of
fundamental importance for the development of molecular electronic devices. It is
possible to introduce such functionality into a molecule through incorporation of a
diarylethene unit.

ni-Electron delocalization in diarylethene derivatives with thiophene aryl groups
depends on the position at which the thiophene rings are linked to the ethylene
moiety.”*! When the thiophene rings are attached to the ethylene moiety through
their 3-positions, as in 25a, m-electrons are delocalized throughout the molecule
when it is in the closed-ring isomer state 25b, whereas in the open-ring isomer 25a
they are localized in the thiophene rings. Therefore, in the closed-ring isomer, the A
and B substituents can interact with each other through the conjugated double
bonds. In the open-ring isomer, however, there is no interaction in between A and
B. The former may be referred to as the “ON” state and the latter as the “OFF” state.
On the other hand, when the thiophene rings are attached though their 2-positions,
as in 26a, m-electrons are delocalized in the open-ring isomer 26a, and A and B can
interact with each other. In the closed-ring isomer 26b, mt-electrons are localized in
the central cyclohexadiene structure, and A and B may only interact very weakly.

F2 Fe

Fa £ Fze
NN — A @ \

AT s e s B S Hc S
25a 25b
F2

26a 26b

Incorporation of such dithienylethene units capable of reversibly interrupting
conjugation into a polyene molecular wire permits reversible switching of conduc-
tive properties by photoirradiation.”?*! A typical example is shown below.
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“OFF"

O—r -

27b

In the open-ring isomer, two pyridinium ion groups are electronically separated from
each other and there is no appreciable interaction between them. This is the “OFF”
state. In the photogenerated closed-ring isomer, on the other hand, m-conjugation
results in delocalization between the two pyridinium ion groups, and the absorption
spectrum shifts to a longer wavelength: from 352 to 662 nm. This is the “ON” state.
Cyclic voltammetry indicated that, whereas no electrochemical process occurred for the
open-ring isomer in the region from +0.6 to 0.6 V, a clear, reversible, and monoelectro-
nic reduction wave was observed for the closed-ring isomer: at a potential E;;, = —230
mV versus a standard calomel electrode, as shown in Figure 8. The compound repre-

fopa 4
P
-0.6

IV————_ jl‘
E/V +0.6

f

A2opA o
/> -
-0.6 E/V  +06

Fig. 8: Cyclic voltammograms for the open-ring
(top) and the closed-ring (bottom) forms of 27
in acetonitrile (supporting electrolyte NBu,BF,).
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sents a prototype switching molecular wire, in which electron flow can be reversibly
switched by photoirradiation. A similar switching response was also observed for di-
arylethene 18, with oligothiophene aryl groups.*®’

When such photoswitching chromophores are immobilized on an electrode, vec-
torial electron flow from the electrode to electroactive species in solution can be con-
trolled by photoirradiation.?”**! Using an n-octadecanethiol-modified gold electrode
incorporated with diarylethene 28a, it was possible to switch vectorial electron trans-
port from the electrode to hexacyanoferrate(111) in solution by photoirradiation.

Hole injection efficiency from a metal electrode to an organic film can be con-
trolled by inserting a thin film of diarylethene derivatives between the metal elec-
trode and an Au or organic hole transport layer, as shown in Figure 9.5% As
described above, the m-conjugation distance of diarylethene derivatives changes
upon photoisomerization. This means that ionization potentials also depend on the
isomers. A film of diarylethene 18 was prepared and the ionization potentials of the
open-ring and closed-ring forms were measured. From the oxidation potential
changes of the compound in an acetonitrile solution (1.57 V for the open-ring iso-
mer and 0.63 V for the closed-ring isomer), the ionization potential of the closed-
ring isomer was determined to be 5.82 eV, and that of the open-ring isomer was
estimated to be 6.8 eV. The two isomers thus display a very large difference in ioni-
zation potentials.

Au Au
18 in Polystyrene Organic Hole
(0.5 um) Transport Layer
Metal Amorphous 18
iTO ITO
Glass Substrate Glass Substrate

(@) (b)

Fig.9: Structure of sandwich cells for measurement of photo-
switching of hole injection. (a) metal-diarylethene-Au, (b) ITO-
diarylethene-organic hole transport layer.
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Photoswitching of hole injection from a metal electrode to an organic layer was
carried out using a sandwich type cell, in which polystyrene thin film (0.5 um) con-
taining 18 (40 wt%) was inserted between metal and Au electrodes. When Pt, which
has a working function of 5.43 eV, was used as the positive electrode, efficient hole
injection was observed when the closed-ring isomer 18b was used, as shown in Fig-
ure 10. The injection was not observed for the polystyrene film containing 18a. The
closed-ring isomer has a low ionization potential and holes can be transferred from
the Pt electrode, but the open-ring isomer can not accept the holes because of the
large energy differences (as shown in the inset of Figure 10).

Fig. 11 shows the photoswitching of the injection current. Upon UV irradiation,
the hole injection current increased, while decreasing to zero on irradiation with
visible light. Very thin amorphous diarylethene film as thin as 0.2 um could also
control the hole injection to the organic hole transport layer (Fig. 9b). These results
are potentially applicable to optical memory-type organic photoconductors.
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This concept of controlling conjugate interaction in a terminally functionalized
polyene can also be applied to magnetic interaction.*”’ A diarylethene 29a, incorpor-
ating two nitronyl nitroxide radicals, was prepared and intramolecular magnetic
interaction was compared in the open-ring and closed-ring isomers. Appreciable
interaction difference was observed between the open-ring (2]J/kg = —2.2 K) and the
closed-ring (2]J/kg = —11.6 K) isomers.

2.5
Liquid Crystalline Switches

Photoirradiation-based control of optical properties of liquid crystals is a major chal-
lenge in the development of molecular devices. So far, various attempts have been made
to control liquid crystal alignment, as well as phase, by using photochromic chromo-
phores, almost exclusively involving azobenzene derivatives.*"*?! Tt is well known that
nematic liquid crystals can be converted into chiral nematic (induced cholesteric) liquid
crystals using chiral dopants.** The phase change is highly significant for display tech-
nology, because these two phases display a distinct optical property change. In a few
cases, reversible switching between these phases has been reported.** ¢ The phase
changes can be induced by using diarylethene 30, with chiral substituents.*”]

P 30a Ph Ph 30b Ph

Doping of nematic liquid crystal materials ZLI-389 and K;s with 30a resulted in
stable cholesteric phases. The cholesteric phase was induced by the addition of 0.7
wt% 30a to ZLI-389 at 51-54 °C, and the phase was stable for many hours. When
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the mixture was irradiated for 50 s with UV light of 300 nm, the chiral nematic
phase disappeared and a nematic phase texture was observed. Irradiation of the
sample with visible light for 30 s resulted in the reappearance of the cholesteric fin-
gerprint texture. The switching could be repeated six times without deterioration of
the liquid crystal phase. The result indicates that the twisting power of the closed-
ring isomer is smaller than that of the open-ring isomer.

When the twisting power of the closed-ring isomer is larger than that of the open-
ring isomer, it is expected that UV irradiation should induce the phase change from
the nematic to chiral nematic phases.[*! A diarylethene 31a, with two diarylethene
units in a chiral cyclohexane, was incorporated into K;s and the phase change con-
comitant with photoisomerization was measured.

31a 31b

In this case, photocyclization induced the phase change from nematic to chiral
nematic, and cycloreversion returned the phase to the nematic state.

2.6
Photooptical Switching — Refractive Index Change

Photochromic compounds that alter their refractive indices in a near infrared region
are very useful for optical waveguide components, such as optical switches, variable
frequency filters, variable attenuators, and phase shifters. With such applications in
mind, several research groups have examined refractive index changes of diaryl-
ethenes.”**”] Table 3 summarizes their values and measuring conditions. For the
dye/polymer systems, the maximum refractive index change was 3.9 x 10 at 1300
nm. The relatively small refractive index change is due to low conversion in polymer
matrices. The quantity of a diarylethene that can be dissolved in a polymer matrix is
limited to less than 30-50 wt%, and open-ring to closed-ring photoisomerization
conversion is suppressed. Taking the degree of conversion into account, the relation-
ship between the weight fraction (f) of photoisomerized compound and the refrac-
tive index change (An) at 633 nm is expressed for 7 in PMMA as follows.*%

An=0.128f (2)
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Tab.3: Refractive index changes concomitant with photoisomerization.

Compounds An
MO 1.5x107
He 7 CHy i et 32 (633 nm, 3 wt% conversion in amorphous
HC™ s [Ns7 T polyolefin)
2.8x107
18 (633 nm, 2 wt% conversion in PMMA)

37

1.5x107
(633 nm, 3 wt% conversion in amorphous
polyolefin)

5x 107
(1300 nm; in polyfluoroethyl methacrylate
containing 10 wt% dye after UV irradiation)

3.5x107°
(633 nm, after UV irradiation in sol-gel film)

3.0x107°
(785 nm, after UV irradiation in sol-gel film)

1.8x107
(1300 nm, in PMMA film containing 50 wt%
dye after UV irradiation)

3.9% 107
(1300 nm, in PMMA film containing 50 wt%
dye after UV irradiation)

4.0x107
(785 nm, in sol-gel film. see the text)

38x107°
(817 nm, in bulk amorphous film)
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This relationship means that the refractive index change could be greater in bulk
amorphous photochromic systems or in solid matrices containing high concentra-
tions of diarylethenes.

The following diarylethene undergoes photochromism even in bulk amorphous
systems.[5 6l

37a 37b

The Tg was measured as 67 °C. The closed-ring isomer was isolated by HPLC and
coated on a glass substrate by a dip-coating method, using hexane as a solvent. The
refractive index was measured at 817 nm before and after irradiation with visible (A>
500 nm) light. The initial refractive index of 1.589 changed after visible light irradia-
tion to 1.551; the photoinduced refractive index change was as large as 3.8 x 107
The refractive index increased again after irradiation with UV (A = 366 nm) light;
recovery was around 80 %. After the first cycle, the refractive index could be changed
reversibly from 1.55 to 1.58 by alternate irradiation with visible and UV light.

A sol-gel technique was used to prepare hybrid organic—inorganic xerogels contain-
ing high concentrations of dithienylethenes. The sol-gel materials were prepared by a
method based on co-condensation between the hydrolyzed species of the diarylethene
derivative 38a and of methyltrihydroxysilane precursors as shown below.
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UV or visible light
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—Gold layer
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polarized light Photodiode
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Fig. 12: Reflectivity recorded as a function of after UV irradiation. The crosses represent
the external incidence angle (P of the measur- experimental data and the dotted lines are the
ing device above) for TM polarized light at 785 theoretical curves obtained from the fitting
nm wavelength, after visible irradiation and procedure.

Absorption measurement indicated that the degree of photostationary state conver-
sion from the open-ring to the closed-ring forms upon irradiation with 313 nm light was
as large as 95 %, even in the gel matrix. The refractive index was measured at 785 nm.
Figure 12 shows the experimental reflectivity curve for the gel film. The reflectivity was
first recorded when the photostationary state was reached under UV irradiation and
then after powerful illumination at 633 nm. A large angular shift of the reflectivity dip
was observed. The angular dependence indicated that the colorless, open-ring isomer
had a refractive index of n=1.533, while this increased to n=1.573 after irradiation with
UV light. The refractive index change was as large as 4 x 1072 This large An value is
promising for photooptical applications. The film thickness of the sample, deduced
from the above experiment, was 0.65 um. Several optical components, such as gratings
and waveguides (directional couplers and Mach—Zehnder interferometers), have been
designed and fabricated using gels containing dithienylethenes.

For the dye/polymer systems, the refractive index changes are rather low, as
shown in Table 3. Even so, the refractive index change can be applied to photooptical
switching devices. A self-holding and optical-optical 2 x 2 photochromic switch
using a Mach—Zehnder interferometer has been constructed. The device was fabri-
cated using a silica-based integrated optic Mach—Zehnder interferometer with a clad-
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Fig. 13: Optical switch. Schematic view.

ding polymer containing diarylethenes, as shown in Figure 13. The refractive
indices of the two polymer claddings were adjusted to that of the silica glass clad-
ding by changing the copolymerization ratio of poly(trifluoroethyl methacrylate-co-
methyl methacrylate). One polymer cladding contained 7.

Cross-bar switching was achieved by alternate irradiation with ultraviolet (313
nm) and visible (A> 500 nm) light, as shown in Figure 14. The switching was self-
holding and the cross-talk ratio of the switching was —12 dB at 1.55 um. At the mate-
rial level, self-maintaining at 80 °C was confirmed. According to calculation, a
refractive index change as large as 0.00014 is required for full switching. The
observed refractive index change was approximately 0.0003: enough for full switch-
ing operation. The switching time of the system was 20-30 s. This new optical
switch can be applied for repairing the route of an optical fiber.
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Fig. 14: (a) Schematic view of a photooptical switching device,
(b) relationship between output power and irradiation time.
Alternating irradiation by UV and visible light.
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2.7
Conclusion

Various types of molecular photoswitching systems using diarylethene derivatives as
the switching unit have been reviewed. Concomitantly with their photochromic
reactions, diarylethene derivatives change such of their properties as their geometri-
cal structures, electronic structures, refractive indices, and chiral properties. These
property changes have successfully been applied to construction of molecular photo-
switching systems, such as host-guest complexes, molecular wires, organic photo-
conductors, molecular magnets, liquid crystals, and optical waveguides.
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3
Optoelectronic Molecular Switches Based on Dihydroazulene-
Vinylheptafulvene (DHA-VHF)

Thomas Mrozek, Joerg Daub, and Ayyppanpillai Ajayaghosh

3.1
Introduction

Molecular switches are the active components of molecular electronic devices cap-
able of inducing chemical and physical changes in response to external stimuli such
as electrical current, light, and biological impulses.["! Switching needs selective and
fast activation processes, making photons, electrons, phonons, or protons the best
means for the supply of energy. An optoelectronic molecular switch is a molecular
system possessing electronic properties that can be triggered or controlled with the
aid of stimuli such as light or application of electrochemical potential. The most
amazing natural process assisted by a photonic switch is the phenomenon of vision
in living systems. It is now reasonably well known that rhodopsin undergoes
changes in geometry upon optical excitation, altering from the cis to the trans con-
formation on a subpicosecond time scale, and that this is responsible for the various
switching processes in vision. Over recent years there have been several attempts to
design molecular switches with the goal of developing molecular electronic devices,
expected to be a key technology of the future./?’ Photoresponsive molecular switches
in particular are of great interest, since use of light as an external stimulus allows
for rapid and clean interconversions of distinctly different states.l®) Several classes of
photoresponsive molecular switches are known, operating through such various
processes as reversible bond formation and breaking, cis—trans isomerization, photo-
induced electron transfer (PET), and proton transfer. PET is one of the most inter-
esting rapid switching mechanisms, allowing for regulation of properties such as
luminescence behavior. Fluorescence emission is perhaps the most widely exploited
property in the design of PET molecular switches, since it is extremely sensitive to
various perturbations: such as solvent polarity, donor-acceptor interactions, and the
presence of metal ions. Several such systems have also been used in the design of
AND logic gates (Compound 1) and molecular sensors.*!
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Photoredox switches (P: photoactive subunit; R: redox active subunit) are another
important class of molecular switches.”! Reversible redox interconversion between
two different states can result in the switching on and off of luminescence in a two-
component system P-R. In such a system, switching is achieved when the oxidized
or reduced form of R induces an electron transfer or energy transfer process to or
from the photoexcited subunit P*; a schematic representation is given in Figure 1. A
luminescent redox switch reported by Lehn and co-workers is based on a quinone/
hydroquinone moiety attached to a luminescent (Ru" (bpy)s)** fragment (Structure
2).1 The electron transfer process from the bipyridyl fragment in its excited state to
the adjacent quinone moiety quenches luminescence, while reversion to the reduced
hydroquinone form results in the restoration of emission (Figure 2/top).

Another example of a photoredox molecular switch is based on a ferrocene-ruthe-
nium trisbipyridyl conjugate, in which the luminescent form 4 switches to the non-
luminescent form 5 upon electrochemical oxidation (Figure 2/bottom)”). Biological
systems exploit the interplay of redox and molecular recognition to regulate a wide
variety of processes and transformations. In an attempt to mimic such redox sys-
tems, Deans et al. have reported a three-component, two-pole molecular switch, in
which noncovalent molecular recognition can be controlled electrochemically.®
Willner et al. have reported on their research activities in developing novel means to
achieve reversible photostimulation of the activities of biomaterials (see Chapter 6).!
Recently, we have shown that it is possible to switch the luminescence in benzodi-
furan quinone 6 electrochemically.*” The reduction in THF of the quinone moiety

excitation excitation
L +e” L
P Rox _ P Rred
= )
emission emission

Fig. 1: Schematic representation of photoredox switching;
Luminescence quenched in the oxidized state of R (Roy)-
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Fig. 22 Redox luminescence switching in trisbipyridyl metal complexes.

to the hydroquinone dianion occurs in a reversible, two-step process at E;,, = -1223
mV and —1913 mV. The spectra obtained for the radical anion forms by UV/Vis/NIR
spectroelectrochemical measurements agree with the quinone structure, illustrating
that the two reversible redox processes are largely localized at the benzodifuran unit
(Figure 3/top). The fluorescence spectrum of 6, which is weak at the beginning of
the electrochemical reduction, becomes stronger during the reduction to 6%, as
shown in Figure 3 /bottom.

Functionalized difluoroboradiaza-s-indacenes have recently been shown to
undergo proton-dependent and metal ion-dependent fluorescence switching.'" For
example, compound 7 initially displays a very low fluorescence quantum yield, but,
as shown in Figure 4, this is enhanced significantly upon addition of aqueous
HCL"™ Cyclic voltammetry on 7 indicated that the oxidation of the dimethylamino
group, appearing between the oxidation and the reduction of the indacene frame-
work, disappeared upon protonation.''¥ The increase in oxidation potential of the
protonated 7 makes the nonradiative deactivation process less efficient, thereby
enhancing the efficiency of the fluorescence quantum yield.
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Fig. 3: Top: Difference spectra (referenced to the spectrum of
the radical anion 6°7) showing the formation of the dianion 62~
from 6°~. The cyclic voltammogram is shown in the inset. The
applied potential is indicated by the arrow. Bottom: “ON/OFF”-
switching of luminescence during reduction of 6.
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pH=1.17
pll—5.83

Fig. 4: Effect of pH on the fluorescence
switching of compound 7 in a methanol-
water mixture (volume fraction [¢ = 0.5]).
490 510 530 550 570 590 610  The pH values (in order of decreasing fluores-
cence intensity) are: 1.17, 2.10, 2.51, 2.65,
2/[Inm] 3.07, 3.24, 3.37, 3.53, 3.81, and 5.83.

3.2
Photochromic Molecular Switches

Information storage at the molecular level, using switchable molecular devices, is
expected to revolutionize information processing and communication systems.
Photochromic groups are known to have the potential to reversibly alter the molecu-
lar structure, electronic properties, and/or physical characteristics of a substrate
attached to them.®! Therefore, the photochromic behavior of organic molecules can
be used to trigger the switching of a required property, which in turn can be
exploited in the designing of materials useful for molecular electronic and photonic
devices. Because of this, an ever increasing effort is being directed towards design-
ing and studying dynamic molecular systems for utilization as switching devices
that can undergo reversible changes between different states. Judicious manipula-
tion of the molecular structures of such systems permits tuning and optimization of
the switching behavior for specific applications.

Photochromism is the phenomenon whereby a molecule can exist reversibly in
two or more different forms with distinctly different physical or chemical properties,
and can be induced to change between them by photochemical means. It may be
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due to simple isomerization of a substituted ethylenic double bond, or it may be the
result of ring-closure and ring-opening in the presence of light energy of different
wavelengths. Several examples of such systems are known in the literature. For
example, the well known cis—trans isomerization of azobenzene and its derivatives
has been extensively studied,!"” while other photochromic systems studied at length
include fulgides!"” and diarylethenes!"*. Many of these systems have been exploited
for the designing of molecular level switching devices, with the goal of developing
viable information storage systems. Before going into the details of dihydroazulene-
vinylheptafulvene photochromism and its use in molecular switches, it is appropri-
ate to take a brief look at some of the other known photochromic systems.

3.2
Molecular Switches Based on Fulgides

Fulgides and fulgimides are promising candidates for designing photochromic
switches (see Chapter 10 for an extensive discussion). It is known that they undergo
reversible ring-closure and ring-opening upon irradiation with UV light and visible
light respectively, giving rise to the corresponding closed (C) and open (O) forms (8/
9) (Figure 5)."* Walz et al. have successfully utilized this photochromic system to

RZ
1 [o]
R = L
S / X
7z
[o]
O-isomer C-lsomer

8 9
Fig.5: Photochromism in fulgide (X=0) and fulgimide (X=NR®)-type systems.

non fluorescent fluorescent

10 1
Fig. 6: “ON/OFF”"-switching of fluorescence in a fulgide-type system.
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design molecular switches consisting of a donor-fulgide-acceptor triad!"®l. The
switching “on” and “off” of the fluorescence of an attached fluorophore depends
upon the energy transfer process between a donor and an acceptor, and this in turn
depends upon the geometric configuration of the photochromic fulgide, as shown
in Figure 5. Inada et al. have reported perfect on-off switching of fluorescence emis-
sion in a fulgide photochromic system with an attached binaphthol substituent.!*®!
While the colorless form of the propyl-substituted binaphthol-condensed indolylfulgide
10 did not display fluorescence, its colored form 11, obtained on irradiation with UV
light, exhibited fluorescence in toluene at room temperature (Figure 6).

3.22
Photochromic Switches Based on Dihydroindolizine

Recently, Weber et al. have reported a dual mode molecular switching device with
nondestructive readout capability, based on a photochromic dihydroindolizine
(DHI).”) The write-lock-read-erase mechanism, as shown in Figure 7, is based on
irradiation of 12 to form the colored betaine 13 and its subsequent protonation to
14. This in turn can undergo deprotonation back to 13 and, finally, thermal rever-
sion to 12. However, the absorption ranges of the ring-closed 12 and the ring-opened
betaine 14 are not optimal, and its use as a data storage system is limited accord-

ingly.

3.23
Multimode Molecular Switch Based on Flavylium lon

The photochromic system constituted by the 4’-hydroxyflavylium ion 15a, reported
by the groups of Pina, Maestri, and Balzani,['®*? is an interesting system, being a
multistable, multifunctional molecular switch reminiscent in its photoactive trans-
2,4’-dihydroxychalcone form (15d) of Photoactive Yellow Protein (PYP), a sensory
protein in nature (see also Chapter 10)."*9 System 15 (Figure 8) has been found
suitable as an optical memory device with multiple storage capability at different
memory levels and nondestructive readout capacity through a write-lock-read-
unlock-erase cycle. All the observed processes are fully reversible, and are accompa-
nied by large changes in absorption and emission properties.

. 4
2 MO, NN
_N hv +H*
N — ¢ coMe ——
= A -
Me0,C  'COMe Q
12 13 14

Fig. 7: Light-driven switch represented by dihydroindolizine 12,
betaine 13, and protonated betaine 14 (A = thermal activation).
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Fig. 8: Structural transformations of the 4’-hydroxyflavylium ion
15a. Only the important forms are shown.

3.24
Dihydroazulene-Vinylheptafulvene Photochromism (DHA-VHF Photochromism)

Dihydroazulenes are alternant mi-tetraenic systems, that can be obtained directly by
the [8+2] cycloaddition of 8-methoxyheptafulvene with dicyanoethylenes, followed
by elimination of methanol (Scheme 1a). An alternative means of preparation is by
C—C bond formation between a cycloheptatrienylium cation and an appropriate
dicyanoethylene derivative, followed by dehydrogenation to afford the nonalternant
ni-pentaenic vinylheptafulvenes, which immediately rearrange thermally to the cor-
responding DHAs (Scheme 1b). A variation on this route can also be accomplished
using the corresponding carbonyl compounds, as depicted in Scheme 1b. The latter
synthetic route (Scheme 1b) provides DHAs featuring more complex substitution
patterns — 2,3-disubstituted DHA derivatives — while the former (Scheme 1a) gives
DHAs substituted solely at the 2-position.

The DHAs undergo an interesting photoinduced rearrangement to the corre-
sponding VHFs, and this is accompanied by a change of color from, in the case of
the phenyl derivative 18a (Scheme 2), yellow to dark red.”*'” In this case, it was
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s-trans VHF s-cis

16b 16a

Scheme 1a:  ‘Direct’ pathway for the synthesis of dihydroazulenes.

observed that upon irradiation (in acetonitrile) the intensity of the absorption band
at 350 nm decreased while a new, long wavelength absorption at 468 nm was formed
through four isosbestic points (Figure 9). The VHF 18b underwent quantitative ther-
mal reversion to the DHA 18a within 70 h at 25 °C. The quantitative conversions of
the photochemical forward reaction and the thermal back reaction could be followed
by '"H NMR spectral studies. The photoreaction occurs from the excited singlet
state; the quantum vyield of the reaction was 0.55. The rate constant for the thermal
back reaction at 25 °C was found to be 7 x 107 s7".

The photochromic properties of DHA systems depend strongly upon the substitu-
ents on the five-membered ring, the reaction media, and the temperature. For exam-
ple,?” to obtain a steady state equilibrium mixture of 22a and 22b (Scheme 3), the
2,4-dinitrophenyl derivative of the DHA 22a had to be irradiated (in acetonitrile, 366
nm irradiation wavelength) at low temperature (200 K). In contrast to this, arene
derivatives 21a and 23a, on irradiation at 250 K, were quantitatively converted to the
corresponding VHFs 21b and 23b, respectively. In the case of the DHA 24a, a sta-
tionary equilibrium between 24a and 24b could be observed at room temperature.
Thus, in general, it was observed that the presence of electron-withdrawing substitu-
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Scheme 1b:  Synthesis of dihydroazulenes via corresponding vinylheptafulvenes; AT = reflux.
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Scheme 2:  Photochromic isomerization between 18a and 18b.
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Fig. 9: Photochemistry of 18a in acetonitrile
(c=4.9 x 107° mol dm™), irradiation by sunlight.
(---) start; (e++) after 1 min, (—) after 7 min.

ents such as nitro and cyano groups facilitate the thermal back reaction. On the
other hand, electron-donating substituents such as amino groups have the opposite
effect.

The effect of substitution patterns on the long wavelength absorptions of various
DHAs and VHFs are clear from Table 1. The tricyanovinyl-substituted system 20a/
20b differs significantly (Figure 10), DHA 20a absorbing at 450 nm (in DMSO) and
VHF 20b at 610 nm. This can be explained by charge transfer transitions due to the
strong acceptor group. In addition, the shoulder on the absorption band of 20b is aber-
rant. We explain this by the presence of both s-trans and s-cis forms in solution.*'



74

3 Optoelectronic Molecular Switches Based on Dihydroazulene-Vinylheptafulvene (DHA-VHF)

A furan substituent at the C-2 position in a DHA has a significant effect on the
kinetics of the photochemical and thermal reactions, as illustrated for the case of the
DHA 19a (Scheme 4). In this case, to observe the photochemical formation of the VHF
19D, the system must be cooled down to —50 °C, due to the fast thermal back reaction.

Another significant observation is that the photochemical ring-opening of the
DHA 18a to the corresponding VHF is blocked in the crystalline state; this is prob-
ably due to the crystal packing. Irradiation of DHA 18a in poly(methyl methacrylate)
film, however, results in the formation of VHF 18b (Figure 11). On heating at 80 °C,
it reverts quantitatively to 18a. This observation reinforces speculation that crystal
packing plays a major role in the photochromic behavior of DHA 18a.

Attachment of DHA 26a to cellulose, as a biopolymer representative, provides
another way to test the feasibility of multifold photochromic switching within a

(18-26)a (18-26)b
N° 18 19 20 21 22
N\ No,
R 0”7
Ne” TCN NN CN O,N NO,
OMe NO,
CN
N° 23 24 25 26

H
/

CN NO, NH COOH

Scheme 3: Various DHA-VHF couple substitution patterns.
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Tab. 1:  Absorption maxima of DHAs and VHFs and quantum yields ¢ppa_svir of DHA—VHF
photoreactions in nondegassed solutions at 24 °C, A, =366 nm. (a) At—50 °C, A;, = 420-480 nm;

(b) At 25 °C; absorption at 608 nm assigned to s-trans-VHF; absorption at 680 nm assigned to s-cis-VHF;
(c) Same value in argon-saturated solution; (d) Limiting value due to thermal back conversion.

Compound Solvent MpHa [nm] (a) Mvir [nm](b) PoHA-VHF

2-Phenyl-DHA methylcyclohexane 349 440 0.35
toluene 354 459 0.6
ethanol 348 468 0.5
acetonitrile 350 468 0.55

18 acetonitrile 360 465 0.4

19 ethanol®® 440 548

20 DMSO 449 608, 680 (sh) P!

21 methylcyclohexane 362 464 0.55
toluene 368 482 0.450
ethanol 364 492 0.09
acetonitrile 364 490 0.002[4

22 toluene 310 480 0.005
ethanol 315 470 <0.0084
acetonitrile 320 488 <0.0004!

23 methylcyclohexane 361 452 0.4
toluene 368 470 0.65
ethanol 362 474 0.35
acetonitrile 362 474 0.6

24 acetonitrile 386 468

25 methylcyclohexane 376 440 0.4
toluene 382 448 0.3
acetonitrile 381 450 0.15

26 methylenechloride 361 474

A

b)

a) Fig. 10: Photochromism of 20a/
460 6(|)0 800 29b in DMSO' (25°C); irradiation
with 366 nm light after 0 (a), 1, 5,

A/[nm] 10 (b) seconds.
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19a 19b
Scheme 4:  Photochromism of the furanyl-derivatized DHA derivative.

macromolecular architecture, as well as affording the opportunity to investigate the
influence of the conformation of the polymeric network on photoswitching beha-
vior.”?l Scheme 5 shows the photochemical conversion of the 6-O-[4-(1,1-dicyano-
1,8a-dihydroazulen-2-yl)-benzoyl]-2,3-di-O-methylcellulose 27a (degree of substitu-
tion of the photochromic subunit equals 0.25). Irradiation of a solution of 27a in
THF caused the characteristic DHA absorption band at 365 nm to decrease, while,
on the other hand, the formation of the VHF derivative was verified by an increase
in absorbance at 474 nm (Figure 12). After thermal relaxation, the original spectrum
was restored. Note the blurred isobestic point at 400 nm, which we attribute to the
structurally nonequivalent photochromic subunits.

Taking account of data from photophysical and photochemical investigations of
the switching behavior of various DHA/VHF derivatives,***! we assume a qualita-
tive energetic profile of the DHA/VHF couple as depicted in Figure 13.

&

10’

28 =

18a
24
18b

20 1 N
Jo \//

12

200 300 400 500 600 700 200

A/[nm]
Fig. 11:  Photochromism of the DHA/VHF couple 18a/18b in a PMMA matrix.
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Scheme 5: Photochromism of 27a.

DHAs undergo an efficient photoreaction to the corresponding VHFs; the quan-
tum yields at room temperature (Gpua—vur) range from very small values
(£0.0004) to a respectable 0.6 (Table 1). The VHFs are non-emitting and photoche-
mically inactive. X-ray analytical investigations of crystallized photoproducts have
revealed the exclusive formation in the crystalline phase of the s-trans VHF iso-
mer.po In solution, where a thermal equilibrium exists between the s-trans and s-cis
isomers, we assume a high concentration of the thermodynamically favorable s-trans

300 400 500 600
Anm]

Fig. 12: Spectral developments on irradiation of 27a in THF
with an Osram 500 W lamp: O s (a), 200 s (b).
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Fig. 13: Schematic representation of the reaction profiles of the

photochemical pathway DHA—VHF and the thermal pathway
VHF—DHA. Thermal barriers a), b), and c) are dependent on
solvent parameters and substitution pattern. Absorption: hva,
hvaz. Fluorescence: hvgq, hvg, (hvg, is not detected).

form (see, however, compound 20b, Figure 10). This assumption is also supported
by semiempirical quantum chemical calculations.™ The activation barrier between
the s-trans and s-cis forms is believed to depend mainly on the R' and R substitution
pattern: that is, the bulkier the substituents, the higher the activation barrier. The
VHFs undergo thermal rearrangement to the corresponding DHAs. The activation
barrier for this back reaction (s-cis-VHF—DHA) is 75-110 k] mol ™', corresponding
to halflifes ranging from a few seconds to several hours. It, too, depends on the
substitution pattern (R', R?) and, significantly, on the solvent polarity: the more
polar the solvent, the faster the thermal rearrangement, which indicates that the
transition state must be more polar than the ground state.

The photoproduct is formed by a singlet pathway 'DHA"—VHF; triplet states are
not involved in this reaction. Fluorescence is observed, weakly in fluid solution and
with greatest efficiency in glasses at low temperature (also see above, for crystal
packing effects). The increase in ¢r at low temperature is accompanied by a notably
retarded DHA—VHF process, indicating competition between the photochemical
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step (¢ppua—vur) and photophysical dissipation of energy (¢,), due to an activation
barrier (< 21 kj mol™") along the 'DHA"—VHF pathway.

3.2.41 Molecular Switches Based on DHA-VHF

The photochemical ring-opening reaction of a DHA, leading to the colored VHF,
brings about considerable changes in the electronic structure of the wt-system. The
alternant conjugated m-system in DHA is converted to a nonalternant topology in
VHF. During this process, the cyano groups of the DHA come into conjugation with
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the n-system of the VHF, which strongly influences the electronic properties of the
substituent at C-9. This versatile photochromic rearrangement can therefore allow
photoswitching of electronic properties such as fluorescence, redox potentials, and
optical nonlinearity, leading to a variety of optoelectronic molecular switching sys-
tems,'**! as illustrated in Scheme 6.

The furan-derived DHA 19a is an interesting photochromic system from the
point of view of molecular switch development.*! This system consists of a photo-
chromic DHA structure and an electron transfer active dicyanovinylfuryl group.
Since the electron acceptor strength of the dicyanovinylfuran is increased upon the
photochemical rearrangement of the DHA 19a to the VHF 19D, the electrochemical
reduction of the latter must occur at a lower negative reduction potential. This is
clear from photomodulation amperometric studies of DHA 19a and VHF 19b,
which demonstrate a structure dependency in current/time (I/t)-plots. Figure 14
gives a schematic representation of the molecular process involved during photomo-
dulation amperometry. It is important to note that the electrode potential first has to
be adjusted so that no response is observed when light is excluded. In the first step,
DHA 19a rearranges to the VHF 19b upon irradiation, resulting in the appearance
of electric current, due to the production of an electroactive species. In darkness,
this current flow gradually decays, while on further illumination the current inten-
sity increases again. Several repetitions of such an operation are shown in Figure
15. These observations can be explained qualitatively by simple molecular orbital
considerations, as depicted in Figure 16. The occupied energy level representing the

¥

!

19a 19b

Fig. 14: Light-triggered electron transfer, monitored by photomodulated amperometry.
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T working potential (E): 1050 mV (vs Fc/Fc*)
-1
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Fig. 15:  Upper plot: Photostimulated electron transfer activa-
tion induced by irradiation of DHA 19a in acetonitrile

(c =107 mol dm™) at working potential ~1050 mV vs. Fc/Fc".
Lower plot: No switching occurred at working potential -800 mV

vs. Fc/Fc".
19a 19b
E
A
pigment electrode pigment electrode
(LUMO) (cathode) (LUMO) (cathode)

Fig. 16: Schematic representation of electronic changes
due to photostimulated electron transfer.
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cathodic electrode potential is maintained constant under this approximation, while
the energies of the lowest unoccupied orbitals (LUMO) of the DHA and VHF are
structure-dependent. For example, during the photoconversion of the DHA 19a to
VHF 19b, the energy of the LUMO decreases and electron transfer becomes thermo-
dynamically favorable, as shown in Figure 16. This process of switching allows light
pulse inputs to be translated into electrical signal outputs at a molecular level.

The cyclic voltammetry, UV/Vis spectroelectrochemistry, and photomodulated
amperometry characteristics of the DHAs (21-24)a and VHFs (21-24)b (Scheme 3)
are quite interesting.”” Reversible reduction waves were noticed for the radical
anion formation of 21a, 22a, and 24a, with 21a and 22a undergoing reduction at
comparatively negative potentials (-1165 mV, —1130 mV). The reduction waves of
24a, however, occurred at a slightly higher negative potential, due to the presence of
the amino group. The dianion formation turned out to be chemically irreversible in
the case of 22a, but supported a partially reversible 21a, indicating EC (first step
electron transfer, second step chemical reaction) behavior. Absorption spectra
obtained during electrochemical reduction confirmed the reversibility of the forma-
tion of 21a” (492 nm) from 21a (Figure 17) and 22a™ (559 nm) from 22a, observa-
tions consistent with dinitrophenyl radical anions. Cyclic voltammograms measured
after stepwise “off-line” irradiation of 23a in homogeneous solution are shown in

ITuA]
A _40 - /

-30
06t
il
i
0.3 ;
" _soo  —2400
E/[mV] vs. Fc/Fc*
21a
T ————
320 540 760 960 1200

Al[nm]

Fig. 17:  Spectroelectrochemistry of 21a, formation of the radical
anion 21a™ on application of =900 mV (vs. Ag/AgCl). Inset: Cyclic
voltammogram of 21a in acetonitrile with 0.1 mol dm™ TBAHFP,
ata Ptelectrode vs. Fc/Fc* and a scan rate of 50 mVs™.
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+30 1 Fig. 18: Cyclic voltammogram of

23a after irradiation (under nitrogen);

+50 r . r r r r ., irradiation time (in min): 0 (a), 2, 4,

0 -800 -1600 —-2400 8,12 (b). Irradiation was performed
. using an Osram HWLS 500 W lamp
E/[mV]vs.Fc/Fc as the light source.

Figure 18. On irradiation, a new peak appears, indicating the formation of a new
species with a less negative reduction potential. After irradiation for 16 min, 23a
showed a distinctly different I/E trace, as shown in Figure 19. This observation indi-
cates that the VHF form 23b is reduced at a less negative potential, due to its -
acceptor dicyanovinyl substituent.
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—90 -
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-30 -
-10 1
+10 1

+30
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0

_24'00 ' Fig. 19: Cyclic voltammetry of
N 23a after irradiation for 16 min.
E/[mV] vs.Fc/Fe Same conditions as Figure 18.

—-800 -1600
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Photomodulation amperometry of the DHAs (21-24)a is shown in Figure 20.
Because of the increased acceptor strength in 22b, the 2,4-dinitrophenyl derivative
22a exhibits oscillating behavior at an electrode potential less negative than that
required for the constitutional isomer 21a (Figure 20: 21a, 22a). On the other hand,
the 4-cyanophenyl derivative 23a displays increased sensitivity, which seems to be
the result of the higher quantum yield of the photoreaction from 23a to 23b (Figure

1/[uA] HpA]
12 -125 -
—10 A
| f-'\/\ \ \/\/\/ VA /\“ '.‘ ~100
8 ‘/‘\{ \./ 1
- v//\
-G'N/ 22a -75 1
-4 +—————————r——
0 20 40 60 80 100 120 140 50 i 21a
t/[s] N
-25 +————T—F—+—"T+—
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1ITpA]
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—16 1 N\[\N\N\N\’\N\N\N\I\
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_10.; -10
0 20 40 60 80 100 0 20 40 60 80 100
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Fig. 20: Current changes produced by 21a,

22a, 23a, and 24a, respectively, upon irradia-
tion in acetonitrile (c= 5.9 x 107* mol dm™

(21a), 9.9 x 107 mol dm™ (22a), 8.9 x 107

mol dm™ (23a), 8.8 x 107* mol dm™ (24a)).
The “ON/OFF” switching times, in seconds,
are: 21a, 5/5; 22a, 5/5; 23a, 0.25/5, and 24a,
10/10 at working potentials of =700 mV,

—500mV, =900 mV, and =500 mV, respectively.
Undivided electrochemical cell with optically
transparent working electrode (OTE) [indium
oxide/tin oxide (ITO) on glass] also serving as
the window for irradiation; counter electrode
glassy carbon, quasi-reference electrode Ag/
AgCl; light source 1000 W Xenon-Mercury arc
lamp LXM 1000-1 (Conrad-Hanovia).
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20: 23a). Finally, the effect of m-conjugation is demonstrated by bisarylamine 24a,
the poor sensitivity (Figure 20: 24a) of which is presumed to result from the
decreased perturbation of the redox-active subunit by the photochemically induced
valence isomerization. This results in a smaller difference between the reduction
potentials of 24a and 24b.

Aryl-substituted DHAs (21-24)a are able to produce electric current flow as a con-
sequence of photomodulation by means of a light pulse sequence. To be of practical
use, the peak potential E, of (21-24)b must be less negative than the E, of (21-24)a.
It has been demonstrated that various factors can improve the sensitivity of the oscil-
lating behavior. For example, high photochemical reaction quantum yields, reduc-
tion at less negative electrode potential, and a strong interaction between the accep-
tor subunit and the VHF moiety (leading to enhanced stability of the radical anions
of (21-24)b) all exert significant influence on the oscillatory behavior. Photomodula-
tion of these compounds enables an electric current to be triggered by light pulses.

The photochromic properties of the ferrocene-dihydroazulene conjugate 28a are
dependent on the oxidation state, making the compound a novel, redox-active photo-
chromic molecular switching unit.”! It is interesting to note that irradiation of com-
pound 28a with visible light at room temperature did not show any evidence for its
ring-opening to the VHF 28b (Scheme 7). This could be the result of the fast thermal
back reaction, or may be due to quenching by the auxiliary ferrocene moiety. On the

29a

Scheme 7:  Electrochemical triggering of photochromism.
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other hand, the oxidized form 29a, when irradiated with visible light, showed the
long wavelength absorption corresponding to the vinylheptafulvene moiety (Ayax =
470 nm), while the absorption due to the dihydroazulene chromophore at 362 nm
decreased significantly.

Photochemical reactions influenced by chiral auxiliaries represent another inter-
esting aspect of molecular switches and optical data storage systems.!'®**! For pur-
poses of manipulating photochemical reactions in a desired stereochemical sense, it
is necessary to consider two different cases:'**! asymmetric photochemistry and the
photochemistry of chiral molecules. The latter refers simply to the photochemistry of
pure enantiomers, with no relationship to asymmetric induction. The former term,
however, signifies photochemically induced transfer of optical information (by circu-
lar polarized light, for example) to a racemic substrate. This may be accomplished
through the CD effect, which produces a difference in sensitivities between the
enantiomers of a compound to left-polarized and right-polarized light. Conse-
quently, it might be the case that only one enantiomer would be excited by light
carrying specific chiral information. A fruitful combination of a photochromic com-
pound with a distinct optically active moiety would give rise to an information sto-
rage system capable of storing twice as much information as one without a chiral
attachment.

The chiral information intrinsic to the DHA system is vested in the asymmetric
C-8a. In the case of the DHA/VHEF couple, this information would be destroyed by
the photochemical transformation into the prochiral VHF, since the thermal recycli-
zation would, in the absence of a chiral ‘flag’, produce the racemate.’” In the pre-
sence of a chiral auxiliary, however, the prochiral VHF might be expected to turn
back into the DHA, with the same chiral information as before. Thus, in a racemic
mixture consisting of molecules designed according to such a system, information
could be read out by application of circular polarized light, which would trigger 50
% of the substrate (first information output). Scanning with light of the opposite
polarity would give the second information output stored in the racemic mixture.

One approach towards such a system was accomplished by the synthesis and
examination of (S)-1,1"-binaphthyl-2,2’-diyl bis[4-(1,1-dicyano-1,8a-dihydro-(8aS)-azu-
len-2-yl)]-benzoate (30a), monitoring its photochromic behavior by UV/Vis and CD
spectroscopy. After irradiation of a solution of 30a in acetonitrile for 15.5 min, fun-
damentally altering its spectral properties, subsequent thermal relaxation in the
dark for 12h resulted in complete restoration of the UV/Vis and CD spectra. This is
a first step towards a powerful DHA/VHF-based information storage system con-
trolled by asymmetric induction. Further investigations are underway.

30a
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3.2.4.2 Multimode Photochromic Switches Based on DHA-VHF

When covalently attached to electron transfer active subunits, the DHA-VHF couple
can facilitate chemical and physical switching of electronic properties, as a result of
photochemically induced rearrangement accompanied by a change in the redox
potential. An interesting example of such a switching system is the compound con-
taining a dihydroazulene component and a covalently attached anthraquinone moi-
ety.*!] This system is able to act as a multimode switch, assisted by various processes
such as photochromism, reversible electron transfer, and protonation-deprotonation

reactions (Scheme 8).
photochromism

electron
transfer

proton
transfer

NC._CN
% oH | QH

MGTOD —— CTCO0
OH a!!l\ OH

34a 34b

Scheme 8:  Light-driven multimode molecular switching of the
electron transfer active dihydroazulene 31a.
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The redox-active photochromic compound 31a is reversibly reduced to the qui-
none radical anion (E;,; = -780 mV vs. Ag/AgCl) at a potential slightly less negative
than that required for 9,10-anthraquinone (E;,, = =925 mV vs. Ag/AgCl) under the
same conditions. The cyclic voltammogram of the anthraquinone DHA conjugate
31a is shown in Figure 21. Further reduction of the radical anion to the dianion
occurs irreversibly at E;,; = —1295 mV vs. Ag/AgCl at a scan rate of 250 mV, with
the formation of a new species identified by an oxidation peak at Ep = + 90 mV vs.
Ag/AgCl. The reduction of 31a depends upon the solvent and pH. In tetramethyl-
ammonium acetate-acetic acid buffer, cyclic voltammetry of compound 31a revealed
a complex electron and proton transfer mechanism, with EC characteristics originat-
ing from two one-electron transfer steps, accompanied by fast protonation, leading
through the intermediate semiquinone 33a to the hydroquinone 34a. This spectro-
electrochemical study of compound 31a reiterates the reversibility of the individual
processes observed in the cyclic voltammograms. Under neutral conditions (Figure
22: top), the formation of the radical anion 32a is indicated by the long wavelength
absorption originating from the anthraquinone radical anion. On the other hand,
the spectra obtained by multisweep voltammetry of 31a at pH 5.6 showed two new
absorption bands with A,y at around 363 and 465 nm, with the formation of two
isobestic points at 400 and 437 nm, indicating the formation of the hydroquinone
34a (Figure 22/bottom).

IMpA]
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-30 -
-40
-20
-20
_10 4
(]
0 B
10 1 20
20 -
40
30 . T . . . . . . . . .
-200 —600 —-1000 +400 0 -400 -800
E/[mV] vs. Ag/AgCI E/[mV] vs. Ag/AgCI

Fig. 21:  Cyclic voltammetry of 31a in acetonitrile as a function
of pH. Left: under neutral conditions. Right: at pH 5.6 (ammo-
nium acetate-acetic acid).
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Fig. 22: Spectra obtained by multisweep voltammetry of 31a as
a function of pH. Top: in acetonitrile: (a) 0 mV, (b) —800 mV,

(c) =900 mV, (d) =950 mV (vs. Ag/AgCl). Bottom: in acetonitrile
at pH 5.6 (trimethylammonium acetate-acetic acid buffer):

(a) 0 mV, (b) 700 mV (vs. Ag/AgCl).
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It is interesting to note that the photochromic behavior of 31a depends upon the
solvent and the pH used during the irradiation. In dichloromethane and chloro-
form, the photochemical rearrangement of 31a and its thermal back reaction is clear
(Figure 23: top), whereas in acetonitrile the photochemical rearrangement could not
be observed. Interestingly, the hydroquinone 34a obtained by the electrochemical
reduction of 31a at pH 4-5 showed only a minor change in the absorption spectrum
even after prolonged irradiation, as shown in Figure 23 (bottom). The switching sig-
nals obtained by photomodulation amperometry of a homogeneous solution of the
anthraquinone 31a are shown in Figure 24. During light-induced rearrangement of
31a into 31b, the reduction potential decreases and a fast electron transfer takes
place, reducing 31b to the corresponding radical anion and causing a cathodic cur-
rent which retreats after interruption of the light source. Obviously, because of the
fast electron transfer, even a small amount of the photochemically generated VHF-
anthraquinone conjugate 31b is sufficient to create the photomodulation pattern as
shown in Figure 24.

Heteroaryl-functionalized DHA-VHF photochromic systems are another interest-
ing class of multimode photochromic switches.*”! Electron-rich heteroaromatic sub-
units such as 1’-dibenzodioxinyl, 1’-thianthrenyl, 4’-phenoxathiinyl, 3’-phenothia-
zinyl, 3’-phenoxazinyl, and 2’-dimethylphenazinyl, when attached to the dihydro-
azulene chromophore, are found to be potential candidate multimode switches for
information data storagel®’. The multimode redox switching and photochemical
switching of electronic properties of such systems are depicted in Figure 25. In
order to verify the viability of the multimode switching processes shown in Figure
25, a series of compounds consisting of the DHA system linked to those heteroaro-
matic subunits mentioned have been synthesized and subjected to detailed photo-
chromic, redox, and spectroelectrochemical investigation.

The structures of the systems under investigation and the various processes
involved in their photochemical and electrochemical switching are illustrated in
Scheme 9.

Except for DHA 40a, all DHA derivatives exhibit photochromic behavior at ambi-
ent temperature, with the formation of the characteristic long wavelength absorp-
tion band of the corresponding VHF (35-39)b. As a representative case, the change
in the absorption spectrum of the DHA 37a is shown in Figure 26. The long wave-
length absorption bands of the DHAs were found to be considerably influenced by
the donor strength and the substitution pattern of the attached heteroaromatic sys-
tem, as we had noticed in earlier studies. For example, the DHA derivatives (38-
40)a, which are less sterically hindered because of their C-2-C-3’{2’} linkages, exhib-
ited bathochromic shifts in the absorption maxima with increasing donor strength
of the heteroaromatic subunit. On the other hand, DHAs such as the thianthrene
derivative 36a, in which the heteroaromatic subunits are joined in the C-2-C-1'{4’}-
fashion, showed significant hypsochromic shifts. Nevertheless, the absorption spec-
tra of the corresponding VHFs are less dependent on the substituents at C-9.
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Fig. 23: Spectral changes upon irradiation of 31a. Top:

in dichloromethane, (a) before irradiation, (b) after 1 min
irradiation with an Osram HWLS 500 W lamp. Bottom: in
dichloromethane at pH 4-5, irradiation with a daylight lamp
after reduction to hydroquinone 34a.
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Fig. 25: Information storage in dihydroazulene/vinylhepta-
fulvene systems attached to heteroaromatic groups.
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Scheme 9:  Photochromic and redox behavior of the DHA/VHF
subunit, and the various heteroatomic groups used as substitu-
ents at C-2 of the five-membered ring.

Switching of the redox properties of (35-40)a has been examined by means of
cyclic voltammetry and UV/Vis/NIR spectroelectrochemistry. For all DHA-VHF cou-
ples, we have observed three different I/E (current/potential) responses:

1) a reversible anodic wave (E;/, (het-ox)) for the oxidation of the heterocyclic
structures of the DHA and VHF forms;

2) the waves (E,, (ring-ox)/E, (ring-ox)), which signify the electrochemical oxi-
dation (quasireversible or irreversible electrode process) of the dihydroazu-
lene and vinylheptafulvene subunits, respectively;

3) the irreversible cathodic waves (E,. (ring-red)) due to the reduction of the
DHA-VHF subunits.

93
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Fig. 26: Appearance of the long wavelength absorption of VHF
37b upon irradiation of DHA 37a in acetonitrile (20 °C, A;,,: 260—
390 nm).

The typical cyclic voltammograms of DHA 35a, before (unbroken line) and after
(dashed line) irradiation (15 min) in daylight in acetonitrile, are shown in Figure 27.
The broken line is assigned to the photoisomer VHF 35b, and is significantly differ-
ent from that of the corresponding DHA 35a.

The thin layer cyclovoltammogram of 35a showed two independent oxidation pro-
cesses: (i) an irreversible wave at E,, = 1034 mV ( vs. Fc/Fc") (Epc=—-232 mV (vs. Fc/
Fc")) and (ii) a reversible wave (E;/, (het-ox), which corresponds to the formation of
the radical cation of the dibenzodioxin subunit (Figure 28). The irreversible wave
represents a two-step process involving a one-electron oxidation of the DHA subunit
followed by a chemical step (EC-type mechanism) leading to a significant change in
the molecular structure. Since polyenic radical cations have a preference for dimer-
ization,* it is reasonable to speculate on the formation of the dimeric dication spe-
cies as shown in structure 41. The chemical reversibility of this EC-type process was
confirmed by multisweep thin layer experiments.
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Fig. 27: Cyclic voltammogram of DHA 35a before (a) and after
(b) irradiation (15 min) with daylight. Solvent: acetonitrile; v =
250 mv's™.

41

This interpretation of the irreversible oxidation wave (E,, (ring-ox)) as being
caused by the formation of the dimeric dication species 41 can be further substan-
tiated by spectroelectrochemical studies. Figures 29 and 30 display spectroelectro-
grams for the first oxidation waves of the DHAs 35a and 39a. As foreseeable from
the significantly different oxidation potentials, the features of the spectra are com-
pletely different, indicating varying regiochemistry in the oxidation processes. On
electrochemical oxidation of the DHA 35a, the absorption of the neutral form at 353
nm decreases, while a strong band, too short to be attributable to the radical cation
of DHA 35a, appears at 438 nm (Figure 29). In the case of DHA 39a, on the other
hand, the long wavelength absorptions at 545 and 860 nm can be assigned to the
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Fig. 28: Thin layer cyclic voltammogram of DHA 35a in acetonitrile; v = 25 mV s™.
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Fig. 29: Spectroelectrogram obtained on oxidation of DHA 35a
to the dimeric dication 41 (solvent: acetonitrile).



3.2 Photochromic Molecular Switches | 97

fInml

Fig. 30: Spectroelectrogram obtained on oxidation of DHA 39a
to the radical cation DHA 39a™ (solvent: acetonitrile).

radical cation (Figure 30). Thus, DHAs with weak donor substituents (DHA (35—
37)a) undergo oxidative dimerization (lock’-state), and such systems satisfy the
requirements for application in information storage.

A strategy to enable multifold switching in macromolecular systems is briefly
described below. On the basis of previous work, which showed that switchable and
conducting films can be obtained by electropolymerization of 1,3-unsubstituted azu-
lenes (Figure 31),% investigations were carried out on DHA/azulene derivatives.’*®!

It was found that azulene derivative 42a is non-photochromic at room tempera-
ture. The same was true for derivative 43a. Obviously, if DHA and azulene subunits
are strongly coupled, as in 42a and 43a, then photophysical deactivation processes
must quench photochemical ring-opening. By careful screening of spacer-linked
azulene/DHA conjugates, however, we found that amide-linked derivative 44a
clearly gave rise to ring-opening under photochemical conditions (Figure 32).

Monomer 44a was also found to electropolymerize on indium-tin-oxide (ITO)
under potential-sweep conditions (Figure 33). The resulting film (poly-44a) can be
electrically doped by oxidation, as was demonstrated by UV/Vis spectroelectrochem-
istry (oxidative dotation leads to a broad absorption band beyond 1000 nm). We
found that on irradiation with a 500 W incandescent lamp the pristine film (at 0 mV
vs. Ag/AgCl) gave rise to the formation of the VHF form (poly-44b). Under thermal
conditions, the DHA spectrum could be restored (Figure 34).

Recently, Diederich and co-workers have made use of the DHA-VHF system for
designing a three-way chromophoric molecular switch, which can be controlled by
pH, light, and heat.?”! The system is based on a molecule with three addressable
subunits, that can undergo individual, reversible switching cycles. These processes
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Fig. 31: DHA/azulene conjugates.

are illustrated in Scheme 10. With three possible switching processes, the molecule
45 can theoretically adopt eight interconvertible states, of which six states can be
detected. Interestingly, the reversible conversions of trans-45a to trans-45a* and to
trans-45b* function like an AND logic gate; the trans-45b* state can be obtained only
in the presence of protons and light. In addition, three write/erase processes are
also possible in system 45: these are the reversible cis—trans photoisomerization
between trans-45a and cis-45a, and the two reversible protonation/deprotonation pro-
cesses of the trans-45a/cis-45a and trans-45a* /cis-45a* couples. Since the fluorescence
enhancement after deprotonation of 45a* amounts to a factor of about 300, a very
efficient, nondestructive information readout is available in the shape of the cis-45a/
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Fig. 32: Spectral changes on irradiation of 44a (Hg/Xe lamp,
Schott filter UG11, transmittance 250-390 nm) in acetonitrile
(c = 4.6 x 107° mol dm™). Time of irradiation (seconds): 0, 5,
15, 25, 35, 45, 55, 75, 95, 110, 140, 200, 355.

45a* and trans-45a/45a" couples, at Aemission; 452 = 606 nm, by using excitation light
of 396 nm for the cis isomer and 464 nm for the trans isomer.

In a recent development, the concept of multimode molecular switching in a cyc-
lic four-stage process has been introduced in the form of a structurally fused photo-
chromic system comprising a DHA component and a dithienylethene (DTE) moiety
(Scheme 11)P®], The open/open 47 and the closed/closed 48 are rapidly formed on
irradiating the open/closed 46. The open/open 47 rearranges thermally to 46,
whereas 48 can be made to revert to 46 photochemically. Figure 35 shows the spec-
tral properties associated with these interconversions. This is the first attempt
towards an electronically strongly coupled molecular switch, combining the DHA-
VHF photochromic system with the well known dithienylethene system. In princi-
ple, this can give rise to four different switchable states: 46, 47, 48, and 49. However,
the closed/open form 49 has not yet been observed in this system for the substitu-
tion pattern R'=R*=CH3. It is expected that appropriate donor and acceptor groups
at the dithienylethene moiety may facilitate its formation, and this is under investi-
gation.



100 | 3 Optoelectronic Molecular Switches Based on Dihydroazulene-Vinylheptafulvene (DHA-VHF)

H[pA] Fig. 33: Multisweep cyclic
voltammogram of 44a in aceto-
1 : nitrile (0.1 mol dm~ TBAHFP,
Pt electrode, v =250 mV s™'):
Synthesis of poly-44a is shown.
0+
24 1
48 T
+ t t t t +>
900 300 -300
E/[mV] vs. Fc/Fc*
AA
.05 1

Oi\\ T g

v ,

-.05 1

500 1000 1500
Al[nm]

Fig. 34: UV/Vis/NIR difference spectra on irradiation of poly-44a.
Irradiation times (min): 0, 4,5, 7,11, 16, 21.
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Scheme 10:  Three-dimensional switching diagram of com-
pound 45. The eight possible states are shown as the corners of
a cube.
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Scheme 11:  Conception for a four-step cyclic process with
biphotochromic compounds. The notation ‘open/closed’ for
isomer 46 refers to the dithienyl moiety in its ‘open’ constitution
and the dihydroazulene moiety in its ‘closed’ one. This notation
applies equally to 47, 48, and 49.
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Fig.35: Reversible irradiation of 46 in cyclohexane (4.4 x 107
mol dm™) at room temperature: 46 prior to (—) and after
irradiation at 254 nm (- -), after thermal relaxation (m), and after
subsequent irradiation with visible light (= 450 nm), in which 46
is restored (a).

33
Future Directions

It has been predicted that what electrons did for the twentieth century, photons may
do for the twenty-first. The reason is that photons can effect switching of properties
in a shorter time scale and can carry information much more quickly, more effi-
ciently, and over longer distances than electrons can. Therefore, considerable efforts
have been directed in recent years toward the design of photoactive organic mole-
cules, the physical properties of which can be manipulated by means of light. How-
ever, the major problems inherent in such molecules are their difficulties associated
with device fabrication, due to a lack of processability and stability at various device
operating conditions. On the other hand, polymers are more adaptable to structural
manipulation and device fabrication and hence play a key role in the designing of
advanced materials for optoelectronic and photonic devices. As a result, during the
past decade, organic and polymer chemists have joined the quest to develop novel
materials for various advanced technological applications. Even though there exist
several studies pertaining to the use of photoswitchable organic molecules as photo-
nic devices in combination with solid matrices such as polymers and sol-gels, their
use as integral components of conjugated macromolecular systems to control the
optoelectronic properties of the latter has not received adequate attention.”** Proces-
sable and stable polymers possessing optoelectronic properties that can be con-
trolled by photoswitches may well emerge as novel materials for optoelectronic
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applications. In this context, the integration of photochromic systems such as dihy-
droazulenes and diarylethenes with appropriate conjugated polymers would be of
great interest, particularly from the viewpoint of device fabrication. Although these
areas imply technological applications, the state of the art is at a stage that requires
considerable basic research input to build a solid foundation for the development of
future technologies. Our future activities will be oriented towards designing macro-
molecular systems, based on DHA-VHF photochromism, possessing switchable
optoelectronic properties such as electrical conductivity, light emitting properties,
and NLO activity.

34
Conclusions

Recent studies of DHA-VHF photochromism have demonstrated that this all-carbon
system can be used as an active component of a molecular switch. Photoinduced
ring-opening of DHAs to the corresponding VHFs brings the electron-withdrawing
cyano groups into conjugation with the m-system, thus engendering strong pertur-
bations in electronic properties. Incorporation of appropriate functional moieties,
possessing strong fluorescence and donor-acceptor interaction capabilities, into the
DHA-VHF photochromic system can therefore lead to novel organic materials with
switchable fluorescence, light emitting properties, and NLO activity. Nevertheless,
the substitution and structure patterns currently in use do not allow for reversion of
VHFs back into their corresponding DHAs on application of light of a different
wavelength. Further molecular engineering studies to overcome this handicap will
have to be performed in the future.
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4
Molecular Switches with Photochromic Fulgides

Y. Yokoyama

4.1
Introduction

4.1.1
Photochromism

“Photochromism” may be defined as the “reversible transformation of a single
chemical species, being induced in one or both directions by electromagnetic radia-
tion between two states having different distinguishable absorption spectra.”!"
Therefore, photochromism itself has the nature of a “switch” inherent in it: photo-
chromic substances change their structures as a result of the action of light, and the
changes in structure cause switching of physical and chemical properties, as well as
switching of interaction with molecular environments. Alterations in absorption
spectra are one such property change (Scheme 1).

The reason why the change in absorption spectrum is important is that, when the
absorption bands of individual species undergoing irradiation are widely separated,
the relative proportions of the species involved can usually be altered markedly. In
these cases, the associated properties can be “switched”, rather than merely
“changed”.

hv/\, A

A B (pss)

hv/, 7\.3
(G,

Absorbance

7"A 7"B
Wavelength Scheme 1:  Photochromism.
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4.1.2
Fulgides®

Fulgides, the common name for bismethylenesuccinic anhydrides possessing at
least one aromatic ring on the methylene carbon atoms, such as 1, were first, and
extensively, synthesized by Stobbe early in the 20th century.?

1
R 0 R! o
uv
1 0 uv J, o | o
R [0) uv Vis, UV
R2 g O RZR® O
12 1E 1C

re O

Upon UV irradiation, the colorless (or faintly colored) isomer of a fulgide (E form,
1E), incorporating a 1,3,5-hexatriene moiety, changes through electrocyclic reaction into
a deeply colored isomer (C, or “colored”, form). The process obeys the Woodward-Hoff-
mann rules (i.e., the photochemical rearrangement occurs in conrotatory fashion).l*
During UV irradiation, the E form also converts into another colorless form (Z form) as
the result of simple photochemical E-Z double bond isomerization. As the C form and
Z form also absorb UV light, interconversions between E and Z forms, and between E
and C forms, continue until a photostationary state (pss) is reached. On the other hand,
because only the C form absorbs visible light, irradiation of the C form (or the photosta-
tionary state) by visible light induces only the transformation from the C form to the E
form, until the C form disappears completely. Since change in absorption is the require-
ment for photochromism, the transformation between E and C forms is usually termed
fulgide photochromism.

Thanks to the fulgides’ succinic anhydride moiety, modification to obtain more
sophisticated photochromic molecules has been easy. This chapter deals with imides
(fulgimides), diesters (fulgenates), and some other derivatives, as well as fulgides

themselves.
0]
7
o) O
(0]
2E

Since 1981, when Heller and co-workers synthesized a furylfulgide 2,4 fulgides
have included representatives of thermally irreversible photochromic compounds
among their number. Fulgides known until then had been thermally reversible.
Three major modifications were made to the fulgide structure:

e the introduction of a methyl group on the ring-forming carbon atom of the
aromatic ring,

e the use of a heteroaromatic ring such as furyl or thienyl instead of phenyl,
and
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Scheme 2:  Possible photochemical and thermal reactions of phenylfulgides.

o the use of an isopropylidene (or similar alkylidene) group as the other methy-
lene unit.

These measures blocked all side reactions, such as oxidative aromatization, hydro-
gen transfer, and thermal disrotatory back reaction, as well as increasing the propor-
tion of the C form at the UV irradiation pss.

The great merit of thermal irreversibility is the permanent nature of the states.
Therefore, fulgides have long been viewed as potential candidates for photon-mode
optical recording materials. In addition, fulgides have been used as prototypes to
demonstrate their potential applicability as photoswitchable functional materials.
Those switch models that had appeared up until the end of 1999 are described in
this chapter.

4.2
Switching of Photochromic Properties of Fulgides by Additives

Application of a thermally irreversible photochromic compound in an optical mem-
ory medium requires that several conditions should be satisfied. Among them, the
development of a non-destructive readout method is a difficult problem. Exposure to
light that might be absorbed should be avoided, because it causes destruction of
memory.
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X
405 nm
|
/N
Me Vis
o
3E: X=H 3C: X = H (Anax in toluene: 584 nm)
4E: X = SMe 4C: X = SMe (600 nm)
5E: X = OMe 5C: X = OMe (625 nm)
6E: X = NMe, 6C: X = NMe, (673 nm)

Yokoyama et al. found that introduction of electron-donating groups at the 5-posi-
tions of the indole rings of compounds 3 resulted in bathochromic shifts of absorp-
tion in the C forms.’! Among these, 6C had an absorption maximum at 673 nm in
toluene. Surprisingly, the quantum yield of decoloration by visible light irradiation
(PIF) was practically zero. Upon addition of trichloroacetic acid, however, ®f
became large, while a pronounced shift of absorption towards shorter wavelength
was also unexpectedly observed. When a small amount of acid was present in this
system during photoirradiation, an acid-base equilibrium was set up. This system
was developed into a non-destructive memory media readout method, using three
different light sources (Scheme 3).

At 800 nm, only 6C absorbed light, but no photoreaction occurred. Light of this
wavelength could therefore be used as the readout light. At 550 nm, both 6C and
6CH absorbed light, but only 6CH changed to 6EH, with perturbation of the acid-
base equilibrium. To restore equilibrium, 6C would be protonated to be 6CH, which
then changed to 6EH under the 550 nm light irradiation. This could serve as the
method for erasure. Irradiation of a mixture of 6E and 6EH with light of wavelength
405 nm or less generated a mixture of 6C and 6CH, which represents the writing

Me Me
Me—N Me—N 800 nm
405 nm o] (read)
(write) O
| o
4

—

Me (0]

Me
405 nm
(write)

B —

554 nm
6EH (erase)
(Amax 370 nm) (Amax 554 nm)

Scheme 3: Nondestructive readout method using 6/H".



4.3 Switching of Fluorescence in Fulgides

10000 Fig. 1: Absorption spectra of

4 dimethylaminoindolylfulgide 6
in toluene in the absence and
in the presence of acid. (1) 6C;
(2) 6CH; (3) 6E; (4) 6EH.

W 5000 A

300 500 700 900

Wavelength/nm

procedure.) The same phenomena were also observed when the system was
adapted as a PMMA film containing trichloroacetic acid or in a copolymer of
PMMA-PMA."!

Yokoyama et al. also synthesized cyclic diesters (fulgenates) 7-9.®) Because of
their greater flexibility, their association constants with alkali metal cations were
larger for the E and the Z forms than for the C forms. No cyclization was observed
for combinations of 8E and Na™ and of 9E and K" upon irradiation with UV light,
because of changes in ground state conformations.

7E:n=1 7C:n=
8E:n=2 8C:n=2
9E:n=3 9C:n=3

4.3
Switching of Fluorescence in Fulgides

While E form fulgides rarely emit fluorescence unless they have fluorescent substi-
tuents, C forms often fluoresce at lower temperatures.”

1
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Scheme 4:  Switching of luminescence of fulgide 10.

Port et al. synthesized a fulgimide (10) possessing an anthracene ring as a light
antenna (energy donor: D) on the thiophene ring, and an aminocoumarin ester as a
luminescent moiety (energy acceptor: A) on the fulgimide nitrogen.'” When the
fulgimide component was in the E form, excitation of the anthracene moiety with
light of wavelength 400 nm resulted in emission of fluorescence from the coumarin
constituent. The energy transfer from anthracene to the coumarin had taken place
through the E form fulgimide core. On the other hand, after irradiation by 320 nm
light to cyclize 10E and produce the photostationary state, the fluorescence intensity
decreased. Because the energy level of the excited state of the C form core of fulg-
imide 10C was lower than that of the coumarin, it worked as an energy trap between
D and A. Radiationless deactivation then followed to produce the ground state 10C.
The intensity of fluorescence could be changed repeatedly between “strong” and
“weak” by means of photochromism.

uv

O Vis, UV . o
11E: R=nPr 11C: R=nPr O
12E: R=iPr 12C: R=iPr

Yokoyama et al. reported that the fluorescence properties of (R)-binaphthol-con-
densed fulgide 11 were changed by photochromism (Figure 2).'"'? While 11E was
not fluorescent in toluene, 11C was fluorescent. After visible light irradiation,
fluorescent 11C was no longer present, and so this represents the first example of
complete “ON/OFF” fluorescence. Compound 12 behaved similarly, although its
fluorescence intensity was only about one tenth that of 11.
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300

200

Intensity

100

0 60 120 180 240 300

Time/min
Fig. 22 Change in fluorescence intensity of 11 in toluene upon
photoirradiation. Starting from 11C. One cycle of irradiation;
irradiation with >470 nm light for 20 min, then irradiation with
366 nm light for 20 min. Excitation wavelength: 470 nm. Detec-
tion wavelength: 610 nm.

Rentzepis et al. found a similar phenomena for compounds 13-17. The indole
rings in these cases were connected through the 2-positions, rather than the more
usual 3-positions.'*! The C forms of these compounds were fluorescent at room
temperature, while the E and Z forms were not.!**!

Me 5 O
N-£ uv
3 O
Vis
R O
13E:R=H 13C:R=H
14E: R = OMe 14C: R = OMe
15E: R = Me 15C: R =Me
16E: R=ClI 16C: R=Cl
17E: R=F 17C:R=F

44
Switching of Non-linear Optical Properties through Fulgide Photochromism

Delaire et al. demonstrated photochemical control of secondary harmonic genera-
tion (SHG) properties of fulgide-doped PMMA films. When PMMA film doped with
the E form of furylfulgide (2) was irradiated with UV light in a DC electric field, the
molecules arranged in such a way that the transition moment of the C form mole-
cule was pointing in the direction of the DC field. While the SHG signal (I,,) was
then observed at 1064 nm (Nd-YAG laser), it disappeared after visible light irradia-
tion. This cycle was repeatable on alternative irradiation with UV and with visible
light, although the orientation of molecules gradually became disordered.!"”!
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4.5
Switching of Supramolecular Properties of Fulgides

Guo et al. prepared a phenylfulgide (18) possessing a benzo-15-crown-5 moiety, and
examined its photochromic properties in the presence and absence of metal
cations.!" The absorption both of the colored and of the colorless forms shifted hyp-
sochromically by 28 nm in the presence of sodium cation, while shifting only 12 nm
in the presence of potassium cation. Hypsochromic shifts greater than 40 nm were
observed for alkaline earth metal cations. Addition of sodium cation also inhibited
the thermal 1,5-sigmatropic rearrangement of the colored form to the nonphoto-
chromic species 19.

oM o
RGN
=~ 2O T Te
Q} o
o_J H'o
18E 18C 19

The photochromism of fulgide-related diesters (fulgenates) 7-9, possessing
crown-ether moieties, is described in Section 4.2. The most notable feature was that
photochromic coloration did not occur when a host-specific alkali metal salt was

added.®

4.6
Switching of Chiral and Chiroptical Properties of Fulgides

Because the overcrowded nature of the structure of the E form of fulgides forces
them to adopt the helical configuration of the photoreactive 1,3,5-hexatriene moiety,
it generates helical chirality (Scheme 5). The two enantiomeric helicities are abbre-

0 0
4 4
o4 : o o
Enantiomer
(0} (e}
(P)-2E (M)—2E
UV | | Vis uv | |Vis

Enantiomer

(7aS)-2C (7aR)-2C  scheme5: Chirality in fulgide 2.
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viated as P for plus and M for minus, representing right-handed screw-like orienta-
tion and left-handed screw-like orientation, respectively. Upon UV irradiation, this
helical chirality is stereospecifically translated through a 6m-electrocyclic reaction
into a stereogenic quaternary carbon atom in the C form (for 2, for example, S from
P and R from M) in accordance with the Woodward—Hoffmann rules.”” The change
in chiral nature associated with the photochromic absorption spectral change can
induce some interesting switching of chiroptical properties.

Kaftory performed X-ray crystallographic analyses of 20E, 20Z, and 20C, and
found that crystals of 20E and 20Z were composed of single enantiomers of helical
chirality, while crystals of 20C comprised a racemic mixture of enantiomers about
the quaternary chiral carbon atom.!"”! Irradiation of a crystal of 20E with UV light to
induce photocoloration in the crystalline state resulted in the coloration only of the
surface of the crystal.

S
\ | o} 0
uv uv
0]
2 O Yo s O L
; S
O uv Vis, UV
o (e}
20Z 5 20E 20C

Using 'H NMR, Yokoyama et al. observed the racemization of helicity of an E form
fulgide in solution for the case of 21E."® The AH* value of racemization of 21E
obtained experimentally was compared with those for the possible racemization
pathways calculated by AM1 semiempirical MO calculations, and the racemization
process was deemed to occur by way of the highly strained transition state 21E-TS.

o)
<z
o 0
o)
21E 21E-TS

Yokoyama et al. also succeeded in the optical resolution of an isopropyl-substi-
tuted indolylfulgide 22E (Figure 3).' The enantiomers displayed a change in their
CD spectra on photochromic reaction. Upon heating or prolonged irradiation of UV
light, however, gradual racemization occurred. The activation energy of thermal
racemization, determined experimentally, was 107 k] mol .

(P)-22E (M)-22E
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Fig.3: Change in absorption spectrum
of 22 in toluene on irradiation with 405

nm light. Starting from 22E. Concentra-
tion (mol dm™): 8.42 x 107> Irradiation
time (min): 0, 0.5, 2, 4.2, 7.4, 13, 23, 42,
71 (photostationary state).

1

0,5

Absorbance

Wavelength/nm

Yokoyama et al. reported as well a highly diastereoselective photochromic system
in the shape of compound 11, which has already appeared in Section 4.3. Introduc-
tion of (R)-binaphthol onto the succinic anhydride ring of the corresponding fulgide
in an acetal-like fashion produced an unexpected result.*” Because of steric repul-
sion between one of the binaphthol naphthalene rings and an isopropylidene methyl
group pointing away from the molecule, the hexatriene moiety of 11E was forced to
adopt P helicity (Scheme 6). Consequently, the diastereomer ratio in the C form

11C) generated by UV irradiation was 95/5 (90 % de), with the S diastereomer pre-
g y p

dominant.'1?!

n-propyl o
Me~N"X
A uv
. [
O Vis, UV
(Cannot cyclize) (P-11E (S)-11C
(Least stable) (Most stable) (Major C-form)
A
\
- | = - 1
n-propyl 0 n D;OPY 0
Me~n -, Vae
__ o A

(Cannot cyclize)
(More stable)

(M-11E O (RF11C O
(Minor C-form)

(Less stable)

Scheme 6: High diastereoselectivity in photochromic cyclization of 11.

The specific rotation values of 11E and its UV pss at the sodium p-line (589 nm;
[a]p) in toluene were —572° and —186°, respectively: hence markedly different. This
phenomenon was reproduced in PMMA films. Because irradiation at the sodium
p-line wavelength does not induce photochromic reactions, measurement of optical
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Fig. 40 Change in CD spectrum of 11
20 4 in toluene on photoirradiation. (1) 11C;
(2) 1E.
w 10T
< )
0
2
-10 : :
300 400 500 600

Wavelength/nm

rotation values at this wavelength or longer might in principle be a method of non-
destructive readout for optical memory. CD spectra also differed between 11E and
11C (Figure 4).

Similar results were observed for a benzofuryl derivative.*?

4.7
Switching of Liquid Crystalline Properties through Fulgide Photochromism

Photochromic compounds can reversibly change their degree of interaction with
their environments by means of photochemical changes in their structures. When a
photochromic compound is added to a liquid crystalline compound that adopts the
stable, ordered orientation, the photochromic compound acts as a perturbing factor
on the ordered molecular orientation. The degree of perturbation of the ordered
structure of the liquid crystal can be reversibly changed by structural alteration in
the photochromic dopant. Although this may occur for any liquid crystals with ful-
gide derivatives, it has so far only been reported for nematic and cholesteric types.

Ringsdorf et al. prepared liquid crystalline methacrylic and acrylic copolymers 23
and 24 from monomers possessing a fulgimide unit and monomers possessing a
phenyl benzoate mesogen unit.**) Their photochromic properties were preserved in
polymer films. Irradiation with UV light to change the E forms to C forms resulted
in higher clearing temperatures. They reported that the optically stored image of a
photomask was observed under a polarizing microscope.

0 +

7 GHa
- N—-CgH1a—0,C—C—R!
X
o)
CHp

HZOOZC@O—CGH12—020—6~R1

23:R'=H,R?=CN
24: R' = Me, R2 = OMe
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Gleeson et al. added a furylfulgide (2) or a thienylfulgide (25) (less than 2 % w/w) to a
nematic liquid crystal (E7, Merck: composed of several biphenyl derivatives).*"
Although a large change of clearing point due to photochromism had been expected,
only a subtle change was observed. They also studied changes in dielectric constants®’
and elasticity constants arising from photochromism of 25 in E7.** Although some dif-
ferences were observed, they originated mostly from the changes in clearing points, and
no significant change was observed when they were compared on the basis of “reduced
temperature”, their deviation from the clearing points.

(R)-27

0
<&

299 NS
e
25E 0 o O

26 (5CB)

Schuster et al. reported that the photochromism of a fulgide could change the
helical pitch length of a cholesteric liquid crystal.’””? They added an indolylfulgide 3
(5.2 % w/w) to a cholesteric liquid crystal composed of 4-cyano-4’-pentylbiphenyl 26
(5CB) and 1.35 % (w/w) of a chiral cyclic ether (R)-27, prepared from (R)-binaphthol.
The cholesteric pitch length could be changed reversibly between 30 and 42 um,
after UV and visible light irradiation, respectively.

Yokoyama et al. showed that the binaphthol derivatives of indolylfulgides 11 and
12 functioned as chiral dopants to generate cholesteric phases on addition to
nematic liquid crystal 26. Photoirradiation induced dramatic changes in cholesteric

16
12 F
1S
=
s 87
=
4 Fig. 5: Changein cholesteric pitch of a
mixture of 5CB (26) and 11 on photoirra-
T diation. Concentration of 11in 26 (mol
1 1 1 dm™):1.22 x 1072 Starting from 11C. One

cycle of irradiation: irradiation with > 450
0 2 4 6 nm light for 5 min, then irradiation of 366
nm light for 60 min. Pitch values were
Cycle/Times determined by Cano’s method.?® 2!
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pitch.*®? Thus, addition of 1.1 mol% of 12 resulted in changes of pitch length of
15.8 and 2.6 um, respectively, for the E form and the photostationary state of UV
irradiation. Interestingly, the resolved indolylfulgide (P)-22 produced much smaller
changes in pitch than 11 and 12, and the cholesteric sense of (P)-22 was different
from 11 and 12, although the helicity of the fulgide core part was the same.*”)

4.8
Switching of Biological Activities through Fulgide Photochromism

Willner et al. prepared a fulgimide 28, attached to a lysine nitrogen of concanavalin
A. Concanavalin A is a protein that can form complexes with a-p-mannopyranoside
and some related pyranoses. Photoirradiation resulted in a structural change in the
fulgimide, which in turn induced a change in the association constant with 4-nitro-
phenyl-a-p-mannopyranoside 29. The largest change in association constant was
observed when nine fulgimide molecules were linked to a protein molecule. The
association constant changed from 0.78 x 10* M™" when colorless to 1.21 x 10* M~
when colored.*”!

o Ho—\ 78
<& HO30
S N
—>/7NHR %
X L
NOg
28E: R = Concanavalin A 29

30E: R = o—Chymotrypsin

Willner et al. also prepared fulgimide-modified (through lysine nitrogen) a-chy-
motrypsin 30, with nine fulgimide molecules in one protein.*") The modified pro-
tein was active towards esterification of N-acetylphenylalanine in cyclohexane.
Together with the bioimprinting technique of the substrate, the rate of esterification
could be accelerated by irradiation with UV light.

4.9
Future Perspectives

The history of research into fulgides began quietly at the beginning of the 20th century.
In the 1980s, when fulgides endowed with thermal irreversibility became available, this
family of compounds, exhibiting photochromism based on 6m-electrocyclization,
attracted a number of researchers. Together with the discovery of new thermally irrever-
sible diarylethenes,?? electrocyclization-based, thermally irreversible photochromic
compounds are likely to be investigated more intensely than ever in the 21st century. A
variety of materials which act as photochemically controllable molecular switches will
surely be produced from research efforts into these compounds.
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Chiroptical Molecular Switches

Ben L. Feringa, Richard A. van Delden, and Matthijs K. J. ter Wiel

5.1
Introduction

Chiral photobistable molecules!™ comprise a particularly attractive class of photo-
chromic compounds!?, as the reversible photochemical transformation between two
forms can lead simultaneously to a chirality change in the system.[ In addition to
the conventional absorption spectrum change associated with photochromic materi-
als,»? and the possibility of modulating other physicochemical properties such as
dipole moment or redox potential,[*! it is also possible to exploit the unique proper-
ties associated with the different stereoisomers of such chiral photoresponsive mole-
cules. It is important to realize that an intrinsic feature of living organisms is the
precise control, in many essential components, of chirality at the molecular, supra-
molecular, and macromolecular levels.”) In biosystems, molecular recognition,
transport, information storage and processing, structure and assembly of materials,
catalysis, and replication are all intimately controlled by chirality.!®

chiral recognition organization
(bio)catalysis (self) assembly

Chiroptical
Molecular Switch

™

multicomponent systems U photophysical

el

molecular machinery properties
chirality (molecular,
Control - functions mesoscopic,
- chirality macromolecular)
- organization

!

Photochemical (supra) Molecular Devices

Scheme 1:  Potential applications of a chiral optical (chiroptical) molecular switch.
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M

A = B
(SorM) (RorP)
() Q)

Fig. 1: Schematic representation of a molecular switch.

Chiral optical (chiroptical) switches might therefore offer intriguing prospects in
the design of trigger elements and new photonic materials.”’ The use of light to
control chirality in a reversible manner can be applied in molecular memory ele-
ments, which are essential for the development of materials for optical data storage
and processing.*! Furthermore, nanoscale devices and machinery, for “bottom up”
construction of complex systems, require integration of control and trigger elements
at the molecular level.®) A chiroptical switch provides a powerful means for the con-
trol of functions, chirality, and organization, as the physical properties and geome-
tries of such molecules can be modulated by light, and this principle has been
exploited in triggering more complex systems (Scheme 1).

In a chiral photochromic system (Figure 1), A and B represent two different chiral
forms of a bistable molecule, and a reversible change in chirality occurs upon light
irradiation. The left-handed (S or M) and right-handed (R or P) forms of a chiral
compound represent two distinct states in a molecular binary logic element.

r-CPL

H
:

& ) ( ) Scheme 2:  Chiral switches: A enantiomers,
\/< ) » /\) B diastereomers (X* = chiral auxiliary),

\ oa c) B C functional chiral switches (FU = Functional
( C Ay /\” Unit), D macromolecular switch and switching
i \

of matrix organization.



5.1 Introduction

Various types of chiral switches based on photochromic molecules, as discussed
in this chapter, are schematically summarized in Scheme 2.

A)

Switching of enantiomers:

Unless chiral light is used, irradiation of either enantiomer of a chiral photo-
chromic molecule (R/S or P/M) will, irrespective of the wavelength used,
always lead to a racemic mixture, due to the identical absorption characteris-
tics of the two enantiomers. In these systems, therefore, the enantiomers are
interconverted at a single wavelength by employing left or right circularly
polarized light (I- or ~CPL). Enantioselective switching in either direction is
in principle possible.

Switching of diastereomers:

The compound consists of two diastereomeric photobistable forms: for
instance, P (right-handed) and M' (left-handed) helices, which can undergo
photoisomerization at two different wavelengths: A; and A,. Alternatively, a
chiral auxiliary (X*) and a photochromic unit (A) (either chiral or achiral)
may be present in systems A-X*, with the auxiliary X* controlling the change
in chirality during the switching event.

Functional chiral switches.

Because of the multifunctional nature of these photochromic systems, the
change in chirality simultaneously triggers the modulation of some particu-
lar function, such as fluorescence, molecular recognition, or motion. In most
cases, this is the result of a change in the geometry or the electronic proper-
ties of the system.

Switching of macromolecules or supramolecular organization

Photobistable molecules (chiral or achiral) may be covalently attached to, for
example, a polymer or be part of a host-guest system. The photoisomeriza-
tion process induces changes in some property such as the helical structure
of a chiral polymer or the organization of the surrounding matrix: the chiral
phase of a liquid crystalline material or a gel, for example. The photochemi-
cal event is recorded by means of the chiral response of the structure, organi-
zation, or other property of the macromolecule or the larger ensemble.

Photochemical bistability is a conditio sine qua non, but a number of other
requirements are essential for application of chiral switches in photonic materials or

optical devices:["*1%

Thermal stability; there should be a large temperature range in which no
interconversion of the isomers takes place. This includes stability towards
racemization.

Low fatigue; numerous switching cycles should be possible without any
change in performance.

Fast response times, high sensitivity, and detectability; switching should be
fast and easy, both forms should be readily detectable.

Nondestructive read-out; the detection method should not erase the stored
information.
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e The photochemical and other properties must be retained when the chiral
molecular switch is incorporated in a polymer or acts as a part of a multicom-
ponent assembly.

In most photochromic systems, absorption or emission spectroscopy, monitoring
near the switching wavelengths, is used for read-out. This often leads to partial
reversal of the photochemical process used to store information.!"*”'"l Chiroptical
techniques allow the change in chirality of the photochromic system to be mea-
sured, and so a major advantage of chiroptical switches, compared to other photo-
chromic systems, is the possibility of non-destructive read-out by monitoring the
optical rotation at wavelengths remote from the wavelengths used for switching
(information storage). The sensitivity towards changes in organization and chirality
in larger ensembles such as gels and liquid crystals, together with the conforma-
tional changes in polymers, and concomitant change in physical properties asso-
ciated with these events, offer other attractive possibilities for avoiding destructive
read-out.’

5.2
Switching of Enantiomers

Dynamic control of molecular chirality through the use of circularly polarized light
(CPL) is feasible, provided that the enantiomers of the photochromic compound are
thermally stable but at the same time display bistability upon irradiation. Photoche-
mical conversions using circularly polarized light are usually referred to as absolute
asymmetric syntheses.l'”'* Three pathways to generating optically active materials
through CPL irradiation can be envisaged: photodestruction, photoresolution, and
photochemical synthesis. Several enantiodifferentiating photochemical conversions
using CPL have been reported,!'*'* but only a very few meet the basic requirement
of bistability. The enantioselectivity of a CPL irradiation-based molecular switch is
governed by the Kuhn anisotropy factor g.!'>"*) The enantiomeric excess in the
photostationary state (p.s.s.) can be obtained from equation 1.
A

e-e-p.s.s. = % = 7(: (1)

As g seldom exceeds 0.01, except for some chiral ketones (vide infra), the enantio-
meric excess (e.e.) that can be expected is usually below 0.5 %.I" Large g-values are
usually associated with forbidden transitions. Decisive factors for a successful mole-
cular switch based on enantiomer interconversion are:

e irradiation with CPL light should cause the interconversion of enantiomers
without any photodestruction;

e the enantiomers should have sufficiently high g-values;

 the enantiomers should be thermally stable (AG,,, > 21 kcal mol™);

e the quantum efficiency for photoracemization should be high, as the rate of
photoresolution is exponentially related to this quantity.!*”)



5.2 Switching of Enantiomers

Previous, unsuccessful attempts to demonstrate the principle of a molecular
switch based on CPL irradiation include inherently dissymmetric fluorene derivative
1,"! atropisomeric bridged binaphthyls 2, and 1,1”-binaphthylpyran 3.'"®! Ineffi-
cient photoracemization, low g-values, and insufficient sensitivity for detection were

some of the problems encountered.
Q0 QQ,
CH
(0):( )

1 2 3

Successful photoresolution and switching of enantiomers has been accomplished
with two types of systems: helical overcrowded alkenes and axially chiral cycloalka-
nones.

5.2.1
Overcrowded Alkenes

Figure 2 shows the structures of four classes of so-called overcrowded alkenes (see
Section 5.3.1), designed as molecular components for a chiroptical switch based on
CPL irradiation."” Thanks to unfavorable steric interactions around the central ole-
finic bond, the molecules are forced to adopt a helical shape. The chirality in these
inherently dissymmetric alkenes — denoted M and P for left-handed and right-
handed helices, respectively — therefore originates from distortion of the molecular

5 o

Type 1 Type 2

CO
Y . . ’
Fig. 2: Inherently dissymmetric over-

Type 3 Type 4 crowded alkenes.

ﬁ

D
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Tab. 1:  Anisotropy factors of different types of inherently dissymmetric alkenes.
Compound X Y A (Aemax, g510°)°

4 (Typel)  CH, CH, 224(-281.3,—4.1) 240(222.2,6.1) 257 (-80.1,8.0)
283 (11.9, 1.7) 338 (—14.8,-2.8)

5 (Type2) o) - 241 (412, 1.4) 261 (-41.7,-2.1) 273 (=37.7,-3.1)
333 (-22.7,-3.9) 382 (10.7,0.9)

6 (Type2) CH, O 225 (1865, 2.6) 243 (-54.8,-2.0) 270 (—43.0,-5.9)

7 (Type2) CH, S 212 (-40.9,-0.7) 228 (212.4,2.9) 259 (~67.8, —4.1)
327 (8.4, 0.6)

8  (Type3) o) S 236 (128.6, 2.8) 314 (-51.3,-6.4) 356 (5.0, 0.4)

9 (Typed) S S 225 (-13.7,-0.5) 244 (-13.7,04) 282 (~10.6,-0.8)

303 (9.0, 0.8)

a: g-values calculated for the wavelenghts were Ae reaches a
maximum. This need not be gynax.

framework. The synthesis of these type of molecules is similar to that of the steri-
cally overcrowded alkenes discussed in Section 5.3.1.

Since the anisotropy value g is decisive for the selectivity of a CPL-based switching
process between enantiomers, representative examples of inherently dissymmetric
alkenes and their corresponding g-values are given in Table 1. Only type 2 and type 3
alkenes exhibit significantly large g-values at wavelengths above 300 nm, which are
considered useful for practical applications. From the data given, it can be seen that
g-values above 0.01 % are not observed and that, under ideal conditions, an e.e. of
0.3 % might be achieved with 8, while for 5 an e.e. of 0.2 % is the upper limit.

Of the large number of sterically overcrowded alkenes that have been synthesized,
resolved, and their chiroptical properties examined, compound 8 satisfies the
requirements given above (Scheme 3).

The enantiomers of 8 are stable at ambient temperatures (AG,, = 25.9 kcal mol™)
and fatigue resistant. Upon irradiation at 313 nm, a stereospecific photochemical
isomerization process occurs, which converts P-8 into M-8 and vice versa. A fairly
efficient, rapid, and selective photoracemization was observed when using unpolar-
ized light (®.c = 0.40; n-hexane). Large circular dichroism (CD) absorptions and

M-8

Scheme 3:
of P-8 and M-8 upon irradiation at 313 nm with /- or r- CPL.

Photoresolution and photochemical interconversion



5.2 Switching of Enantiomers

optical rotations ([01]**436 = 900°) essential for detection of small e.e.s were found, as
well as a sufficiently large g-value (g=—6.4 x 10~ at 314 nm).
There are three switching steps involved in a CPL-based switch:

1) irradiation of a racemate (MP) with circularly polarized light results in an
excess of one of the enantiomers (P or M);

2) irradiation at a single wavelength with alternating r- or I-CPL results in mod-
ulation between right-handed and left-handed helices; i.e., switching between
P-8 and M-8 (Scheme 3);

3) the racemate is obtained again after irradiation with linearly polarized light
(LPL).

Irradiation of racemic P,M-8 with [-CPL at 313 nm resulted in deracemization
and spectral features (CD) indicating the formation of an excess of M-8. Using r-
CPL, a slight excess of P-8 was found, together with a mirror image CD. Switching
of P,M-8 could indeed be accomplished by alternate irradiation with CPL at 313
nm.”? Figure 3 illustrates the modulation of the CD absorption upon successive
irradiation with I- and r-CPL. Switching occurred between photostationary states
with e.e.s of 0.07 % and —0.07 % (for P and M helices, respectively).*! Using LPL at
the same wavelength, racemic 8 was obtained. The rather long irradiation time
required to reach the photostationary state (approx. 30 min) and the low g-value are
limitations of the CPL switch based on 8.

Scheme 4 illustrates the principle of a potential data storage system based on 8,
or any other enantiomeric switching system. Irradiation of a racemate (MP) using r-
CPL or I-CPL generates P-enriched or M-enriched regions, respectively. Detection of
these is possible by measuring optical rotatory dispersion (ORD) in reflection or
transmission outside the absorption band, with LPL. Written information can be
erased by unpolarized light (UPL) or LPL at the original wavelength, generating MP
again. In principle, this system constitutes a three-position switch of racemic, P-

0.05

Ae (E-4)  -0.05

T Fig. 3: The difference in CD
-0.10 absorption at 313 and 400 nm
(Ag3q3 — Agq0) for a solution of
8 (9 x 107 mol liter™) in n-hex-
045 1 N 1 1 ane upon alternating irradiation
with - and r-CPL (Ag4qo is used
as an internal reference value
Irradiation cycles (313 nm) to enhance accuracy).
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r-CPL
MP MP MP MP MP PP PP MP
unwritten a) write
LPL UPL
MP PP PP MP MP MP MP MP
b) read c) erase

Scheme 4:  Proposed optical data storage system based on
optical switching of enantiomers. a) Writing with circularly
polarized light (CPL), b) reading with linear polarized light (LPL)
and erasing with unpolarized light (UPL).

enriched and M-enriched 8. A distinct advantage is that all the processes can be per-
formed at a single wavelength merely by changing the chirality of the light.

5.2.2
Axially Chiral Cycloalkanones

The optically active aryl-methylene cycloalkanes and related compounds, shown
in Figure 4, were designed by Schuster et al. as chiral, photobistable materials to be
used in particular as chiroptical triggers for the control of liquid crystalline phases
(see Section 5.5).1%

These compounds exhibit axial chirality, and irradiation induces isomerization of
the styrene moiety, which results in simultaneous racemization of the molecule.
Irradiation of methyl ester 10 (R = OMe) at 251 nm indeed gave rise to a fast and
selective racemization process. However, a very low anisotropy factor (gs4 = 7.5 x
107°) was found for methyl ester 10 (R = OMe). The magnitude of g was increased

(o]
0. R o
R R
H
Ar R’ Ph
10 (R=0OCHj3) 12 (R'=Ph) 14
11 (R=Ph) 13 (R'=CO,Me)

Fig. 4. Alkylidenecycloalkanone phototriggers.



5.2 Switching of Enantiomers

(o]

[o]
W e G
H H Scheme 5:  Photoresolution and interconversion of

OCH3 13 OCHg axial chiral 13 by CPL irradiation at 305 nm.

o} (o)

by a few orders of magnitude in the corresponding arylketones 11 and ketones 12;
this can be attributed to exciton coupling between the two chromophores present in
these molecules. Unfortunately, photoisomerization and photodecomposition were
found to be competing processes in these systems. Particularly instructive are the
improvements achieved with the chiral bicyclo[3,3,0]octan-3-one (12 and 13) and
bicyclo[3,2,1]octan-3-one (14) structures. The incorporation of the ketone chromo-
phore into a rigid structure prevents any decrease in Ae due to averaging effects of
conformational isomers with opposing CD absorptions.”?) Large CD effects have
previously been observed with inherently dissymmetric ketones.** Furthermore,
the ketone n-m* transition is forbidden, which often results in small extinction coef-
ficients and large anisotropy factors, and thus high g values.

Accordingly, compound 13 displayed a relatively high g-value of 10.5 x 10>, More-
over, a selective and efficient photoracemization of 13, with a high quantum yield of
0.45 (max @, = 0.50) and fatigue resistance after 12.5 h of irradiation, was observed
upon irradiation at A>305 nm.

These favorable chiroptical and photochemical properties were essential for the
successful demonstration of partial photoresolution of 13 by irradiation with circu-
larly polarized light (Scheme 5).**! The photostationary state was reached after 400
min of irradiation, and an e.e. of 0.4 % was measured. The enantioselectivity in this
process fitted with the e.e. calculated on the basis of g. Successful switching
between enantiomeric forms was also evident from the mirror CD spectrum
obtained when the handedness of the CPL was changed. For bicyclic ketone 14, an
even higher anisotropy factor (g3;3 = 0.0502) was found.*® CPL irradiation of race-
mic 14 at 313 nm resulted in photoresolution and CD spectroscopy revealed an
exceptionally high e.e. of 1.6 %. The photoresolution, however, was a rather slow
process (47h irradiation to reach the p.s.s.) and, despite the highly favorable g-factor,
considerable improvement in the response time is still needed.
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53
Switching of Diastereoisomers

5.3.1
Overcrowded Alkenes

The sterically overcrowded alkenes shown in Scheme 6 have been exploited in our
group since, from the perspective of molecular switches design, they combine a
number of attractive structural features. Steric interactions between the groups
attached to the central olefinic bond force these molecules to adapt a non-planar
helical shape. The chirality of these so-called inherently dissymmetric alkenes>*”! is
therefore the result of distortion of the entire molecular structure. Beside the heli-
cene-like geometry, both a cis- and a trans-stilbene chromophore are present in the
same molecule.

These compounds, upon irradiation at the appropriate wavelength, undergo a stil-
bene-like cis-trans photoisomerization.”® The unique feature of these systems is
that cis-trans isomerization simultaneously results in helix reversal, such as that, for
example, of M-15 (Ry,R,cis) to P-15 (Ry,R,, trans). Furthermore, the molecular archi-
tecture prevents stilbene-like photocyclization, which would result in fatigue during
switching. The structure of these molecules consists of an asymmetric tetrahydro-
phenanthrene or 2,3-dihydronaphtho(thio)pyran upper half and a symmetric (except
for the substituents) (thio)xanthene lower half. Routes developed to the overcrowded
alkenes 15-18 were based on the synthesis of the ketones corresponding to the
upper and lower halves, followed by formation of the sterically demanding central
olefinic bond in the final stage. A variety of methods for preparing alkenes, includ-
ing Wittig, Petersen, and McMurry olefination methods, were unsuccessful because

M-15 P-15
X Y
Ri R Rs
15 H OMe NO, S S
16 Me OMe H CH, S
1; NI\|;I|e2 mgz N|\|f||ez g g Scheme 6:  Photochemical switches

based on overcrowded alkenes.
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Scheme 7:  Synthesis of donor—acceptor substituted over-
crowded alkene 17.

of steric strain, low yields, or problems with functional group compatibility. The
method of choice is diazo-thioketone coupling,*” illustrated in scheme 7 for the pre-
paration of 17. The hydrazone 19 of the upper part is oxidized in situ to the corre-
sponding diazo compound and connected to the thioketone 20 of the lower part.
The coupling involves a 1,3-dipolar cycloaddition to form a five-membered thiadiazo-
line intermediate 21, followed by nitrogen elimination to provide the stable three-
membered episulfide 22. Subsequent sulfur extrusion affords the alkene 17.
Through this sequence, the steric strain is introduced into the system gradually.

Figure 5 shows the molecular structures of cis-2-nitro-7-(dimethylamino-)-9-
(2°,3’-dihydro-1’H-naphtho[2,1-b]thiopyran-1’-ylidene)-9 H-thioxanthene ((P)-cis-
17) and trans-dimethyl-[1-(2-nitro-thioxanthen-9-ylidene)-2,3-dihydro-1H-ben-
zo[ f]thiochromen-8-ylJamine ((P)-trans-18). Anti-folded helical structures, in which
the top and bottom parts are respectively tilted up and down relative to the plane of
the central olefinic bond, are clearly observed. The extent of folding and twisting in
these and related overcrowded alkenes can vary considerably. It should be empha-
sized that only minor deviation from planarity occurs at the central double bond
(dihedral angles 5.4° (17) and 6.8° (18)), while normal bond lengths are found (1.353
A (17) and 1.338 A (18)).B%3Y
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Fig. 5: Pluto diagrams of the crystal structures of P-cis-17 and P-trans-18.

The geometrical isomers and enantiomers of the overcrowded alkenes 15-18 can
readily be separated using chiral HPLC. Recently, an asymmetric synthesis of over-
crowded alkenes has been developed, involving chirality transfer from an axial single
bond to an axial double bond (Scheme 8).** This methodology is particularly attractive
for preparation of larger quantities of enantiomerically pure chiral switches based on
overcrowded alkenes. The orientation of the two xanthylidene moieties is dictated by a
binaphthol template. After a coupling step and separation of the diastereomers, the bi-
xanthylidene is obtained with 96 % e.e. after removal of the template.

O 0:C i OMe ) (coci), , 24h
o .
O’?‘OC OMe 2) Cu-Bronze, p-xylene, A, 24h
o000
S
(

A
R)

(R,M) (major} 54% 81.5:18.5 (R,P) (minor)

© S @
LiAH
e¥e I oMe _

OMe EtO
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QO
s

Scheme 8: Asymmetric synthesis route to optically active overcrowded alkenes
(CB = Chiral bridging unit).
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Tab. 2: Racemization barriers in overcrowded alkenes 23 with different bridging moieties X and Y.

X Y Racemization barrier C,-Cy, distance m
(kcal mol™) (A) 2 X 11

O (6] 24.9+0.3 2.34 ©
CH, O 27.4+0.2 2.48

S O 28.0+0.2 2.75

S N 28.9+0.1 2.75

S CHCH  29.0+0.3 3.10

Y

Table 2 summarizes the racemization barriers in unsubstituted chiral alkenes 23
with different bridging moieties in their upper and lower halves. As is evident from
these data, the tetrahydrophenanthrene-type upper part is large enough to prevent
fast racemization by movement of the aromatic moieties of upper and lower halves
through the mean plane of the molecule. On the other hand, there is enough con-
formational flexibility in the molecules to prevent excessive distortion of the central
olefinic bond (leading to ground state destabilization), which would lower the race-
mization barrier.

By modification of the bridging units X and Y in the upper and lower halves in
23, it is possible to tune the racemization barriers. Similar structural effects have
been found for other overcrowded alkenes. In particular, the effect of the (hetero)-
atom X on the magnitude of the racemization barrier of xanthenes (Y = O) is very
pronounced. The Gibbs energy of activation increases gradually from 24.9 (X = O) to
28.0 kcal mol™ (X = S), with a concomitant increase in the C2-C11 interatomic dis-
tance from 2.34 A to 2.75 A. The growth in the racemization barriers is attributed to
the increased steric hindrance in the so-called fjord region of the molecules as the
naphthalene unit of the upper half and the (thio)xanthene lower part are pushed
towards each other.l*’)

In these molecular switches, there is a delicate balance between ground state dis-
tortion and ease of helix inversion, leading to racemization. It should be emphasized
that the possibility of tuning the barriers for thermal and photochemical isomeriza-
tion processes is important for the construction of, for example, stable molecular
switches and rotors.

The thermal and photochemical isomerization processes of the first chiroptical
switch 16, based on the principles described here, are shown in Scheme 9.1**

Upon heating a solution of enantiomerically pure M-cis-16a in p-xylene, racemiza-
tion was observed, with P-cis-16c being produced (AG = +26.4 kcal mol™). No cis —
trans isomerization (16a — 16b) was evident. Irradiation of M-cis-16a at 300 nm gave
a mixture of 64 % M-cis-16a and 36 % P-trans-16b, as determined by chiral HPLC,
NMR, and CD spectroscopy. Irradiation at 250 nm resulted in a photostationary
state containing 68 % M-cis-16a and 32 % P-trans-16b. Alternating irradiation at 250
and 300 nm resulted in a modulated CD (and ORD) signal which could readily be
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A

A2

M-cis-16a P-trans-16b

P-cis-16¢ M-frans-16d
Scheme 9: Thermal and photochemical switching behavior of the first chiroptical switch 16.

detected at 262 nm. In this switching process a stereospecific interconversion of M
and P helices had indeed been achieved, although 10 % racemization was observed
after 20 switching cycles.*"

Structural modifications were introduced in order to improve stability towards
racemization, to enhance the stereoselectivity of the process, and to shift the wave-
lengths for photoisomerization into the visible region.?**>) Compound 17 (Scheme
10), with a benzo[a]thioxanthylidene upper half, has a considerably higher racemiza-
tion barrier (AG,,; = 29.2 kcal mol_l). The presence of donor and acceptor substitu-
ents in the lower half result in large bathochromic shifts in the UV/Vis spectra and,
compared to 16, relatively large differences in absorption spectra between M-cis-17a
and P-trans-17b. The first feature permits photoisomerization at wavelengths close
to the visible region of the spectrum. The CD spectra of M-cis-17a and P-trans-17b
are near mirror images (Figure 6a), illustrating the pseudoenantiomeric nature of
both stereoisomers. In M-cis-17, the naphthalene chromophore faces the nitroarene
acceptor moiety, whereas in P-trans-17b it faces the dimethylaminoarene donor moi-
ety, leading to subtle differences in the UV/Vis spectra of the two forms. The
extremes in the UV/Vis difference spectrum determine the optimal irradiation wave-
length.

Irradiation of enantiomerically pure M-cis-17a (or P-trans-17b ) at 365 nm and 435
nm in n-hexane resulted in photostationary states with M-cis-17a / P-trans-17b ratios
of 30:70 and 90:10, respectively (Scheme 10).>%*"!

Alternating irradiation at 435 and 365 nm resulted in switching between two
states with either M or P helices in excess, as illustrated in Figure 6b. As well as the
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Fig. 6: (a) CD-spectra of M-cis-17 and P-trans-17; (b) Plots of
Ag at 280 nm and 350 nm versus irradiation time for the
M-cis-17 = P-trans-17 isomerization with alternating irradiation
at L =435 nm and A =365 nm.
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Scheme 10:  Stereoselective photoisomerization of donor—acceptor-substituted molecular switch 17.
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Fig. 72 CD spectra of M-cis-18a (continuous) and P-trans-18b (dashed).

efficient helix reversal and an improvement in photostationary state difference from
4 % (switch 16) to 60 % (switch 17), it was also possible to perform 80 cycles without
fatigue or racemization.

The nature of the substituents is a critical factor in these chiroptical switches.
Replacing the dimethylamino group in 17 by the weaker methoxy donor moiety, as
in 15, resulted in low stereoselectivity in the photoisomerization process.*® Intro-
duction of the dimethylamino donor group in the upper part, as in structure 18
(Scheme 6), resulted in entirely different CD spectra for the M-cis-18a and P-trans-
18b isomers (Figure 7). Although these isomers have opposite helicities, they can no
longer be considered pseudoenantiomers, as a large difference in donor-acceptor
interaction is present between the two isomers. Alternating irradiation at 340 and
435 nm in n-hexane resulted in photostationary states with M-cis-18a / P-trans-18b
ratios of 76:24 and 94:6, respectively, and a modulated CD signal.

Upon irradiation at 435 nm in toluene, an extremely high stereoselectivity was
observed, with a ratio of M-cis-18a to P-trans-18b of 99:1. Compared to chiroptical
switch 17, with a donor and acceptor moiety in the lower half, compound 18 suffers
from poor reversibility, which can be attributed to the favorable donor—acceptor
interaction in M-cis-18a. In view of the potential of gated response switching systems
(see Section 5.4.1), it is noteworthy that the preference for the cis-form helicity can
only be changed to a preference for the trans-form if the favorable donor-acceptor
interaction is eliminated. This feature implies that it is possible to lock photochemi-
cally written information and that it then, irrespective of the wavelengths used, can-
not be unlocked except by affecting the donor—acceptor interaction.

It should be noted that the photoisomerization process and the composition of
the photostationary states in the chiroptical switches described here are strongly
dependent on the irradiation wavelength and the medium. For instance, no stable
photostationary states were reached with 15 in ethanol and chloroform, in contrast
to its behavior in n-hexane. Compound P-trans-18b gave a photostationary state after
2 min irradiation at 435 nm in n-hexane, while in 1,4-dioxane under otherwise iden-
tical conditions this state had not been reached after 4h irradiation. Similar observa-
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tions have recently been made in photoisomerization studies of other donor-acceptor

substituted alkenes.?!!

53.2
Diarylethenes

A reversible photocyclization forms the basis for molecular switches with the diaryl-
ethene structure (Scheme 11).%”! Irradiation of the colorless, nonconjugated, open
form 24a with UV light results in ring-closure to the colored, conjugated form 24b.
With visible light, the process can be reversed.

The introduction of the perfluorocyclopentene moiety, as present in the perfluoro-
cyclopentenebisthien-3-yl systems 24, has resulted in excellent thermal and chemi-
cal stability and often in high fatigue resistance, allowing many switching cycles.
The common synthetic route involves double substitution of perfluorocyclopentene
with the appropriate aryllithium, but low yields are often encountered. Recently an
alternative route, based on an intramolecular McMurry coupling to produce 25, has

been developed (Scheme 12 ).®!
FF
F F
F F 280 nm
492 nm
A s s A
24a 24b

Scheme 11:  Photochemical switching of diarylethene 24 (* denotes stereogenic center).
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Scheme 12:  New synthetic route to symmetrical
25 photochromic diarylperfluorocyclopentenes.
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26a 26b
Scheme 13:  Chiroptical switch based on diarylethylene bis-imine 26.

The groups of Irie and Lehn have developed a variety of diarylethenes, covering
the whole visible spectrum.”®”) A detailed discussion is given in Chapter 2.

The open forms of diarylethenes consist of a dynamic system of helical confor-
mers. Conrotatory ring-closure upon irradiation of a symmetric diarylethene 24 gen-
erates the enantiomers of the C,-symmetric ring-closed forms (S,S)-24b and (R,R)-
24b. The resolution by chiral HPLC of a number of these closed forms was success-
ful, but the stereogenic centers are lost upon ring-opening (Scheme 11).%?) When
chiral auxiliary groups are present, however, both the open and the closed forms are
chiral, and ring-closure results in the formation of diastereomers. Particularly illus-
trative is the switching process of bisimine modified diarylethene 26, containing
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© 300 | 400 500 600 | 700 Fig. 8: CD spectra of the open form 26a and

closed form 26b of the chiroptical switch based
on diarylethylene bis-imine.
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two (S)-a-phenylethylamine residues as chiral auxiliary groups (Scheme 13). In the
open form, no CD absorptions above 325 nm are present (Figure 8a), despite the
fact that the molecule adopts a helical structure, as is clear from the X-ray structure
of the open form 26a. After ring-closure (300 nm irradiation), a distinctive CD band
is found at 575 nm (Figure 8b). It should be noted that, despite the fact that only low
diastereoselectivity (approx.10 % diastereomeric excess (d.e.)) was observed in the
ring-closure of (S,S)-26a, the two states in this switching process can be readily
detected due to the large differences in their chiroptical properties.

It is clear that the most prominent feature of diarylethene switches is the poten-
tial to interrupt conjugation in a molecular type wire in which the switches are
incorporated. In the open state, electronic interaction between the groups A
(Scheme 11) at the periphery is blocked, whereas in the closed form electron deloca-
lization is restored.

Irie succeeded in a diastereoselective photocyclization using a diarylmaleimide-
based switch 27, in which a d- or -menthyl moiety was present at the 2-position of
one of the thiophene rings (Scheme 14).5” Irradiation of 27a at 450 nm in toluene
at 40 °C gave 27b with a d.e. of 86.6 %.

Like in other chiroptical switches (Section 5.3.1), solvent polarity was found to
play an important role. Diastereoselective cyclization was observed in THF and
toluene, but not in nonpolar solvents such as n-hexane. Upon photoexcitation,
diarylethenes 24 (Scheme 11) can adopt a planar and a twisted conformation, and
photocyclization only proceeds through the planar conformation. In the case of
chiral diarylethene 27a, there are two diastereomeric planar conformations leading
to the diastereomers of the cyclic product 27b. The stereoselectivity in the photocycli-
zation process is enhanced because of a decrease in the excited state energy of the
unreactive twisted form, providing a relaxation pathway for the less favorable planar
diastereoisomer in more polar solvents. Chiral photochromic diarylethenes are
among the most prominent photoswitches known today, featuring nondestructive
read-out, excellent reversibility, and the potential for construction of switchable
molecular wires and modulation of liquid crystalline phases (see Section 5.5.3).140*!

rCN rCN
0. N 0. N o
450 nm
> 570 nm
*
$" RO 'S §$" RO S
27a 27b

R = g-menthyl or Fmenthyl

Scheme 14: Diastereoselective photocyclization of chiral diarylethene derivative 27.
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5.33
Other Diastereoselective Switches

Following the pioneering work of Hirshberg,*? the photochromism of spiropyrans
has been extensively studied.'** The photochromic and thermochromic behavior of
this class of compounds is due to the interconversion of the closed spiropyran form
to the open merocyanine form (Scheme 15). UV irradiation of the closed form 28
results in ring-opening to the zwitterionic form 29, which reverts to the closed form
either thermally or on irradiation with visible light.

The spiro carbon is a stereogenic center in spiropyrans, but because of the achiral
structure of the open merocyanine form, the photochromic process will always lead to
racemization unless additional chiral moieties are present. When a chiral substituent
was introduced, remote from the spiro center, it was possible to isolate diastereo-
isomers of the spiropyrans, but rapid epimerization at the spiro center occurred.!**
Diastereoselective switching was successful with 28, in which a stereogenic center
was present close to the spiro carbon (Scheme 15).1*”! Distinct changes in CD absorp-
tion at 250 nm were monitored upon irradiation with UV (250 nm) and with visible
light (>530 nm) and a diastereomeric ratio of 1.6:1.0 was calculated for the closed
form 28. Furthermore, a temperature-dependent CD effect was observed with this sys-
tem; it was attributed to an inversion of the diastereomeric composition at low tem-
peratures. It might be possible to exploit such effects in dual-mode chiral response
systems. A diastereoselective ring-closure was also recently observed in a photo-
chromic N6-spirobenzopyran tricarbonyl chromium complex.**"!

Diastereoselective photoisomerization was also observed with chiral cyclooctenes
30 (Scheme 16). Extensive studies by Inoue!*® on the enantioselective E-Z photo-
isomerization of cyclooctene in the presence of chiral sensitizers revealed that the
geometry of the involved singlet exciplexes determine the stereochemical course of
the process to a large extent. In 30, the cyclooctene and the arylcarboxylate sensiti-
zers are covalently connected through a chiral (2R,4R)-2,4-pentanediol tether, which
might dictate a preferred exciplex geometry resulting in enhanced stereocontrol.
Irradiation of benzoate 30a gave a photostationary state with a Z/E ratio of 8/10 and

H3C._ 03H7

NO,

Scheme 15:  Diastereoselective photochromism of spiropyran 28.
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(R,A-E)-30 ab (R,R,S)(2)-30 a,b (R,R,R)-Z)-30 a,b
a: R=PhCO
b:R= p-M602C06H4C0

Scheme 16:  Diastereoselective photoisomerization of cyclo-
octene 30 by intramolecular sensitization.

a d.e. of 19 % for the Z form. In contrast to the forward E to Z photoisomerization,
no stereoselectivity was observed in the reverse reaction; the Z to E isomerization.
This was attributed to very fast intramolecular quenching due to the high strain in
the Z isomer. The highest diastereoselectivity in the E-Z photoisomerization was
found with terephthalate derivative 30b (d.e. = 44 %).

Fulgides have been extensively investigated as erasable and rewritable optical
memory systems (see Chapter 4) and these photochromic molecules are attractive
candidates for chiroptical switch development.l*”! Their bistability is based on the

366 nm

e
s

3E s1c

LT

Scheme 17:  Diastereoselective photochromism of a
binaphthol-based indolylfulgide 31.
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reversible conrotatory photochemical cyclization of a 1,3,5-hexatriene moiety. One
promising chiroptical switch is based on fulgide 31, containing a binaphthol chiral
auxiliary moiety (Scheme 17).®¥! Photochemical switching is observed, involving the
open (P)-31E form and the closed (9aS)-31C form.

Upon irradiation at 366 nm, a diastereomeric ratio of 95/5 for the closed form is
reached, while subsequent irradiation at 495 nm regenerates the open form (as a
mixture of conformers (P)-31Ea/(P)-31Ef = 57/43). From Scheme 17 it can be seen
that only (P)-31Ea adopts the right geometry for the hexatriene component to
undergo photocyclization

5.4
Multifunctional Chiral Switches

5.4.1
Gated Photoisomerization

A highly desirable property in information storage systems based on molecular
switches is gated response.*”) Gated photochemical reactivity implies that no change
occurs upon irradiation unless another external stimulus, either physical or chemi-
cal, is applied to the system. Scheme 18 shows a typical write-lock-unlock—erase
cycle involving photoisomerization and protonation.

A major advantage is the potential to lock (and protect) written information in the
photobistable material. A number of chemical gated systems involving mutual regu-
lation of the photochromic event and, for instance, fluorescence, ion binding, or
electrochemical properties have been reported.*® Scheme 19 illustrates a chiral
gated response system based on donor-acceptor substituted alkene 17.°"! The photo-
chemical isomerization process of both the M-cis and the P-trans form was effec-
tively blocked by the addition of trifluoroacetic acid. Protonation of the dimethyl-
amine donor unit of M-cis-17a and P-trans-17b resulted in an ineffective acceptor—
acceptor (nitro and ammonium) substituted thioxanthene lower half. Since the
stereoselective photoisomerization of 17 relies on the presence of both a donor and
acceptor unit, photochemical switching could be restored by deprotonation by the
addition of triethylamine.

write Aq lock : H® @

BH

erase Az unlock : - H

Scheme 18:  Write — lock — unlock — erase cycle based upon a
photoisomerization process and a protonation process.
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On - Mode Dimmed - Mode

strong fluorescent weak fluorescent

M-17a P-17b

e |

not fluorescent not fluorescent

Scheme 19:  Dual-mode photoswitching of fluorescence.

5.4.2
Dual-mode Photoswitching of Luminescence

As well as the change in chirality, it is also possible that a second property might be
modulated upon photoisomerization, thus constituting a dual-mode response sys-
tem. Modulation of fluorescence is particularly attractive, as fluorescence provides a
sensitive read-out method and can be used to probe medium and excited state
effects. Large changes in fluorescence intensity between the two forms have been
observed in a number of photochromic systems. Lehn and co-workers,®% for exam-
ple, found strong emission in the open form of a diarylethene-based switch, whereas
the closed form showed only very weak fluorescence. In the case of sterically over-
crowded alkene 17 (Scheme 19), excitation of P-trans-17b and M-cis-17a at 300 nm
resulted in fluorescence at A, = 531 and 528 nm, respectively, with different inten-
sities (Figure 9).°" An integrated fluorescence quantum yield (400-600 nm; etha-
nol) of 0.153 was measured for P-trans-17b, and of 0.137 for M-cis-17a. The fluores-
cence emission is attributed to intramolecular charge transfer of dimethylamine
donor moiety and is dependent on the helicity. Photomodulation of the emission is
shown in the inset of Figure 9.
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Fig.9: Fluorescence emission spectra (n-hexane) of photo-
stationary states of cis-17a and trans-17b in 90:10 and 30:70
ratios (A.U. = arbitrary units, relative intensities). Inset:
modulated emission signal during alternating irradiation at
365 and 435 nm (excitation 300 nm, irradiation time 60s).

The emission of both M-cis-17a and P-trans-17b is quenched when trifluoroacetic
acid is added. Addition of triethylamine fully restores it. This gated molecular
switching system allows pH-dependent photomodulation of chirality and fluores-
cence. Three distinctive states can be addressed; the “ON”, “Dimmed”, and “OFF”
states (Scheme 19). The P and M forms, with their different fluorescence intensities,
can be considered the “ON” and “Dimmed” states. Upon protonation, both switch-
ing and emission are in the “OFF” mode, which constitutes a locking system. The
photoswitching and fluorescence is switched “ON” again after deprotonation. On
the basis of time-resolved fluorescence spectroscopy and circularly polarized lumi-
nescence measurements, it has recently been found that the chirality of the fluores-
cent excited states is a fourth parameter that can be modulated in this system.*? In
this context it is worth mentioning that circularly polarized chemiluminescence was
recently observed during photochemical isomerization of a chiral camphanic acid
modified paracyclophane.

Yokoyama et al.”*! found a complete “ON/OFF” switching of fluorescence with
the binaphthol-derivatized fulgide 31 (Scheme 17). The closed form showed a weak
emission (A = 610nm, ® = 0.01) upon excitation at 470 nm in toluene, while the
open form did not show any fluorescence.

5.4.3
Chiral Molecular Recognition

Photoresponsive host-guest systems based on azobenzene-substituted crown ethers
have been shown to be particularly effective in the control of molecular recognition
by light, due to their large geometrical changes upon E-Z isomerization.”> A num-
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Scheme 20:  Boronic acid-modified spiropyran 32 for reversible sugar binding.

ber of photoactive receptor systems have been developed in recent years. These
include a diarylethene photoswitchable group functionalized with two arylboronic
acid moieties for saccharide binding and photochromic nitro-spiropyrans bearing
arylboronic acid groups (32/33) that enable photochemical control of the binding of
sugars and diols.®! An attractive feature of the latter system, shown in Scheme 20,
is visual detection of guest binding through the observation of a color change. Will-
ner et al.’”! reported photochemically induced changes in association constants
with an a-p-mannopyranoside using a photobistable fulgimide modified with the
pyranoside binding protein concanavalin A.

The E-Z isomerization of an azobenzene unit was employed in an approach towards
photocontrol of the chiral recognition event in a membrane.”® To this end, {4-(phenyl-
azo)phenyl}carbamate residues were attached to carbamate-protected glucose units of
cellulose and amylose. The photomodulation of the chiral recognition was explained by
a change in the ordering of the polymer, leading to a change in solubility.

The inclusion complexation of spiropyrans in cyclodextrins has also been explored
as a means to control photochromic reactions.*” Distinct differences in complexa-
tion of sulfonic acid-modified spiropyrans to various cyclodextrins were observed
and the closed spiropyran form bound to B-cyclodextrin was stable towards photo-
chemical ring-opening.

5.4.4
Unidirectional Rotary Motion

The fascinating molecular motors discovered in various biological systems in recent
years offer the great challenge of controlling translational and rotary motion at the mole-
cular level *”! With this goal in mind, a number of interlocked systems such as cate-
nanes and rotaxanes have been designed. They undergo controlled movements trig-
gered by chemical, electrochemical, or photochemical events!®!! (see Chapters 7 and 8).
Molecular turnstiles, ratchets, brakes, and several metal complexes, in which redox
switching is accompanied by large geometrical changes in the ligands, have been
reported.[*>*3 The combination of a photoswitchable overcrowded alkene and a biaryl-
type rotor has been used in an approach to controlling rotary motion around a biaryl-
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cis-34a trans-34b

Scheme 21:  Switchable molecular rotor.

single bond.[*” As illustrated in Scheme 21, photoisomerization between the cis form
34a and the trans form 34b will cause a distinct difference in the interaction of the upper
naphthalene component with the xylyl rotor moiety attached to the lower part. As the
xylyl moiety faces the naphthalene in the case of cis-34, it might be possible to block the
rotation. The X-ray structure of 34a supports this notion (Figure 10).

In this system, three processes can be distinguished: photochemical isomeriza-
tion of cis-34a to trans-34b with simultaneous helix inversion, thermal inversion of
P-cis-34a into M-cis-34a (the barrier of 29 kcal mol™" blocks this pathway), and biaryl
rotation. Dynamic NMR studies revealed barriers to biaryl rotation of AG = +19.0
and 19.7 kcal mol™" for cis-34a and trans-34b, respectively.**! Surprisingly, the barrier
for the trans isomer is higher than that for the cis isomer. Semiempirical calculations
showed distinct differences in chiral conformations and steric effects associated
with the folding of the cis and trans forms. In particular, the o-methyl groups of the
xylyl rotor become entangled during rotary motion with the CH, groups of the
upper half in trans-34b. In cis-34a, however, the nearly planar naphthalene moiety is
bent away, leaving enough space for faster rotation (Figure 10). In this switchable
rotor, the energy differences are still rather small and photoswitching is not very

Fig. 10: X-ray structure of 34a.
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efficient. Furthermore as in other rotors and ratchets,? there is no control over the
direction of rotation, a conditio sine qua non for a molecular motor. The design of
the light-driven monodirectional rotor 35°*! followed from an extensive investiga-
tion into the thermal and photochemical isomerization processes of bis-phenanthry-
lidenes.*®

AAMHF = 0.00 keal mol?!
AAHF = 11.96 keal mol?

(P,P)-trans-35 (M,M)-cis-35

AAHE = B.58 keal mol? AAHE = 0.96 keal mol!
(M,M)-trans-35 (P,P)-cis-35

Scheme 22: MOPAC93-AM1 calculations for the conformations of the molecular rotor 35.
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This compound ((3R,3'R)-(P,P)-trans-1,1",2,2’,3,3’,4,4"-octahydro-3,3’-dimethyl-
4,4’-biphenanthrylidene, (P,P)-trans-35) was prepared by McMurry coupling of (R)-3-
methyl-4-keto-1,2,3,4-tetrahydrophenanthrene, which in turn was obtained through
resolution or asymmetric alkylation methods.*”! X-ray analysis showed that (P,P)-
trans-35 adopts a double helical structure, with the two methyl substituents in a
pseudo-axial orientation. Calculations confirmed this preferred conformation for
(P,P)-trans-35, and showed that (M,M)-trans-35, with both methyl groups in pseudo-
equatorial orientations, was 8.6 kcal mol™ less stable (Scheme 22). For the cis iso-
mer, the same features were observed, with (M,M)-cis-35 (diequatorial Me-substitu-
ents) less stable than (P,P)-cis-35 by 11.9 kcal mol ™.

Irradiation (A>280nm) of (P,P)-trans-35 at room temperature unexpectedly yielded
(P,P)-cis-35, with the same helicity as the starting material and both methyl groups
in axial orientations (Scheme 23). Low temperature irradiation (-55 °C), however,
gave the expected helix inversion to provide (M,M)-cis-35 (trans—cis ratio 95:5). Upon
heating to 20 °C, the less stable (M,M)-cis-35 converted into (P,P)-cis-35 in a irreversi-
ble helix inversion step. Continued irradiation at A>280 nm resulted in photoisome-
rization of (P,P)-cis-35 into (M,M)-trans-35 (cis—trans ratio 10:90), with simultaneous
helix inversion. Subsequent heating at 60 °C produced a thermal isomerization of
(M,M)-trans-35 into the starting compound (P,P)-trans-35. The combination of the

> 280 nm
> 380 nm
Méeq Meeq
(P,P)-trans-35 (M,M)-cis-35
A T 60°C l 20°C
> 380 nm
> 280 nm
Meax Meax
(M,M)-trans-35 (P,P)-cis-35

Scheme 23:  Light-driven unidirectional molecular rotor 35.



5.4 Multifunctional Chiral Switches

two photochemical steps and two thermal steps adds up to a full 360° rotation of the
upper half of the molecule relative to the lower half.

The unidirectionality of the rotary motion was established by CD spectroscopy.
Figure 11 shows CD spectra for each stage of the four-step switching cycle and the
modulation of the CD signal at 217 nm over 3 consecutive full cycles.

The controlling elements that govern the unidirectional rotation are: the helicity
of the overcrowded alkene, the absolute configuration of the stereogenic centers, the
conformational flexibility of the rings flanking the central olefinic bond, the photo-
chemical cis—trans isomerization, and the thermal helix inversion. The entire process
involves two photochemical — energetically uphill — steps and two thermal downbhill
steps. The unidirectionality is due to the interconversion of the less stable forms,
with diequatorial Me substituents, to the more stable forms, with diaxial Me substi-
tuents. Depending on the absolute configuration, either clockwise or counter-clock-
wise rotation can be achieved. Kelly et al,'®* using a triptycene-based system,
showed that unidirectional rotary motion through sequential chemical conversions
is also possible. In the context of the development of multimode molecular switches,
it should be emphasized that Scheme 23 comprises four different, addressable
switching states.®”!

+400 +200 AL 217 nm

+300

+200

+100

Ae (I mol-1¢m-1)
o

-100

—-200

-300

_400 L 1 1 | L L
210 220 230 240 250 280 270 280

A (nm)
Fig. 11:  CD spectra of the four stages of switching of the light-driven molecular rotor.
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5.5
Switching of Macromolecules and Supramolecular Organization

5.5.1
Photochromic Polymers

Polymer-based photochromic systems have been studied extensively and are attrac-
tive in terms of practical applications because of their advantages of stability and
processability. A number of reviews and articles dealing with various aspects of
photochromic polymers and photoactive biomaterials have been published.®® Chiral
photochromic peptides are discussed in Chapter 13, and photochromic liquid crys-
tals and polymers for holographic data storage and nonlinear optics have been
reviewed.[®” Specific stereochemical effects in chiral photoresponsive polymers
include:

e chiral matrix effects on an achiral photochromic unit,

e switching inducing a change in the conformation or organization of a chiral
macromolecule,

e modulation of the chirality of the polymer by a chiroptical switch.

Here we will exclusively discuss polymer-based systems in which the switching
unit itself is chiral. "

The chiral, polymer-based molecular switch 36 was prepared by copolymerization
of methyl methacrylate and methacrylates to which an optically active thioxanthene
switching unit was connected through different spacers.’" Polymers with spacers
of 2 to 6 carbons and incorporating up to 4.7 % photoactive units were synthesized
(Figure 12). Irradiation of thin films of these chiral, photochromic polymers resulted
in distinct changes in their CD spectra. In comparison with thin polymer films of
polymethyl methacrylate doped with chiral switch 17, the covalently bound system
36 suffers from low diastereoselectivity in the switching process. Furthermore,
longer irradiation times are required to reach the photostationary states. Photoche-
mical switching of P-cis-17 doped in a number of polymers, including PMMA, PVC,
PS, and PVAC, showed that the thermal and photochemical stability of the donor-
acceptor substituted switch was retained in the polymer matrix.*® Kinetic studies,
dielectric thermal analysis, and dynamic mechanical analysis showed that the iso-
merization processes critically depend on mobility in the matrix.

I
—{(CHy—Cir—{CH,—Cly ‘@
Meo/go o/l*o | ©
OO
s

36
Fig. 12: Methacrylate co-polymer modified with chiroptical switch 36.
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Molecular switches based on the dihydroazulene-vinylheptafulvene system are
discussed in Chapter 3. Chiroptical switching was achieved with a carbohydrate-
modified chiral polyazulene.’”

(e]
(o]
AcO
AcO Q
OAc
ES OAc
37

A conducting polymer film on a transparent ITO electrode was obtained by oxida-
tive polymerization of 6-O-(2-azulenecarbonyl)-p-p-glucopyranose-1,2,3,4-tetraace-
tate 37. A negative couplet (Apa, 367 and 404 nm) in the CD spectrum was attributed
to a twisted biazulene subunit with R configuration. Electrochemical oxidation
resulted in the disappearance of the CD absorption, while reduction to the neutral
form reestablished the CD band. The modulation of the chirality can be explained
by interconversion between a neutral, twisted form of the polyazulene and a more
planar, conducting form.

Photochemical control of chirality and organization of dynamic helical polymers,
well known from peptides (see Chapter 13), has also been demonstrated with chiral
polyisocyanates. Polyisocyanates, obtained from achiral monomers such as hexyliso-
cyanate, are racemic mixtures of P and M helices or are composed of opposite helical
segments in a long polymer chain.”? In the presence of chiral side groups, the poly-
isocyanide chains become diastereomeric and a strong preference for one helical
twist sense can already be observed when a small number of chiral side groups is
incorporated into copolymers. The high degree of cooperation, which results in
strong amplification of chirality, has been termed the “sergeants and soldiers” effect
by Green et al.”* Zentel et al.”® have prepared polyisocyanates with chiral azoben-
zene side groups containing one (38) or two (39) stereogenic centers in the switch-
ing unit (Scheme 24). Irradiation of 38 at 365 nm results in E-Z photoisomerization
and a change in CD and ORD spectra. In this case, the population of helical seg-
ments changes but the preferred helical sense is the same in both states (Scheme
24). The same switching experiment with 39 resulted in a inversion of the helical
twist sense in the polymer chain (Scheme 24).”¢!

The photoisomerization of several copolymers was studied, in order to determine
the effects of the structure and switching of the chiral side chain on the helicity of
the main chain. A delicate balance of parameters was found, including separation
and nature of the stereocenters, solvent, and concentration of azobenzene moi-
eties.l””] Stereoselectivity was often greatly enhanced if the chiral moieties were clo-
ser to each other. Accordingly, it was found that the incorporation of the stereocenter
into a short, two-carbon spacer resulted in much more pronounced helical prefer-
ence, as well as CD effects at lower chiral chromophore concentrations. The greater
helical twist and improved thermal stability of the cis form (half-life 40h at RT) are
notable features.””) It was also found that the relationship between the trans—cis
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Scheme 24:  Chiral photoswitchable polyisocyanates: A) sche-
matic representation of the shift in equilibrium between P and
M helices upon irradiation. B) illustration of P to M helix transi-
tion in polyisocyanates upon photoisomerization of the azoben-
zene unit (adapted from references 75-78).

ratio of the azobenzene chromophore and the helical preference of the polyisocya-
nide could be linear or nonlinear. A linear relationship is observed at low concentra-
tion or with lower chiral induction by the side groups.l”®

In these dynamic switchable systems, Green’s majority rule is followed, with the
group present at higher concentration or the isomer with the stronger chiral induc-
tive effect controlling the helical conformation of the polymer.””!

5.5.2
Reversible Gel Formation

Control of the aggregation state in an organogel offers other attractive means for
modulation of materials’ properties and nondestructive read-out. A photoactive gela-
tor (40) was obtained by Shinkai et al.®*” by connecting 4-methoxyazobenzene
through an ester linkage to cholesterol. The trans-isomer 40 formed a stable gel with
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n-butanol, with T, = 15 °C. Irradiation (330 < <380 nm) afforded a photostationary
state with 38 % cis isomer and a decrease of the gelation temperature T, = 2 °C.

o
MeO

Irradiation at A>460 nm gave a fast cis—trans isomerization, with a concomitant
increase in T,. The sol-gel phase transition could be controlled in this way by light,
while read-out of the states could be performed by measuring the modulation of the
transmission or CD. For instance, the trans-azobenzene gelators displayed a CD
effect, presumably due to the formation of helical aggregates, whereas the cis-iso-
mers did not.

40

5.5.3
Switching of Liquid Crystalline Phases

Reversibly controlling the anisotropic properties of LC materials offers an attractive
way to amplify the effects of molecular optical switches, with the additional benefit
of nondestructive read-out. Electronic modulation of LC phases forms the basis of
current LC display technology.®" Photochemical switching of LC phases might pro-
vide materials with potential advantages for all-optical devices, enhanced speed of
data processing, and the possibility of modulating reflection and transmission with
light. A variety of photochromic polymer liquid crystals for the construction of
photoactive LC devices or optical data storage systems have been described (see
Chapter 12 and refs®®%). These are based on doping polymer liquid crystals with
photochromic guest molecules®™ or by covalently attaching photochromic side
chain units.®! Discussion here is restricted to chiral photoactive dopants for the
control of non-polymer-based LC phases.

The addition of small amounts of optically active guest molecules to a nematic
liquid crystalline host can induce a cholesteric (twisted nematic) phase.®® Apart
from the type of LC material, the resulting cholesteric phase depends strongly on
the helical twisting power (HTP) and the structural compatibility of the chiral
dopant.®”! Photochemically induced changes in the structure or stereochemistry of
the chiral dopant can therefore lead to significant changes in the organization of the
LC phase. Irreversible light-induced conversion of cholesteric to nematic phases has
been achieved by photodecomposition of a chiral guest or by photoracemiza-
tion.l"”#8) Modulation of the helical pitch of a cholesteric liquid crystal phase was
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achieved with a combination of two dopants, including a photostable chiral
binaphthyl dopant and a photochromic indole fulgide.®*” An LC switch based on
an optically active binaphthyl-modified indolylfulgide is discussed in Chapter 4.°!

Photochemical modulation of the helical screw sense and pitch of a cholesteric
phase was achieved with the combination of a nematic liquid crystalline host and an
optically active photoresponsive guest as illustrated in Scheme 25.°? Doping of 4-
(pentyloxy)-4-biphenylcarbonitrile 41 with P-trans-17b (1 wt%) converts the nematic
phase into a cholesteric phase.

M

Irradiation of a thin film of this cholesteric phase at 365 nm or 435 nm resulted
in photostationary states with an excess either of M-cis-17a or of P-trans-17b (Scheme
25) and two cholesteric phases with a distinct difference in pitch (12.29 um for chol-
esteric I and 5.31 um for cholesteric II). Modulation of the pitch occurred on alter-
nating irradiation at 345 and 435 nm and the LC system was stable over 8 cycles.

The cholesteric screw sense was measured by the Grandjean-Cano method, which
showed that M-cis-17a and P-trans-17b give cholesteric phases with opposite handed-
ness. Observations of the switching behavior of 17 in a large number of LC materials,

nematic

50% M-cis-17a
50% P-trans-17b

313 nrr//‘435 nm 313 nr&%s nm

'
365 nm
P
4—
435 nm
cholesteric | cholesteric Il
excess M-cis-17a excess P-trans-17b

Scheme 25:  Photochemical switching processes of LC-phase 41
and chiral dopants M-cis-17a and P-trans-17b, representing a
three position switch.
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with good compatibility between liquid crystal and chiral switch, revealed nearly the
same stability and selectivity in those photostationary states composed of M-cis-17a and
P-trans-17b in the LC phases and solution phases. The switching times increased
approximately three times in the LC phases, compared to in solution. Irradiation at 313
nm, near the isobestic point of the system, resulted in a nematic phase, while the choles-
teric phases could be restored by subsequent irradiation at 435 nm or 365 nm. The for-
mation of a compensated nematic phase is due to a photostationary state (near 50:50
ratio) of the guest molecule, in which the effects of opposite helices cancel (a pseudo-
racemic state). This doped LC system functions as a three-position optical switch, since
the distinct states can be addressed by a change in the wavelength of the light. However,
it should be emphasized that the irradiation time is a fourth parameter controlling the
ratio of M-cis-17 and P-trans-17 (and hence the cholesteric pitch) in the photostationary
states. Therefore, 17 in principle represents a multistate system. The gradual change of
a cholesteric pitch with irradiation time in LC (K15 and ZLI-389) systems doped with a
chiral switch was indeed demonstrated (Figure 13).14" %%

Optically active bis-imine-functionalized diarylethene (2-4 %) (Scheme 13) was
used as a chiral, photoresponsive dopant in the nematic LC materials K15 and ZLI-
389, resulting in stable cholesteric phases. For the open form of 26a, (3, values of
11 um™ (K15) and 13 um™ (ZLI-389) were measured, while the closed form 26b did
not show any helical twisting power. Irradiation at 300 nm (30-50 s) resulted in the
closed form and disappearance of the cholesteric phase. Irradiation with visible light
restored the cholesteric phase. The gradual decrease in pitch, representing a multi-
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Fig. 13: The change of the reciprocal of the pitch value with
irradiation time: 2.0 wt% of 26 in ZLI-389 at 52 °C and in K;5 at 32 °C
(irradiation with 300 nm light), representing a multimode switch.
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state system, is illustrated in Figure 13. Recently, using a chiral bis-diarylethene
switch, the reverse behavior was observed, when a nematic LC phase was converted
into a cholesteric phase upon ring-closure.*!

A particularly elegant way to address different LC states is by irradiating at a sin-
gle wavelength and merely changing the chirality of the light.” The basic require-
ments for this switching system are: i) an LC material with excellent compatibility
with the switch and for which the pitch and twist sense of the cholesteric phase are
highly sensitive to the chirality of the dopant; and ii) photoresolution by CPL irradia-
tion of a racemic photobistable dopant, generating a sufficiently large 3,,, value. The
macroscopic helical pitch p of a cholesteric liquid crystal generated by CPL is deter-
mined by the concentration C of the chiral dopant, the helical twisting power f3,,,
and the enantiomeric excess [e.e.]pps in the photostationary state. The pitch is inver-
sely related to [e.e.],ps according to

p=1/CBp.[e.e.]pps

As [e.e]pps is related to the anisotropy factor g ([e.e.]pps = gl/2), both fm and gy
must be sufficiently large to enable detection of a cholesteric phase.*¥

Schuster et al.'*®%%%°] have described several approaches towards CPL-based
phototriggers for LC phases using optically active (arylmethylene)-cycloalkenes.
Cholesteric phases were indeed obtained upon doping in K15 and ZLI-467, and
photoracemization caused cholesteric to nematic phase transition. The reverse pro-
cess was not observed, however, presumably due either to insufficient helical twist-
ing power or to low g-values for these photobistable dopants. Bicyclo[3,3,0]octan-3-
one 13 has a high g-value, but photoresolution of this compound doped in the
nematic LC material trans-n-heptyl-4-(p-cyano)-phenylhexane did not result in a chol-
esteric phase, due to a low fB,, (5.5 um™). In contrast, for photobistable, mesogenic,
axially chiral 1-benzylidene-4-[4'-((p-alkylphenyl)ethynylphenyl)-cyclohexane, the
g-value and hence the enantiomeric excess on photoresolution were too small.

The discovery of a successful photoresolution of racemic overcrowded alkene
(Scheme 3) led to the achievement of a liquid crystal switch based on CPL irradia-
tion (Scheme 26).

Irradiation of a 50 um film of nematic 4’-(pentyloxy)-4-biphenylcarbonitrile 41,
doped with racemic M,P-8, with I-CPL at 313 nm for 90 min resulted in a cholesteric
phase.?” Irradiation of M,P-8 with r-CPL also produced a cholesteric phase, but
with opposite screw sense. The amount of dopant needed to obtain a chiral LC
phase was relatively high, as only a very small e.e. (0.07 %) was obtained and as a
consequence the pitch of the cholesteric phase was too large for direct determina-
tion. Irradiation of the cholesteric film with linearly polarized light at 313 nm gave
the nematic LC film once more. As is illustrated in Scheme 26, switching between
three states at a single wavelength is possible, being entirely controlled by the chir-
ality of the light: changing between I-CPL and r-CPL modulates the chirality of the
cholesteric phases. The use of LPL or CPL controls the switching between nematic
and cholesteric phases.
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Scheme 26:  Switching between three different liquid crystalline
states after irradiation at one wavelength. Nematic liquid crystal
41 and dopant 8 were used.

5.6
Conclusions

Reversible switching between two (or more) chiral states has been demonstrated with a
number of photoactive organic materials. Both diastereomeric and enantiomeric photo-
bistable compounds have been successfully employed. Chiral molecular switches offer
the distinctive possibility of exploiting modulation in chiroptical properties, for nondes-
tructive read-out, for instance, and of using the large changes in geometry associated
with the interconversion of stereoisomers to control other functions. A sequence of four
switching events with a single enantiomer of a propeller type system, for example, has
allowed the demonstration of unidirectional rotary motion. Particularly attractive for
future applications of chiral molecular switches is the possibility of controlling aggrega-
tion, polymer conformations, and liquid crystalline phases in a reversible manner. The
systems discussed in this chapter show that material properties can be effectively modu-
lated using light, and that amplification of the change in chirality upon photoswitching
in polymers or LC materials is readily achieved. It should be emphasized that, for practi-
cal applications in photonic materials, molecular memory elements and retrieval sys-
tems, and as components for future nanotechnology, improvements with respect to sta-
bility, numbers of cycles, and switching rates are required for many of these chiroptical
switches. However, the future of chiral switches and trigger elements for the bottom-up
construction of complex molecular systems looks bright if one takes into account the
role of chirality in nearly all essential molecules and processes in nature.
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6.1

Introduction

Different biological processes are triggered by light signals. Photosynthesis and the

vision process are the most fundamental light-activated biological mechanisms in
plants and animal systems, respectively. Other processes, such as photoinduced
movement at various biological levels (movement of motile organisms, dynamics of
plant tissues), photomorphogenesis (seed germination, induction of flowering,

chlorophyll synthesis), and conversion of light energy into chemical energy (ATP

synthesis, proton pumps, and ion transport), are important biological events which
are activated by photonic signals.

Several common features can be defined for the different light-activated biotrans-
formations:

All of the systems include a chromophore (photosensor or photoreceptor)
that absorbs the light. The excitation of the photoreceptor is followed by a
chemical reaction such as electron transfer, photoisomerization, ion channel
formation, etc.

The photoreceptor operates in a reversible and cyclic manner. After excitation
and activation of the secondary chemical process, the photoreceptor relaxes
to its original ground state configuration. This blocks the chemical transfor-
mation, which is switched off.

The photochemical process usually includes self-regulating processes. These
include mechanisms that control the light doses to which the biomaterial is
exposed, pathways for light-harvesting in the biomaterial photoprocess, such
as the antenna function in the photosynthetic reaction center, or mechanical
movements for controlling light absorption, such as photomorphogenesis, as
well as repair functions in damaged photoreceptors.

The photoinduced chemical transformation that follows the excitation pro-
cess often activates an enzyme cascade or opens an ion channel. These sec-
ondary reactions amplify the primary event of light absorption. In some
mechanisms, translocation of electrons (photosynthesis, for example) or of
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ions (such as in proton pumps or ion pumps) generates potential gradients
or an electrical field.

Recent research efforts have been directed towards the development of semisyn-
thetic photobiological switches™?. An artificial biological photochemical switch is
defined as a biological material or environment that is chemically functionalized by
photoresponsive units, enabling the photonic activation of the innate functions of
the respective biological matrices. Within this broad definition one may define two
subclasses of photobiological switches:

1)

Single-cycle photobiological switches are biomaterials that are chemically
modified by a photoactive group to yield a blocked, biologically inactive, com-
pound. Upon photonic excitation of the modified material (Scheme 1), the
deactivating group is removed and the active biomaterial is released.** Acti-
vation of enzymes,™® photoinduced formation of specific ion-chelators,”?
light-triggered formation of important biological messengers such as
cAMP P! cGMP,% ATP, M or InPL are photonically generated by this man-
ner. Usually, photoprotective chemical functionalities have been applied to
cage the biomaterial and to temporarily deactivate its innate properties. Sev-
eral review articles”®* summarize the topic of single-cycle photoswitches and
discuss the potential applications of such systems.

Multicycle photobiological switches are chemically engineered biomaterials
that permit reversible switching of biological functions between a mute inac-
tive state and an active “ON” configuration. The biomaterial is activated by an
external photonic signal and it is “switched off” to the original inactive state
by another photonic stimulus, which may be a thermal, electrical, or pH sig-
nal. Several review articles summarize advances in tailoring reversible artifi-
cial photobiological switches.!"? It is the aim of this chapter to address pro-
gress in the area of reversible photobiological switches, and, in particular, to
emphasize the relationship of this class of materials to the development of
the scientific field of optobioelectronics. It is our aim to highlight the fact
that photobiological switches are an important class of photonic switches that
broaden the concepts of molecular photoswitches!"*'* and macromolecular
photoswitches!">*®! to include photoactive assemblies that use materials of
biological origin as their light-triggered functionalities.

hv
(s —" > (s) + [iomater]

Caged Biomaterial Free Biomaterial

Scheme 1:  Photochemical activation of a biomaterial by light-
induced cleavage of a photoprotective group.



6.1 Introduction

6.1.1
Reversible Photochemical Switching of Biomaterial Functions

Three general methodologies for photoregulating such activities of biomaterials as
catalytic, binding, or recognition functions have been suggested (Scheme 2). One
method involves the tethering of photoisomerizable units to a protein (Scheme
2(A)). In one photoisomer state, state A, the tertiary structure of the protein is

B]
B]

hV1
—_—
-

hV2

Active Site
Bl

"ON"-State "OFF"-State

"ON"-State "OFF"-State

S
s @ ,

hv1 ? ¢ hvo

s
B Active
ﬁ@bmatm

P

Scheme 2:  Methods for the reversible photoactivation/deacti-
vation of biomaterials by: (A) tethering of photoisomerizable
groups onto the biomaterial, (B) immobilization of the bioma-
terial in a photoisomerizable matrix, (C) the application of a
photoisomerizable inhibitor (or photoisomerizable cofactor).
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retained, and the biomaterial is hence activated to perform its function. Photoisome-
rization of the light-active group, producing state B, distorts the tertiary structure of
the protein and perturbs its active site function. This perturbation might originate
from structural distortion of the active site, blocking its catalytic function and/or the
binding of the substrate. Alternatively, distortion of the protein might lead to non-
competitive inhibition of the active center, by remote deactivation of the active site
microenvironment. By exploiting reversible photoisomerization of the photoactive
groups, the biomaterial functions may be cycled between switched “ON” and
switched “OFF” states. Different photoisomerizable components such as azoben-
zene,!'”! nitrospiropyran,'® or fulgide derivatives!'” may be used for photoregulat-
ing catalytic functions of enzymes or binding characteristics of receptor proteins.

The second approach to photoregulating the functions of biomaterials involves
the integration of the biomaterial within a photosensitive environment (Scheme
2(B)). Physicochemical properties of photoisomerizable membrane-mimetic assem-
blies such as polymers,***" monolayers,?>** or liposomes!** are controlled by
light. The wettability,[zs] sol-gel transitions,?®! effective volume viscosity,[m or per-
meability®® of such matrices are regulated by light. Accordingly, immobilization of
the biomaterial in a photoregulated matrix could control the permeability or trans-
port characteristics of the substrate towards the entrapped biomaterial, resulting in
switchability of interactions between the substrate and the immobilized biomaterial.

A further means to reversibly photoregulate the functions of biomaterials involves
the application of photoisomerizable, low molecular weight, components that are
recognized by the biological material (Scheme 2(C)). Inhibitors or cofactors act
respectively as low molecular weight deactivators or activators of proteins. Thus,
blocking of the protein-active center by an inhibitor in one photoisomer state — state
A — may block the biological function of the biomaterial. Photoisomerization of the
inhibitor to a configuration that lacks affinity for the binding site — state B — results
in its release from the active site, and in the activation of the biomaterial. Similarly,
photoisomerization of a cofactor may lead to active or inactive cofactor configura-
tions for cyclic light-induced activation or deactivation of proteins.

6.1.1.1 Photoswitchable Biomaterial Functions through Tethering of
Photoisomerizable Units to Proteins

Intermolecular recognition is the most fundamental feature of biomaterial func-
tions. Biochemical transformations in which intermolecular recognition and bind-
ing events play a central role include:

o the formation of substrate—enzyme or cofactor-enzyme complexes giving
rise to enzyme biocatalytic functions,

e the antigen—antibody affinity interactions that are the fundamental phenom-
enon in the immune system,

¢ the complementary DNA interactions and polymerase replication of DNA,
and

e the specific recognition of substrates by receptor units or ion channels,
resulting in specific transport and storage of materials.
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Chemical modification of the biomaterial with photoisomerizable units repre-
sents one approach to controlling intermolecular affinity interactions (Scheme
2(A)). In one photoisomer state of the biomaterial, its tertiary, biologically active
structure is retained and the formation of the intermolecular complex is facilitated.
In the complementary photoisomer state, the bioactive binding site is distorted and
the formation of the intermolecular recognition complex is switched off. The bind-
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Scheme 3:  Synthesis of photoisomerizable Concanavalin A by
the chemical linkage of photoisomerizable thiophene fulgide or
nitrospiropyran residues to the protein.
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ing properties of the lectin concanavalin A (Con.A) for binding to a-p-mannopyra-
nose and a-p-glucopyranose have been controlled by chemical tethering of photoac-
tive units to the protein.”®’ Con.A is a globular protein, consisting of four subunits
(M = 26 kDa). Each of these subunits includes binding sites for Mn** and Ca®*,
which act cooperatively when associating with a-p-mannopyranose (1) or a-p-gluco-
pyranose (2). The lectin was chemically modified by tethering photoisomerizable
thiophene fulgide® or nitrospiropyran’*” components to it (Scheme 3). Con.A
modified with thiophene fulgide — (3a)-Con.A — exhibited reversible photoisomeriz-
able properties, and upon irradiation (A= 300-400 nm) the photoactive units under-
went electrocyclization to give (3b)-Con.A. Irradiation of the (3b)-Con.A state with
visible light (A > 475 nm) caused it to revert to the (3a)-Con.A state. Con.A functiona-
lized with spiropyran — (4a)-Con.A — displayed similar reversible photoisomerizable
features, and upon irradiation with filtered light (300 nm < A < 400 nm) the mero-
cyanine-tethered lectin (4b)-Con.A was formed. Further illumination of (4b)-Con.A
with visible light (A > 475 nm) regenerated the electrocyclized state (4a)-Con.A. The
ring-cyclized photoisomer state (3b)-Con.A exhibited a higher affinity than (3a)-
Con.A for a-p-manopyranose, whereas the nitrospiropyran-functionalized protein
(4a)-Con.A, displayed improved binding interactions with the substrate.

H

CH, OH
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Table 1 summarizes the binding constants between the host substrate, nitrophe-
nyl-o-p-mannopyranose (5) and Con.A tethered with different degrees of loading of
the photoisomerizable units. The difference in the photostimulated binding affi-
nities is strongly influenced by the degree of loading and, as the loading increases,
the switching efficiency for binding the substrate is enhanced. This result is attribu-
ted to the enhanced structural perturbation of the protein upon photoisomerization
of the photoactive groups at high degrees of loading. Loading of the protein with the
synthetic photoisomerizable units is accompanied, however, by a decrease in the
affinity interactions between the lectin and 5, relative to the native protein. Thus, to
attain optimal photoswitchable binding features of the protein, and to retain the
association features of the lectin, an appropriate balance of the degree of loading is
important. The higher binding constants of the electrocyclized isomer states (3b)-
Con.A and (4a)-Con.A, were attributed to the lower steric volumes of these isomer
states, resulting in less pronounced structural perturbation of the protein and its
active site environment. The different affinities of the photoisomerizable protein for
5 make it possible for substrate 5 to bind to, and dissociate from, the protein in
cyclic, light-induced fashion (Figure 1).
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Fig.1: Cyclic photoregulated association of 5 to 3b-Con.A (a) and dissociation of 5 from 3a-Con.A (b).

Tab. 1: Association constants of 5 to the photoisomerizable Concanavalin A systems (3)-Con.A
and (4)-Con.A. as a function of the degree of loading.

Degree of Loading Ko (M) K, (M) K, (M) K, (M)
(3a) (3b) (4a) (4b)

0 22000 + 300 24000
3 23000 23000
6 16400 20000 18000 12000
8 10000 7300
9 7800 12100

12 6400 6400

The kinetics of association of the photoisomerizable lectin to the substrate is also
controllable by light. The kinetics of the binding of the nitrospiropyran-tethered
Con.A ((4a)-Con. A) and the complementary nitromerocyanine isomer state (4b)-
Con.A were examined electrochemically.*"! A monosaccharide monolayer consisting
of a-p-mannopyranose (1) or a-p-glucopyranose (2) was assembled on an Au elec-
trode (Figure 2(A)). Binding of the lectin to the monolayer insulated the electrode
support from electrical interaction with the Fe(CN)Z™/Fe(CN)¢™ redox label solubi-
lized in the electrolyte solution. As a result, the time-dependent decrease in the elec-
trical response of the electrode corresponded to the kinetics of association of the
lectin to the functionalized electrode (Figure 2(B)). While the association of native
Con.A with the electrode was fast, the binding of the photoisomerizable protein was
perturbed by the tethered synthetic units. The nitrospiropyran-Con.A — (4a)-Con.A —
which displayed a high affinity for a-p-mannopyranose, bound to the monosacchar-
ide monolayer more quickly than (4b)-Con.A did.
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Fig. 2: (A) Assembly of an a-b-mannopyra- label (Fe(CN)&™/Fe(CN)¢) solubilized in the
nose monolayer on an Au electrode and asso- electrolyte solution. (B) (a) Dynamics of asso-
ciation of the photoisomerizable 4-Con.A onto ciation of native Con.A to the monosaccharide
the monolayer. Binding of the protein to the monolayer. (b) Kinetics of binding of 4a-Con.A
interface is determined by following the degree to the monolayer. (c) Kinetics of binding of 4b-
of insulation of the electrode towards a redox Con.A to the monolayer interface.
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Evidence for the structural distortion of the protein upon the photoisomerization
of the tethered synthetic groups, together with information related to the dynamics
associated with the photoinduced perturbation of the protein structure, was found
in time-resolved light scattering experiments.*? Photoisomerization of (4a)-Con.A
to (4b)-Con.A, using the second harmonic Nd-Yag laser pulse signal (A = 355 nm),
was accompanied by a transient increase in the light-scattering signal of the protein,
implying protein shrinkage upon formation of (4b)-Con.A, the protein state with
lower affinity for the respective monosaccharides. The dynamics of the protein
structural condensation was reflected by the time constant of the scattered light
intensity. For the protein loaded with six nitrospiropyran units, the protein matrix
shrank within 60 us.

Controlled photochemical binding and dissociation of an antibody-antigen com-
plex was accomplished®® in the presence of the photoisomerizable antigen Glu-
(trans-azobenzene Ala)-Gly, (6a) (Figure 3). A monoclonal antibody (Z1HO1) was
elicited for the trans-azobenzene unit. Accordingly, the hapten (6a) exhibited high
binding affinity to the antibody (K, = 5 x 10" M™"), whereas the cis-azobenzene pep-
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Fig. 3: Reversible photostimulated binding
and dissociation of the photoisomerizable hap-
ten 6 to and from the Z1HO1 monoclonal anti-
body, respectively. V and U indicate irradiation
with visible and UV light, respectively. Visible

light generates 6a, whereas UV irradiation
yields 6b. The binding of the hapten to the anti-
body is determined by following the fluores-
cence intensity | of the system at A = 340 nm.
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tide photoisomer lacked affinity for the antibody. The binding of (6a) to the antibody
was studied by following the fluorescence quenching of the antibody through energy
transfer to the associated trans-azobenzene antigen. Photoisomerization of the anti-
gen to the cis-state (6b) (A = 360 nm) was accompanied by the dissociation of the
antigen—antibody complex, and the regeneration of the antibody fluorescence.
Further photoisomerization of 6b to 6a (A > 430 nm) regenerated the antigen—anti-
body complex. As a result of the cyclic photoisomerization of the antigen between
the trans-(6a) state and the cis-(6b) configuration, the antibody is switched between a
complexed configuration and a free state, respectively. The antibody fluorescence is
quenched only to a lower level even upon irradiation of the system to the cis-peptide
(6b), which lacks affinity for the antibody. This incomplete photoswitching of the
dissociation of the antigen—antibody complex is attributed to the fact that photoi-
somerization of trans-azobenzene derivatives to the cis-azobenzene state always gen-
erates a photostationary equilibrium. This residual trans-antigen leads to the forma-
tion of the antigen—antibody complex and to the observed fluorescence quenching.
Tethering of photoisomerizable groups to enzymes has been used to photostimu-
late the biocatalytic functions of proteins.**?5! Papain was modified by the covalent
coupling of the photoisomerizable units trans-4-carboxyazobenzene (7), trans-3-car-
boxyazobenzene (8), or trans-2-carboxyazobenzene (9) to the protein’s lysine residues
(Scheme 4). The new azobenzene-modified papains underwent reversible trans = cis
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Scheme 4:  Synthesis and photoisomerizable properties of azobenzene-functionalized papain.
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photoisomerization. The most pronounced “ON”-“OFF” photostimulated activities
were found for the trans-4-carboxyazobenzene-tethered papain (10a), which retained
86 % of its native biocatalyst activity. The photoregulated hydrolytic activities of the
photoactive papain were demonstrated by the hydrolysis of N-benzyl-p,1-arginine
nitroanilate (11) (Scheme 4 and Figure 4).?** With an enzyme that incorporated an
average loading of five photoactive units per protein, the trans-azobenzene-functio-
nalized papain 10a was about 2.75 times more active than the cis-azobenzene-mod-
ified biocatalyst 10b. Irradiation of the biocatalyst with filtered UV light (A= 320 nm)
yielded the cis state of the biocatalyst (10b). This enzyme initiated the slow hydroly-
sis of the substrate 11, and upon photoisomerization (A > 400 nm) of the enzyme to
the trans state 10a, a significant enhancement of the hydrolysis rate was observed
(Figure 4(A)). The direction of the hydrolytic enzyme switch could be reversed, and
an initial fast hydrolysis of 11 was observed with 10a (Figure 4(B)). Photoisomeriza-
tion (A= 320 nm) of the biocatalyst to the cis configuration retarded the hydrolytic
process. In order to examine the origin of the photoswitchable hydrolytic functions
of the azobenzene-tethered papain, the kinetic parameters of the enzyme in the two
photoisomer states (10a and 10b) were elucidated. The two enzyme states exhibited
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Fig. 41 Photoswitchable hydrolytic activities of ~ system (A > 400 nm), which yields 10a. (B)
4-carboxyazobenzene-tethered papain (10): Hydrolysis of 11 is initiated with 10a and
(A) Hydrolysis of 11 is initiated with 10b and switched off by irradiation (A = 320 nm), which

switched on by visible light irradiation of the yields 10b.
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similar Vi, values (1.9 + 0.2 nM/min™"), but differed in their K, values (K= (2.2
+ 0.2) nM for 10a, and K, = (6.5 £ 0.6) nM for 10b). This suggests that the binding
of the substrate 11 to the enzyme active site was inhibited in biocatalyst 10b, but
that the catalytic functions of the active center were not influenced by the photo-
isomerization process. That is, the photoisomerization of the biocatalyst to the 10b
state had structurally perturbed the binding features of the substrate, and conse-
quently the enzyme functions were switched off. Closely related reversible photoche-
mical activation/deactivation of enzymes was reported for the covalent tethering of
nitrospiropyran to different biocatalysts.***! For example, a nitrospiropyran-functio-
nalized f-amylase exhibited a 10-fold higher activity than the nitromerocyanine-
functionalized biocatalyst.

The chemical modification of enzymes with photoisomerizable units led, how-
ever, to incompletely photoswitchable “ON/OFF” activities, and the switched-off
state revealed residual activity. This is attributable to the non-optimized structural
perturbation of the protein upon photoisomerization. Tethering of the photoisome-
rizable units to the protein by the synthetic methodologies so far described involves
a random substitution pathway. The photoactive units are not coupled to those pro-
tein residues that are expected to yield maximum steric perturbation on the active
site environment. Site-specific modification of proteins with photoisomerizable
groups, and directed functionalization of the active site environment of proteins by
the photoactive groups might be accomplished by genetic engineering or site-direc-
ted mutagenesis. Preliminary studies”®® have used this approach for the semisyn-
thetic preparation of a photoisomerizable mutant of phospholipase A. The lipolytic
enzyme cleaves 2-acyl bonds in phosphoglycerides, and it exhibits enhanced activity
towards substrates that are associated with aggregated interfaces, such as micelles
or vesicles. It was suggested that the N-terminus of phospholipase A,, composed of
Ala-1, Leu-2, Trp-3, Arg-6, Leu-15, Met-20, Leu-31, and Try-69, adopts an a-helical
conformation that creates a recognition site at the aggregated interface. This site
facilitates the association of the enzyme at the lipid-water interfaces, and thereby
enhances the hydrolysis of the respective substrates at these microheterogeneous
boundaries. Thus, it was anticipated that covalent attachment of photoisomerizable
units to amino acid residues associated with the recognition site domain for the
aggregated interfaces would make photocontrol over enzyme activity possible. A
photoisomerizable phospholipase A, mutant was prepared by the semisynthetic
approach outlined in Scheme 5. The e-amidinated enzyme was subjected to three
consecutive Edman degradations, cleaving the terminal amino acids Ala-1, Leu-2,
and Trp-3. The protein was then reconstituted by the stepwise synthesis of the tri-
peptide Boc-Ala-Leu-(trans-azobenzene-Phe) (X,, = trans-azobenzene phenylalanine),
followed by coupling of this tripeptide to the 121-mer obtained upon cleavage in the
first step. This procedure had specifically substituted the Trp-3 residue with the
photoisomerizable azobenzene-Phe unit. Assays were made of the activities of the
photoisomerizable phospholipase A, mutants towards hydrolysis of lipids associated
with palmitoyl phosphatidylcholine vesicles. Radiolabeled lipids, or vesicles that
encapsulated fluorescence probes, were used to monitor the hydrolyses of the lipid
matrices. The mutant in the trans-azobenzene-Phe configuration was inactive
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Scheme 5:  Semisynthetic method for the cleavage of phospho-
lipase A, and the reconstitution of azobenzene-modified phos-
pholipase A,. Acm = acetamide, Amd = g-amidinated, DCC =
dicyclohexylcarboxiimide, HOSu = N-hydroxysuccinimide, TFA=
trifluoroacetic acid, Xaa = trans-azobenzene phenylalanine.

towards lipid hydrolysis. Photoisomerization of the mutant to the cis-azobenzene-
Phe state, however, activated biocatalytic lipid hydrolysis, and the protein in the cis-
azobenzene-Phe configuration displayed 10 % of the native activity of phospholipase
A,. CD spectroscopy revealed that the cis-azobenzene-Phe mutant included a sub-
stantially higher a-helical conformation content, compared to the trans-azobenzene-
Phe mutant. This observation is in agreement with the known fact that an a-helical
conformation in the active site environment is important for the biocatalytic hydro-
lysis of the lipids.

177



178

6 Photochemical Biomolecular Switches: The Route to Optobioelectronics

6.1.1.2 Photoswitchable Biomaterials by Integration of Biomaterials with Photoisome-
rizable Matrices and Microenvironments

The physical and chemical properties of photoisomerizable molecular films or
photoisomerizable polymers are controlled by light. Photochemical control of the
formation of liquid crystal phases, or sol-gel transitions,*”*® of polymers containing
photoisomerizable components demonstrates signal regulation of the structure and
properties of microscopic and macroscopic phases. Physicochemical properties of
photoisomerizable membrane-mimetic assemblies such as liposomes,** mono-
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Fig. 5: (A) CD spectra of: (a) 12a polymer; (b) 12b polymer.
(B) Schematic presentation of the a-helix/random-coil transition
of the photoisomerizable polymer 12.
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layers,”>** or polymers>*! have been found to be controllable by light. The wett-
ability,*®! effective volume viscosity,””) permeability, or transport properties?® of
photoisomerizable polymers and film interfaces have also been reported to be con-
trollable by light. The light-switchable properties of photoisomerizable macromole-
cules, and polymers in particular, have been extensively reviewed.!"*'®! Accordingly,
only representative examples of light-induced structural control over several photoi-
somerizable assemblies will be addressed here, in order to highlight the feasibility
of regulating the microscopic structures and properties of these systems by photo-
chemical means.

Poly-(r-glutamic acid) was modified with nitrospiropyran units to yield the photo-
isomerizable polymer 12a (Figure 5). The polymer, solubilized in hexafluoropropa-
nol (HFP) containing some trifluoroacetic acid, was stabilized in the open, proto-
nated nitromerocyanine state (12b). Visible light irradiation of the solution resulted
in the formation of the nitrospiropyran polymer state (12a), which relaxed thermally
to 12b. The nitrospiropyran polymer exhibited an a-helix structure, reflected in the
typical CD curves, with two negative bands at A= 208 nm and 222 nm.P**” Thermal
isomerization of the polymer to the protonated nitromerocyanine state resulted in
depletion of the CD bands, implying that the peptide had been transformed into an
extended coil configuration lacking a defined structural pattern (Figure 5). The
cause of the light-stimulated structural assembly of 12a into the a-helix structure
was attributed to its hydrophobic polar properties, which enabled the polymer to
form intramolecular H-bonds and to adopt the a-helix structure. Thermal isomeriza-
tion of the polymer into state 12b resulted in electrostatic repulsions between the
tagged isomer units. These electrostatic repulsions perturbed the o-helix structure
and so produced the extended coil configuration. The structural transformations of
the polymer between the a-helix and random coil structures were reversible. Closely
related photoregulation of polypeptide structures has been accomplished with azo-
benzene-modified poly(r-glutamic acid) (13)*"! and azobenzene-modified poly(r-ly-
sine) (14),1*”! using surfactant solutions as the reaction media for the structural iso-
merization of the photoisomerizable polymers. Trans-azobenzene poly(L-glutamic
acid) (13a) underwent reversible light-induced isomerization, with irradiation
(A= 350 nm) of 13a yielding the cis-azobenzene polymer 13b, whereas illumination
of the latter isomer with visible light (A= 450 nm) regenerated the trans-azobenzene
polymer 13a. The pKa values of the free carboxylic acid functions of the polymer
backbone (35 % loading with azobenzene units) depended on the isomeric state of
the azobenzene sites (pKa = 6.8 for 13a and 6.3 for 13b). This difference in the pKa
values was attributed to the polarity of the cis-azobenzene units, which enhances the
local dielectric constant of neighboring carboxylic acid residues. This light-stimu-
lated alteration of the protonation/deprotonation features of the polymer was used
to control the structural properties of the polymer. In a dodecylammonium chloride
micellar solution at pH = 6.5, the trans-azobenzene poly(r-glutamic acid) 13a (20
mol% loading) exists in the random coil configuration. Photoisomerization of 13a to
13b induces the transition of the polymer structure from a coil form to an o-helix
form, evident from the CD bands at A= 210 and 228 nm. The existence of the trans-
isomer 13a in the disordered structure was attributed to the hydrophobic character
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of the polymer. The polymer exists in a protonated, uncharged state, which results
in the incorporation of the polymer in the hydrophobic core of the micelles. Incor-
poration of the polymer units in the micelles inhibits possibilities for self-assembly
and organization, and the polymer adopts the coil structure. Photoisomerization to
the cis-azobenzene poly(r-glutamic acid) yields a hydrophilic, negatively charged
polymer structure. The polymer units are expelled from the micellar microenviron-
ment into the bulk aqueous phase, in which the intramolecular H-bonded a-helix
structure is favored.
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Similar photomodulated control was observed in the case of the structural fea-
tures of azobenzene-poly(r-lysine) (14) in a hexafluoropropanol/water/dodecylsul-
fate solution. In the trans-azobenzene configuration (14a), the polymer (43 mol%
loading of azobenzene units) exists in a [-sheet configuration. Irradiation
(A= 350 nm) of the polymer yielded the cis-azobenzene poly(r-lysine)state (14b), in
which the B-sheet structure was disrupted and the a-helix configuration promoted
(50 % o-helix content). These examples of light-stimulated, reversible, structural
control over polypeptides tagged with photoisomerizable units, are intended to high-
light the feasibility of controlling structural patterns of polypeptides through tether-
ing with synthetic photoisomerizable units. An excellent recent review!"*® addressed
different photoisomerizable polypeptide systems and discussed the different effects
that control the structural features of the polypeptides.
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Fig. 6: Energy-minimized structures of a photoisomerizable cyclic azobenzene polypeptide.

The structure of the cyclic photoisomerizable azobenzene-functionalized peptide
15 (Figure 6) was found to be controllable by light.*) Detailed NMR studies, that
included double quantum filtered COSY and NOESY experiments, made it possible
to elucidate the structural features of the trans-azobenzene cyclic peptide 15a and
the cis-azobenzene peptide 15b. The NMR data for the 15a isomer indicate a f3-
strand extending from residue Ala, to Glye, interrupted by a bend at Proy, with
bends at residues Ala;, Alay, and Alag, adjacent to the azobenzene unit. In the trans
configuration (15a), only one H-bond exists — between the side chain NH of Asn;
and the carbonyl unit of Glys. In turn, in the cis configuration (15b), the NMR data
support the existence of a type II f-turn from residues Glyg to Asn;, with a hydrogen
bond between the carbonyl of Glys and the backbone NH site of Asnj, and an anti-
parallel B-sheet extending from the residues adjacent to the azobenzene group up to
the B-turn, with H-bonds between the NH of Gly, and the backbone carbonyl moiety
of Asns, and the NH of Alag and the carbonyl of Ala;. The NMR data were used as
constraints in molecular dynamic simulations of the energy-minimized configura-
tions of the structures 15a and 15b (Figure 6).

Monolayers representing two-dimensional arrays of membrane-mimetic assem-
blies, consisting of azobenzene (poly-1-lysine) with 43 % loading of the photoisome-
rizable units, were prepared.** The compressed trans-azobenzene polymer mono-
layer exhibited a surface pressure of 7 mN - m™', whereas photoisomerization of the
monolayer to the cis-azobenzene state by UV light decreased the surface pressure to
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Fig. 7:  Schematic structural transformation of the photoisomerizable polyglutamic acid 16.

(1.8 + 0.2) mN - m™". Cyclic photoisomerization of the polymer monolayer between
the trans- and cis-azobenzene states results in reversible alteration of the monolayer
surface pressure between high and low values, respectively, implying that photo-
isomerization induces structural changes in the compressed polymer.*Y An inter-
esting photoresponsive polypeptide consisting of two o-helical poly(r-glutamate)
units (Mw = 11,000) linked by an azobenzene moiety (16) was reported*! to alter its
helical configuration as a result of the action of light (Figure 7). Monolayers of the
trans-azobenzene bis-o-helical polymer (16a) were generated at a water-air interface.
Photoisomerization of the monolayer to the cis-azobenzene state (16b) resulted in a
decrease in the area of the monolayer. From the extent of the decrease in area per
molecule, it was concluded that in the cis-azobenzene configuration the two a-
helices exist in a bent structure, with a bending angle of ca. 140°.

Light-stimulated permeability and substrate transport through photoisomerizable
polymers makes it possible to use polymer membranes as matrices for photoregula-
tion of the functions of biomaterials**~**! (Scheme 6). The enzyme is embedded in
the polymer matrix. In one photoisomer state of the polymer, the membrane is
permeable to the substrate, and the immobilized enzyme catalyzes its biological pro-
cess. In the second isomer state of the polymer, a nonpermeable membrane is gen-
erated, and the biocatalytic functions of the enzyme are blocked. The activity of a-
chymotrypsin was photoregulated by this method,*”**! by immobilizing the biocata-
lyst in one of the following photosensitive, crosslinked, isomerizable polymers: the
azobenzene-acrylamide copolymer 17, the nitrospiropyran-acrylamide copolymer 18,
and the bis-dimethylamino triphenyl carbinol-acrylamide copolymer 19. Figure 8(A)
illustrates the hydrolysis of N-(3-carboxypropionyl)-1-phenylalanine-p-nitroanilide
(20) by a-chymotrypsin immobilized in the azobenzene-acrylamide copolymer 17.
With a polymer loading of 0.5 mol% of photoisomerizable azobenzene units, the
hydrolytic activity of the immobilized enzyme is totally blocked in the trans-azoben-
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Scheme 6:  Photoswitching of a-chymotrypsin through its
immobilization in photoisomerizable polymers.

zene polymer configuration 17a. Photoisomerization of the polymer to the cis-azo-
benzene state 17b (330 nm < A < 370 nm) switches on the biocatalyst’s activity, and
20 is hydrolyzed to 21 (V = 2uM - min™"). Photoisomerization of 17b back to the
trans-state 17a (A > 400 nm), switches the enzyme activity off. The biocatalytic hydro-
lysis of 20 can hence be cycled between “ON” and “OFF” states by the reversible
photoisomerization of the polymer between the structures 17b and 17a.7#*!

Similar results are observed with the nitrospiropyran-acrylamide copolymer 18
(Figure 8(B)). The enzyme activity is almost entirely blocked in the presence of the
copolymer 18a incorporating 0.12 mol% of nitrospiropyran units.””® Photoisomeri-
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Fig. 8: Photoswitchable hydrolysis of 20 by a.- of a-chymotrypsin in 17b. (B) Hydrolysis of 20
chymotrypsin immobilized in photoisomerizable in the presence of a-chymotrypsin immobilized
acrylamide copolymers. (A) a-Chymotrypsin in copolymer 18; (a) and (c): hydrolysis in the
immobilized in copolymer 17; (a) and (c): hydro- presence of copolymer 18a, (b) and (d): hydro-
lysis of 20 in the presence of 17a copolymer, (b) lysis in the presence of 18b.

and (d): hydrolysis of 20 in the presence

zation of the polymer to the nitromerocyanine state 18b activates a-chymotrypsin
towards the hydrolysis of 20 (V = 1.5 uM - min™"). The photostimulated hydrolysis
of 20 can be switched reversibly between “ON” and “OFF” states by means of light-
induced isomerization of the polymer membrane between the configurations 18b
and 18a. Copolymer 19 does not display reversible photoisomerizable properties, but
can be cycled between the structures 19b and 19a by a photochemical/thermal cycle.
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The biocatalyst a-chymotrypsin’s ability to hydrolyze 20 is inhibited in the presence
of copolymer 19a loaded with 0.2 mol% of the triphenyl carbinol units."*”” Photoir-
radiation of 19a results in heterolytic bond cleavage and the formation of the catio-
nic copolymer 19b. In this polymer structure, the biocatalyzed hydrolysis of 20 is
activated (V= 1.0 uM - min™"). The polymer-induced photostimulated activation and
deactivation of o-chymotrypsin in the different membrane environments correlates
with the permeability and transport properties of the substrate 20 through the differ-
ent structures of the polymer membranes.*”! Flow dialysis experiments showed that
the polymer states 17a, 18a, and 19a are nonpermeable to 20, and hence the biocata-
Iytic functions of the immobilized enzyme are blocked. The polymer structures 17b,
18b, and 19b are permeable to 20, and the effective transport of the substrate
through these polymer membranes activates the biocatalytic process. It was sug-
gested that the polarity or charge on the polymer membranes facilitate the transport
of 20 through the polymer matrices. The dipole moment of cis-azobenzene units is
approximately 3.0 D, compared to u= 0 for trans-azobenzene units. The polar struc-
ture of polymer 17b, and the electrical charges associated with 18b and 19D, result in
porous environments as a product of electrical repulsion within the polymers, a
structural feature that facilitates the transport of 20.

6.2
Electronic Transduction of Photoswitchable Redox Functions of Biomaterials

Photochemical activation (or deactivation) of biomaterials represents the fundamen-
tal event of triggering on (or switching off) of a chemical process by the registering
of a photonic signal. The activation of an enzymatic process by a photonic signal
leads to amplification of the optical stimulus through the cyclic, biocatalyzed forma-
tion of the product. Accordingly, photochemical switching of the biocatalytic func-
tions of redox proteins could lead to activation (or deactivation) of biocatalytic elec-
tron transfer cascades that might translate the photonic triggering signal into an
output of electrochemical current. Such systems represent “smart” biological inter-
faces, in which photonic signals are recorded and stored by the photosensitive bio-
material, and the encoded information can be transduced and amplified by the bio-
catalytic electron transfer cascade of the redox protein.***! The electronic transduc-
tion of recorded photonic signals requires the integration and coupling of the
photoswitchable redox biomaterial with an electronic transducer element, and pro-
vides the basis for future optobioelectronic and sensory devices (cf. Section 6.3).

Two general methodologies for photoregulation of electron transfer reactions at
electrode interfaces may be envisaged (Scheme 7). One method (Scheme 7(A)),
involves photoizomerizable units tethered to a redox enzyme. In configuration A,
the active site environment of the enzyme is distorted and the bioelectrocatalytic
properties of the enzyme are blocked, in a switched “OFF” state. Photoisomerization
of the photoactive groups to state B restores the active site structure, and the enzyme
is activated for its bioelectrocatalytic process, and hence in a switched ON state. The
resulting electrical contact between the biocatalyst and the electrode, together with
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switchable bioelectrocatalytic functions of pro- (B) by application of a photoisomerizable com-
teins, (A) by the tethering of photoisomerizable =~ mand interface that controls the electrical con-
units to the protein (R is a diffusional electron tact between the redox protein and the elec-
mediator that electrically contacts the redox trode.

the activation of the bioelectrocatalytic process, result in the transduction of a cur-
rent to the macroscopic environment. Cyclic photoisomerization of the photoactive
groups between the states B and A makes it possible to switch amperometric trans-
duction between ON and OFF states.

A different approach to photostimulation of redox biomaterials and electronic
transduction of photonic stimuli is shown in Scheme 7(B), and involves control of
the electronic coupling between the biomaterial and the transducer by means of a
photosensitive interface associated with the electronic support. In this method, the
transducer element is functionalized with a photoisomerizable interface. In the
interface photoisomer state A, no affinity interactions exist between the redox pro-
tein (or the redox enzyme) and the photosensitive interface associated with the solid
support. As a result, no electronic coupling occurs between the redox biomaterial
and the transducer (electrode), and the system is in a mute, switched off state.
Photoisomerization of the interface to state B results in binding of the redox bioma-
terial to the surface through the agency of affinity interactions or intermolecular
recognition properties. This results in the electronic coupling of the biomaterial and
the electronic transducer, producing electronic or amperometric transduction of the
photonic information, recorded by the photoactive interface. That is, the photoi-
somerizable interface acts as a “photo-command” interface for controlling the elec-
trical communication between the redox biomaterial and the electronic transducer.
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In the next section, we will address different systems tailored along these lines, lead-
ing to the electronic transduction of photoswitchable redox biomaterial functions.

6.2.1
Amperometric Transduction of Optical Signals Recorded by Photoisomerizable Enzyme
Electrodes

Glucose oxidase, GOx, has been employed as a redox enzyme to engineer a photo-
isomerizable enzyme electrode for the photoswitchable bioelectrocatalyzed oxidation
of glucose, and for the amperometric transduction of the photonic information
recorded by the enzyme interface.’” Photoisomerizable nitrospiropyran units were
tethered to GOx lysine residues, and the photoisomerizable protein was assembled
on an Au electrode as shown in Scheme 8. A primary N-hydroxysuccinimide mono-
layer was assembled on the conductive support, and the photoisomerizable enzyme
was covalently coupled to the monolayer to yield the integrated photoactive enzyme
electrode. The enzyme monolayer was found to undergo reversible photoisomeriza-
tion, and photoirradiation of the nitrospiropyran- tethered GOx 22a with UV light
(320 nm < A < 380 nm) generated the protonated nitromerocyanine-tethered GOx
22b. Further irradiation of the 22b monolayer with visible light (A > 475 nm)
restored the nitrospiropyran-tethered protein 22a. The photoisomerizable enzyme
monolayer electrode displayed a photoswitchable bioelectrocatalytic function (Figure 9).

CND o
Q OQ Q Glucose
-S-CH,CH, ~C—-0-N s CHZCHQ—C ON-Lys
g Lys '
— (22a)
0 O tonic | Switch-ON
Acid

A> 475nm | | 320nm< A <380nm

o Q -H* +H*

@ = -—-ICI’\/N
T
S "
e \‘\/— Fe
A=A TN T
0 O @
Il 9 Glucose
= —Cc~N s CHZCHZ—C—O-”—Lys
S %(-
HO. <S7—coaH Switch-OFF
O NO Fe + Giluconic
2 Acid

Scheme 8:  Assembly of a photoisomerizable glucose oxidase
monolayer electrode and the reversible photoswitchable activa-
tion/deactivation of the bioelectrocatalytic functions of the
enzyme electrode.

187



188

6 Photochemical Biomolecular Switches: The Route to Optobioelectronics
80 1 1 1 1 1 1 1
70— : \ @)
- 604 = L
601 <
5
-5 504 L
< b
< o ® L
=~ 40 : :
1 2 3
Cycle number
20 B
04 -
T T T T T T T
-0.2 0 0.2 0.4 0.6
E/V
Fig.9: Photostimulated bioelectrocatalyzed GOx (22a). (b) protonated nitromerocyanine-
oxidation of glucose (2.5 x 1072 M) in the tethered GOx, (22b). Inset: Reversible photo-
presence of ferrocenecarboxylic acid (23) switchable amperometric transduction of the

(5 x 107 M), as a diffusional electron mediator  bioelectrocatalyzed oxidation of glucose by
in the presence of: (a) nitrospiropyran-tethered 22a - () and 22b — (o).

In the presence of ferrocene carboxylic acid (23) as an electron transfer mediator,
the nitrospiropyran-tethered GOx 22a displayed a high bioelectrocatalytic activity,
reflected in a high electrocatalytic anodic current. The protonated nitromerocyanine
GOx 22D exhibited half the activity, reflected in the decreased bioelectrocatalytic cur-
rent. By exploiting reversible photoisomerization of the enzyme electrode between
the 22a and 22b monolayer electrodes, it was possible to cycle the current responses
between high and low values (Figure 9 (inset)). Although the tethering of photoi-
somerizable units to the protein had resulted in photoswitchable bioelectrocatalytic
properties, the “OFF” state of the photoisomerizable GOx exhibited residual bioelec-
trocatalytic properties. This was due to the fact that the photoisomerizable units
were tethered randomly to the protein, and the structural distortion of the active site
environment upon photoisomerization of the protein to the 22b state was not opti-
mized (cf. Section 6.1.1 for a related discussion).

To optimize the photoswitchable bioelectrocatalytic features of the protein, site-
specific functionalization or mutation of the active site microenvironment is essen-
tial. This was accomplished by a semisynthetic approach involving the reconstitu-
tion of the flavoenzyme-glucose oxidase with a semisynthetic photoisomerizable
FAD cofactor (Scheme 9).*!) The photoisomerizable nitrospiropyran carboxylic acid
(24) was covalently coupled to N°-(2-aminoethyl)-FAD (25), to yield the synthetic
photoisomerizable nitrospiropyran-FAD cofactor 26a (Scheme 9(A)). The native
FAD cofactor was removed from glucose oxidase, and the synthetic photoisomeriz-
able-FAD cofactor 26a was reconstituted into the apo-glucose oxidase (apo-GOx), to
yield the photoisomerizable enzyme 27a (Scheme 9(B)). This reconstituted protein
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Scheme 9:  (A) Synthesis of a semisynthetic
photoisomerizable FAD cofactor. (B) Reconsti-
tution of apo-glucose oxidase with semisyn-
thetic nitrospiropyran-FAD photoisomerizable
cofactor to yield a photoisomerizable glucose
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oxidase. (C) Assembly of nitrospiropyran-FAD-
reconstituted GOx as a monolayer on the elec-
trode and the reversible photoswitchable bioe-
lectrocatalytic activation/deactivation of the
enzyme electrode.
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features a photoisomerizable unit directly attached to the redox center of the protein,
and hence the redox enzyme was expected to display optimized photoswitchable
bioelectrocatalytic properties. The resulting enzyme was incorporated onto an Au
electrode, as shown in Scheme 9(C), to yield an integrated electronic assembly con-
sisting of the photoisomerizable enzyme-layered electrode. Photoinduced bioelectro-
catalytic oxidation of glucose was stimulated in the presence of ferrocenecarboxylic
acid (23) as a diffusional electron transfer mediator. The nitrospiropyan state of the
reconstituted enzyme (27a) was inactive towards the bioelectrocatalytic transforma-
tion, but photoisomerization of the enzyme electrode to the protonated nitromero-
cyanine state (27b) activated the enzyme towards bioelectrocatalyzed oxidation of
glucose (Figure 10). Cyclic photoisomerization of the enzyme monolayer interface
between the nitrospiropyran and the protonated nitromerocyanine states resulted in
biocatalyzed oxidation of glucose cycling between the completely “OFF” state and a
switched “ON” state (Figure 10 (inset)). It was also found that the direction of the
photobiocatalytic switch of the nitrospiropyran-FAD-reconstituted enzyme was con-
trolled by the electrical properties of the electron transfer mediator.*? With ferroce-
nedicarboxylic acid (28) as the diffusional electron transfer mediator, the enzyme in
the nitrospiropyran-FAD state (27a) was found to correspond (for glucose oxidation)
to the switched off biocatalyst, while the protonated nitromerocyanine state of the
enzyme (27b) exhibited switched “ON” bioelectrocatalytic properties. In the pre-
sence of the protonated 1-[1-(dimethylamino)ethyljferrocene 29, the direction of the
photobioelectrocatalytic switch was reversed. The nitrospiropyran enzyme state
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Fig. 10: Photoswitchable bioelectrocatalyzed nitromerocyanine-FAD-reconstituted GOx

oxidation of glucose (5 x 107 M) by a photo-
isomerizable FAD-reconstituted GOx

(27b) monolayer. Inset: Cyclic amperometric
transduction of the bioelectrocatalyzed

assembled as a monolayer on an Au electrode
and using ferrocenecarboxylic acid (23)

(5 x 107 M) as a diffusional electron mediator.
(a) By the nitrospiropyran-FAD-reconstituted
GOx (27a) monolayer. (b) By the protonated

oxidation of glucose by the photoisomerizable
reconstituted GOx monolayer electrode.

() — Monolayer in the (27b)-state.

(o) — Monolayer in the (27a)-state.
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(27a) was activated towards electrocatalyzed oxidation of glucose, while the proto-
nated nitromerocyanine enzyme state was switched “OFF”, and so was inactive for
electrochemical oxidation of glucose. This control of the photoisomerizable reconsti-
tuted enzyme’s photoswitching direction was attributed to electrostatic interactions
between the diffusional electron mediator and the photoisomerizable unit linked to
the FAD, acting as a “gate” for electrical contact between the redox cofactor and the
electrode support. The protonated nitromerocyanine photoisomer state attracted the
oxidized negatively charged electron mediator 28, but repelled the oxidized positively
charged relay 29. As a result, the photoisomer state of the enzyme 27b was switched
“ON” in the presence of 28, but existed in the switched “OFF” state when the posi-
tively charged electron transfer mediator 29 was used.

Ha
COQ H L H
GFE Fo_  NH(CHa)
L5>-COH L X
(28) (29)

6.2.2
Light-Switchable Activation of Redox Proteins by Means of Photoisomerizable “Com-
mand Interfaces” Associated with Electrodes

Photoswitchable electrical transduction of recorded photonic signals using functio-
nalized “command interfaces” on electrodes to control electrical contact between
redox proteins and their conductive support according to Scheme 7(B), has been
accomplished with various systems.”*** Redox proteins do not usually enter into
direct electrical contact with electrodes, since the redox site is embedded in the pro-
tein. Electrical communication between the redox site and the electrode is hence
blocked, due to the spatial separation between the protein redox site and the elec-
trode support. For redox proteins of low molecular weight, such as the hemoprotein
cytochrome c (Cyt. c), chemical functionalization of the electrode surfaces with
molecular promoter units was found to facilitate electron transfer communication
between the protein redox centers and the conductive supports.”>*® Binding of the
redox proteins to the promoter sites aligns the redox centers with respect to the elec-
trode surface. This results in the shortening of electron transfer distances, and leads
to electrical contact with the redox sites. For example, pyridine units®® or negatively
charged promoter sites,?”) assembled on electrode surfaces, have been reported to
align Cyt. ¢ on electrodes through affinity or electrostatic interactions, and to facil-
itate electrical communication between the heme site and the electrode. At neutral
PH, cytochrome c is a positively charged hemoprotein. This suggests that the
nanoengineering of an electrode with a composite layer consisting of Cyt. ¢ binding
sites and photoisomerizable units that could be transformed from neutral to posi-
tively charged states would make it possible to achieve electrostatic photoswitchable
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binding of Cyt. c to the electrode, and dissociation from it.**! To photoregulate elec-
trical communication between Cyt. ¢ and the electrode, a mixed monolayer consist-
ing of pyridine sites and photoisomerizable nitrospiropyran units was assembled on
an Au electrode (Scheme 10). This monolayer binds Cyt. ¢ to the surface, aligns the
heme center of the protein, and so electrical contact with the electrode is stimulated
(Figure 11(A), curve (a)). Photoisomerization of the monolayer to the positively
charged, protonated nitromerocyanine state results in electrostatic repulsion of Cyt.
¢ from the monolayer. As a result, electrical communication between the hemopro-
tein and the electrode is blocked (Figure 11(A), curve (b)). Cyclic photoisomerization
of the monolayer between the nitrospiropyran and the protonated nitromerocyanine
states makes reversible light-induced binding and dissociation of Cyt. c to and from
the monolayer possible, and so electrical contact between the hemoprotein and the
electrode is switched between “ON” and “OFF” states. Cytochrome c acts as an elec-
tron transfer mediator (cofactor) that activates many secondary biocatalyzed transfor-
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Scheme 10:  Reversible photoswitchable activation/deactivation
of the electrical contact between cytochrome c and the electrode
and the secondary activation/deactivation of the COx-biocata-
lyzed reduction of oxygen using a thiolated nitrospiropyran and
thiolated pyridine mixed monolayer as a command interface.
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mations through the formation of interprotein Cyt. c-enzyme complexes. Specifi-
cally, Cyt. c transfers the electrons to cytochrome oxidase, COx, which mediates the
four-electron reduction of oxygen to water. This photoswitchable electrical activation
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Fig. 11:  (A) Cyclic voltammograms of cyto-

chrome c (Cyt. ¢) (1 x 107 M), in the presence
of: (a) the pyridine-nitrospiropyran mixed
monolayer electrode, (b) the pyridine-proto-
nated-nitromerocyanine mixed monolayer
electrode. Data recorded at a scan rate of 50
mV-sec™". (B) Cyclic voltammograms of the
Cyt.c/COx system corresponding to the photo-
stimulated bioelectrocatalyzed reduction of
O, in the presence of the photoisomerizable
monolayer electrode. (a) Bioelectrocatalyzed
reduction of O, by Cyt. ¢/COx in the presence
of pyridine-nitrospiropyran mixed monolayer

electrode. (b) Cyclic voltammogram of the

Cyt. ¢/COx system under O, in the presence of
the pyridine-protonated-merocyanine mixed
monolayer electrode. (c) Cyclic voltammogram
of Cyt. c alone (under O,) in the presence of
the pyridine-nitrospiropyran mixed monolayer
electrode. Data recorded at scan rate 2
mV-sec”". Inset: Photoswitchable amplified
amperometric transduction of photonic signals
recorded by the photoisomerizable monolayer
electrode through the Cyt. ¢/COx bioelectro-
catalyzed reduction of O,.



194

6 Photochemical Biomolecular Switches: The Route to Optobioelectronics

of Cyt. ¢ thus makes photostimulated triggering of the COx-biocatalyzed reduction
of O, possible (Scheme 10). In the presence of the pyridine-nitrospiropyran mono-
layer electrode, electron transfer to Cyt. c activates the electron transfer cascade to
COx, and the bioelectrocatalyzed reduction of O, to water is accomplished, reflected
in the transduced electrocatalytic cathodic current (Figure 11(B), curve (a)). Photoi-
somerization of the monolayer into the protonated nitromerocyanine configuration
results in the repulsion of Cyt. ¢ from the electrode interface. This, in turn, blocks
interfacial electron transfer to Cyt. ¢ and the secondary bioelectrocatalytic activation
of the COx-mediated reduction of O, (Figure 11(B), curve (b)). Note that the electro-
catalytic cathodic current transduced by the Cyt.c-COx protein assembly is
enhanced approximately 10-fold compared to the amperometric current resulting
from Cyt. ¢ alone ((Figure 11(B), curve (c) versus curve (a)). This is due to the fact
that COx induces a bioelectrocatalytic process and the photonic activation of the
Cyt. c-COx system drives the reduction of O, with a high turnover. Thus, the
amperometric response of the Cyt. c-COx layered electrode represents the amplified
amperometric transduction of the photonic information recorded by the monolayer.
Cyclic photoisomerization of the monolayer between the nitrospiropyran and proto-
nated nitromerocyanine states results in reversible cycling of the system’s ampero-
metric responses between “ON” and “OFF” states (Figure 11(B), inset). The system
mimics certain functions of the natural vision process, in that the photoisomerizable
monolayer assembled on the electrode mimics the functions of the rhodopsin-
embedded protein membrane. Photoisomerization of the monolayer to the nitrospir-
opyran and binding of Cyt. c is analogous to the association of Protein G to the pro-
tein membrane. The Cyt. ¢ electron transfer activation of COx towards O, reduction,
and the resulting amplified transduced current from the system mimics the Protein
G activation of the enzyme cascade leading to the generation of c-GMP, which acti-
vates the neural response of the vision process.

Electrostatic control over electrical contact between redox proteins and electrodes by
means of “photo-command interfaces” has further been demonstrated by the photoche-
mical switching of the bioelectrocatalytic properties of glucose oxidase (Scheme 11).°%
Ferrocene units were tethered to the protein backbone of glucose oxidase, to yield an
“electrically-wired” enzyme activated for the bioelectrocatalyzed oxidation of glucose.
The enzyme is negatively charged at neutral pH values (pI = 4.0), and hence could be
electrostatically attracted by positively charged surfaces. Accordingly, a thiolated nitros-
piropyran (30a) monolayer was assembled on an Au electrode. In this photoisomer state
of the functionalized electrode monolayer, inefficient electrical interactions exist
between the protein and the modified electrode, and moderate bioelectrocatalyzed oxi-
dation of glucose occurred. Photoisomerization of the monolayer to the protonated
nitromerocyanine state (30b) resulted in the electrostatic attraction of the biocatalyst to
the electrode support. The resulting concentration of the enzyme at the electrode sur-
face produced effective electrical communication between the biocatalyst and the elec-
trode. This yielded enhanced bioelectrocatalyzed oxidation of glucose and the photoche-
mical activation of the redox protein. The current transduced by the bioelectrocatalyzed
oxidation of glucose represents an amplified signal resulting from the photonic activa-
tion of the monolayer. Cyclic photoisomerization of the monolayer between the nitro-
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Scheme 11:  Photochemical control of electrical contact
between a ferrocene-tethered glucose oxidase and the electrode
using a thiolated nitrospiropyran as a command interface.

merocyanine state and the nitrospiropyran state engendered switching of the enzyme
between surface-associated and surface-dissociated configurations, respectively, leading
to reversible “ON”-“OFF” photochemical activation of the bioelectrocatalytic functions
of the enzyme.

A further approach to controlling electrical communication between redox pro-
teins and their electrode support through a photo-command interface includes
photostimulated electrostatic control over the electrical contact between the redox
enzyme and the electrode in the presence of a diffusional electron mediator
(Scheme 12).°® A mixed monolayer, consisting of the photoisomerizable thiolated
nitrospiropyran units 30 and the semi-synthetic FAD cofactor 25, was assembled on
an Au electrode. Apo-glucose oxidase was reconstituted onto the surface FAD sites
to yield an aligned enzyme-layered electrode. The surface-reconstituted enzyme
(2 x 1072 mole - cm™) by itself lacked electrical communication with the electrode.
In the presence of the positively charged, protonated diffusional electron mediator
1-[1-(dimethylamino)ethyljferrocene 29, however, the bioelectrocatalytic functions of
the enzyme-layered electrode could be activated and controlled by the photoisome-
rizable component co-immobilized in the monolayer assembly (Figure 12). In the
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Scheme 12:  Surface reconstitution of apo-glucose oxidase on a
mixed monolayer associated with an electrode consisting of an
FAD cofactor and photoisomerizable nitrospiropyran units, and
reversible photoswitching of the bioelectrocatalytic functions of
the enzyme electrode.

monolayer’s neutral nitrospiropyran state, the positively charged electron mediator
was oxidized at the electrode, and it mediated electrical communication between the
surface-bound redox enzyme and the electrode in diffusional manner. The electrical
contact between the surface-associated glucose oxidase (GOx) and the conductive
support activated the bioelectrocatalyzed oxidation of glucose, a process reflected in
an electrocatalytic anodic current (Figure 12, curve (a)). Photoisomerization of the
monolayer to the protonated nitromerocyanine state resulted in the electrostatic
repulsion of the positively charged electron mediator from the electrode surface,
both before and after its oxidation. This blocked the mediated electrical communica-
tion between the redox enzyme and the electrode, and the bioelectrocatalytic func-
tions of the GOx layer were switched off (Figure 12, curve (b)). Cyclic photoisomeri-
zation of the monolayer, between its nitrospiropyran and protonated nitromerocya-
nine states, produced reversible switching on and switching off of amperometric
transduction of the photonic signals, recorded at the monolayer, in the modified
bioelectrocatalytic interface (Figure 12 (inset)).
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Fig. 12: Photoswitchable bioelectrocatalyzed

oxidation of glucose (8 x 107 M) by a compo-
site monolayer consisting of GOx reconstituted
onto FAD units and nitrospiropyran photoi-
somerizable units in the presence of 29 as a
diffusional electron mediator. (a) In the presence

0.6

of the nitrospiropyran state (30a). (b) In the
presence of the protonated nitromerocyanine
state (30b). Inset: Cyclic amperometric trans-
duction of photonic signals recorded by the
photoisomerizable monolayer electrode by the
bioelectrocatalyzed oxidation of glucose.

6.3
Electronic Transduction of Photoswitchable Antigen—Antibody Interactions
at Solid Supports

The electronic transduction of the formation of antigen—antibody complexes at elec-
tronic transducers is the basis of bioelectronic immunosensor devices.?**% Several
means of transduction, including (potentio-
metric,®%? amperometric,®*** and impedometric®’ signals), microgravimetric
quartz crystal microbalance (QCM) analysis,/**®”) and surface plasmon resonance
(SPR) spectroscopy,®®®®! have been used to follow the formation of antigen—anti-

electrochemical transduction

body complexes on surfaces. Scheme 13 shows schematic representations of
amperometric, impedometric, microgravimetric, and SPR transduction of antigen—
antibody layer formation on solid supports. The formation of an antigen—antibody
complex on an electrode insulates the conductive support, and introduces a barrier
to electron transfer at electrode surfaces. The formation of the antigen—antibody
complex on the electrode results, as a consequence of the electrical insulation of the
surface, in the blocking of the amperometric response of a redox label solubilized in
the electrolyte solution (Scheme 13(A)). Impedance spectroscopy — and, specifically,
Faradaic impedance spectroscopy — is a useful method for probing electron transfer
resistance and capacitance at the electrode surface. Upon application of an alternat-
ing voltage at the electrode, the complex impedance (the real impedance (Z,(w))
plus the imaginary impedance (Z;,(w)) components) is determined as a function of
the applied frequency. The interfacial electron transfer resistance at the electrode
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support — R, — is derived from the respective Nyquist plot, (Z;y, versus Z,.), where
the semicircle diameter of the impedance spectrum corresponds to the electron
transfer resistance at the electrode surface. Accordingly, the formation of the anti-
gen—-antibody complex on the electrode surface is reflected in an increase in the
interfacial electron transfer resistance and an enlarged semicircle diameter in the
respective impedance spectrum (Scheme 13(B)). Formation of the antigen—antibody
complex on the transducer alters its mass. The resonance frequency of a piezoelec-
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Scheme 13:  Electronic and optical transduc- transduction by Faradaic impedance spectro-

tion of the formation of antigen—antibody affi-
nity complexes on transducers: (A) ampero-
metric transduction at an electrode (R*/R is a
redox label in the electrolyte solution), (B)

scopy, (C) microgravimetric Quartz Crystal
Microbalance (QCM) transduction in the pre-
sence of a piezoelectric quartz crystal. (D) Sur-
face plasmon resonance transduction.
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tric crystal — such as a quartz crystal - is dependent on the mass associated with the
crystal. An increase in the quartz crystal mass, as a consequence of the formation of
the antigen—antibody complex, is accompanied by a decrease in the resonance fre-
quency of the crystal (Eq. 6.3.1; Scheme 13(C)).

Af =—C¢Am  (where C¢ = 1.83 x 10° (Hzxcm’x g ™) (6.3.1)

Indeed, different immunosensor devices based on the frequency changes of the
crystal have been reported.!*®¢”!

Surface plasmon resonance spectroscopy is a further means by which the forma-
tion of antigen—antibody complexes may be followed. Thin metal layers — Au or Ag,
for example — give rise to a surface plasmon. The interaction of the metal layer with
p-polarized light gives rise to resonance excitation of the plasmon, resulting in the
absorption of the light energy at an appropriate angle of incident light. The angle of
minimum reflectivity, as a product of the plasmon resonance excitation, is con-
trolled by the dielectric constant and the thickness of the dielectric layer associated
with the metal support. The formation of the antigen—antibody complex at the metal
surface alters the dielectric constant of the interface and increases the thickness of
the dielectric layer, resulting in a shift in the minimum reflectivity angle of the plas-
mon resonance absorbance (Scheme 13(D)). The surface plasmon resonance (SPR)
phenomenon is frequently exploited to characterize the formation of antigen—anti-
body complexes at metal layers.!®®%?

Antigen—antibody affinity interactions usually exhibit high binding constants (K,
~ 10’-10' M™), resulting in the formation of tightly bound complexes on the
respective transducers. This causes most of the immunosensor devices to act as sin-
gle-cycle bioelectronic systems, in which regeneration of the sensor is precluded.
The concept of photoswitchable binding between a photoisomerizable substrate and
a receptor (cf. Section 6.1.1) has been extended to tailoring of photostimulated for-
mation and dissociation of antigen—antibody complexes on electronic transducers as

B N '

Transduction
hva hvs >
Scheme 14:  Assembly of a reversible immunosensor using
a photoisomerizable antigen-functionalized transducer.
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a generic methodology for producing cyclic, reusable immunosensors (Scheme
14).7% A photoisomerizable antigen is assembled on the sensing interface as a
monolayer. In one photoisomer configuration, state A, the monolayer exhibits affi-
nity for the antibody. The formation of the antigen—-antibody complex on the surface
is transduced to the environment, thus enabling sensing of the antibody. After com-
pletion of the sensing cycle, the monolayer is photoisomerized to the complemen-
tary structure, state B. The latter monolayer configuration lacks antigen affinity
properties for the antibody. This enables the antibody to be washed off from the
monolayer interface. In a secondary illumination process, the resulting monolayer
is once more isomerized from state B to state A, a process that transforms the
monolayer into the original antigen interface. Thus, by means of a two-step photo-
chemical isomerization of the monolayer, with intermediate elimination of the ana-
lyzed antibody by a rinsing process, the sensing interface is recycled and the functio-
nalized transducer acts as a reversible, reusable immunosensor.”” The reversible
cyclic sensing of anti-dinitrophenyl-antibody (anti-DNP-Ab) was accomplished by
this method, through the application of a photoisomerizable dinitrospiropyran
monolayer on an Au support. A thiolated dinitrospiropyran photoisomerizable
monolayer (31a) was assembled on Au electrodes or Au quartz crystals (Scheme 15).
The dinitrospiropyran monolayer acted as an antigen for the DNP-AD, while the pro-
tonated dinitromerocyanine monolayer state lacked antigen affinity for the DNP-AD.
This allowed for cyclic sensing of the DNP-Ab by the monolayer-modified transdu-
cers (Scheme 15). The association of the DNP-AD to the dinitrospiropyran antigen
monolayer was transduced electrochemically, using amperometric”’" or Faradaic
impedance spectroscopy,”? microgravimetrically in the presence of the piezoelectric
Au quartz crystal as a transducer,”" or optically, using surface plasmon resonance
(SPR).”*! Association of the DNP-Ab with the antigen monolayer-functionalized
electrode resulted in electrical insulation of the electrode support and the introduc-
tion of an electron barrier at the electrode surface. Thus, in the presence of an “elec-
trically wired” enzyme, ferrocene-tethered glucose oxidase, the bioelectrocatalytic
oxidation of glucose, and the resulting electrocatalytic current, were inhibited on the
formation of the DNP-Ab/dinitrospiropyran complex on the electrode support (Fig-
ure 13(A), curve (b)).”") Similarly, the association of DNP-AD to the antigen mono-
layer increased the interfacial electron transfer resistance.’” In the presence of
Fe(CN)¢"/Fe(CN)¢™ as a redox label, the electron transfer resistance increased from
Ret =60 + 2 kQ to Rey = 80 + 2 kQ upon formation of the DNP-Ab/antigen complex
(Figure 13(B), curves (b) and (c), respectively). Photoisomerization of the DNP-Ab/
dinitrospiropyran monolayer interface (360 nm < A < 380 nm) to the protonated
dinitromerocyanine state, followed by rinsing off of the DNP-Ab, resulted in the ori-
ginal amperometric response of the monolayer-functionalized electrode (Figure
13(A), curve (c)), and a low electron transfer resistance (Rey = 47 + 2 kQ) in the Far-
adaic impedance spectrum (Figure 13(B), curve (a)), indicating that the antibody
had been removed from the electrode support upon isomerization of the monolayer
to the protonated dinitromerocyanine state. Note that the electron transfer resis-
tance at the protonated dinitromerocyanine-functionalized electrode was lower than
at the dinitrospiropyran-modified electrode, using Fe(CN)2 /Fe(CN)¢™ as the redox
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Scheme 15:  Preparation of a photoisomerizable dinitrospiro-
pyran monolayer on a transducer and the reversible sensing of
anti-DNP-Ab.

probe (Figure 13(B), curves (a) and (b), respectively). This arises from the fact that
the positively charged protonated dinitromerocyanine monolayer interface attracted
the redox label electrostatically, thereby facilitating the interfacial electron transfer.
Further photochemical isomerization of the protonated dinitromerocyanine mono-
layer to the dinitrospiropyran interface (A > 475 nm) regenerated the sensing inter-
face. Cyclic amperometric and Faradaic impedance transduction of DNP-AD sensing
by the reusable photoisomerizable monolayer electrode are demonstrated in Figure
13(A) and (B) (insets), respectively.

Microgravimetric quartz crystal microbalance (QCM) transduction provides a
further means to probe the binding interactions of the DNP-Ab with the photoi-
somerizable monolayer interface (Figure 14(A)).”" The DNP-AD binds effectively to
the dinitrospiropyran layer associated with the Au quartz crystal, as reflected in the
decrease in the crystal frequency (Af = -120 Hz; Figure 14(A), curve (a)). From the
extent of the frequency decrease, the surface coverage of the DNP-AD on the dini-
trospiropyran antigen layer was calculated to be approximately 3.8 x 1072
mole xcm ™. The frequency of the protonated dinitromerocyanine monolayer-func-
tionalized Au quartz crystal was only slightly affected upon interaction with the
DNP-Ab (Af = —40 Hz; Figure 14(A), curve (b)). (This low decrease in the crystal
frequency was attributed to non-specific adsorption of the antibody to the surface.)
The photoisomerization of the dinitrospiropyran/DNP-Ab layered Au quartz crystal
to the protonated dinitromerocyanine enabled the DNP-AD to be washed off, a pro-
cess reflected in the frequency increase of the Au quartz crystal (Figure 14(B)).
Further photochemical isomerization of the protonated dinitromerocyanine mono-
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Fig. 13:  (A) Cyclic voltammograms of: (a) the

dinitrospiropyran (31a) monolayer electrode.
(b) After addition of anti-DNP-Ab to the
dinitrospiropyran (31a) monolayer electrode.
(c) After photoisomerization of the dinitro-
spiropyran/anti-DNP-Ab to the protonated
dinitromerocyanine monolayer and the wash-
ing off of the antibody. All data were recorded
in the presence of ferrocene-tethered GOx as
a redox biocatalyst and glucose (5 x 1072 M,
scan rate 5 mV-sec™'). Inset: Cyclic ampero-
metric sensing of the DNP-Ab by the dinitro-
spiropyran photoisomerizable monolayer
electrode. (B) Faradaic impedance spectra
(Nyquist plots) of: (a) the protonated dinitro-
merocyanine monolayer electrode, (b) the
dinitrospiropyran monolayer electrode, (c) the
dinitrospiropyran monolayer electrode upon

addition of the anti-DNP-Ab. Impedance
spectra were recorded in the presence of
Fe(CN)2/Fe(CN)& (1 x 1072 M) as a redox
label. Inset: Interfacial electron transfer
resistances at the functionalized electrodes
upon cyclic photoisomerization of the
monolayer and the reversible sensing of the
anti-DNP-Ab. (a) and (c) — Monolayer in the
protonated dinitromerocyanine state. (b), (d),
and (h) — Monolayer in the dinitrospiropyran
state. (€) and (i) — After binding of DNP-Ab

to the dinitrospiropyran monolayer electrode.
(f) and (j) — After photoisomerization of the
dinitrospiropyran (31a)/DNP-Ab monolayer
electrode to the protonated dinitromerocyanine
and washing off of the DNP-Ab. (g) — Addition
of the DNP-ADb to the protonated dinitromero-
cyanine monolayer electrode (31b).
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Fig. 14: (A) Time-dependent frequency (OJ) Frequency of the crystal after addition
changes of: (a) The dinitrospiropyran (31a) of the DNP-Ab to the dinitrospiropyran
monolayer associated with an Au quartz crystal (31a)-functionalized crystal. (O) Frequency
upon addition of anti-DNP-Ab. (b) The proto- of the crystal after photoisomerization of the
nated dinitromerocyanine monolayer on an Au (31a)/DNP-Ab monolayer to the protonated
quartz crystal upon addition of the anti-DNP- dinitromerocyanine (31b), washing off of the
Ab. (B) Cyclic microgravimetric sensing of the DNP-Ab, and back isomerization to (31a)
anti-DNP-Ab by the photoisomerizable monolayer state.

dinitrospiropyran monolayer Au quartz crystal.

layer to the dinitrospiropyran monolayer state restored the active antigen monolayer
interface for second-cycle sensing of the DNP-AD. Cyclic photoisomerization of the
monolayer between the protonated dinitromerocyanine and dinitrospiropyran states
enables the DNP-AD to be washed off from the transducer, and the sensing interface
is regenerated, hence yielding a reversible immunosensor device (Figure 14(B)).
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Fig. 15:  Average thickness of the
80 monolayer (determined from the
respective surface plasmon resonance
spectra). (a) The dinitrospiropyran
(31a) monolayer. (b) The (31a) mono-
layer after binding of the anti-DNP-Ab.
(c) After photoisomerization of the
(31a)/DNP-Ab monolayer to the (31b)
state, and washing off of the DNP-Ab.
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Surface plasmon resonance spectroscopy (SPR) provides an optical transduction-
based means to follow the reversible binding and dissociation of the DNP-Ab to and
from the photoisomerizable monolayer. The thiolated dinitrospiropyran 31a was
assembled on an Au thin film coating a glass support.”*! Upon binding of the DNP-
Ab to the antigen layer, the minimum reflectivity angle was shifted by A8 = 0.54°.
Further photoisomerization of the modifying interface to the protonated dinitromer-
ocyanine state 31b, followed by washing off of the DNP-AD, restored the characteris-
tic minimum reflectivity angle of the monolayer without antibody. Theoretical fit-
ting, according to the Fresnel equation, of the SPR spectrum observed upon the
association of the DNP-Ab to the dinitrospiropyran (31a) antigen monolayer, indi-
cated that the refractive index and thickness of the antigen-antibody complex layer
corresponded to 1.41 and 70 A, respectively. From the layer thickness, it was implied
that approximately 60 % of a random, densely-packed monolayer is formed upon
association of the DNP-Ab with the dinitrospiropyran (31a) antigen monolayer. Fig-
ure 15 shows the light-induced reversible binding of the DNP-AD to the dinitrospir-
opyran (31a) antigen monolayer, and its dissociation from the protonated dinitro-
merocyanine (31b), as reflected by the thickness of the sensing interface as eluci-
dated by SPR."*!

6.4
Complex Photochemical Biomolecular Switches

The ability to use light to electrochemically transduce photoswitchable electrocataly-
tic functions of photoisomerizable redox proteins associated with electrodes, and to
regulate the binding between a substrate and its receptor — the binding of a photo-
isomerizable antigen with the respective antibody, for example — offers the potential
to design complex photochemical bioswitches by integrating several light-controlled
biomaterials. A biphasic photochemical bioswitch exhibiting “ON”, “partial-ON”,
and “OFF” states has been designed through the assembly of dinitrospiropyran-
functionalized glucose oxidase (GOx) on an Au electrode and the integration of the



6.4 Complex Photochemical Biomolecular Switches

Partial
Current current

Glucose

Gluconic Acid 320nm = A = 380nm

&> 475 nm

Switch -
"On"

Switch -

@ L p O =
B —CHCHgN, = —CACHgh—N% R = Fa
_ S = =
OH
(23)
NE O [{l=%

Scheme 16:  Biphasic optobioelectronic switch by means of
coupling anti-DNP-Ab with a dinitrospiropyran-functionalized
GOx monolayer electrode.

enzyme electrode with the anti-dinitrophenyl antibody DNP-Ab (Scheme 16).”* The
dinitrospiropyran-modified GOx monolayer electrode exhibited bioelectrocatalytic
properties, and in the presence of ferrocenecarboxylic acid (23) as a diffusional elec-
tron mediator, the biocatalytic interface electrocatalyzed the oxidation of glucose.
This process was reflected in a high electrocatalytic anodic current response (Figure
16(A), curve (a)). Reversible photoisomerization of the enzyme monolayer between
the dinitrospiropyran state and the protonated dinitromerocyanine state allowed the
system to be cycled between a switched on bioelectrocatalytic state and a partially
switched on configuration, respectively (Figure 16(A), curve (b)).

Since the photoisomerizable dinitrospiropyran units tethered to the redox enzyme
act as photoisomerizable antigen sites for the anti-dinitrophenyl antibody DNP-AD,
the light-controlled association and dissociation of the antibody to and from the anti-
gen-functionalized redox enzyme layer may control the bioelectrocatalytic functions
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Fig. 16: (A) Cyclic voltammograms of: (5x 1072 M), scan rate 2 mV-s~'. (B) Biphasic
(a) the dinitrospiropyran-tethered GOx mono- switchable amperometric transduction of
layer electrode, (b) the protonated dinitromero-  photonic signals recorded by the photoiso-
cyanine-tethered GOx monolayer electrode, merizable GOx/DNP-Ab system. (M) The
(c) the dinitrospiropyran-tethered GOx mono- electrode in the dinitrospiropyran-GOx state.
layer electrode in the presence of the anti-DNP- (®) The electrode in the protonated- dinitro-
Ab. Data were recorded in the presence of merocyanine-state. (A) The electrode in the
ferrocenecarboxylic acid (4 x 107* M) as a presence of the dinitrospiropyran-GOx mono-
diffusional electron mediator and glucose layer with associated DNP-Ab.

of the enzyme-layered electrode. Interaction of the switched on dinitrospiropyran-
functionalized GOx monolayer electrode with the DNP-AD resulted in the associa-
tion of the antibody with the antigen sites. Binding of the antibody to the interface
blocked electrical contact between the redox enzyme and the conductive support
through the diffusional electron mediator. This prohibited the bioelectrocatalyzed
oxidation of glucose by the enzyme-layered electrode, and the amperometric
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response of the system was fully switched off (Figure 16(A), curve (c)). Photoisome-
rization of the composite monolayer electrode (consisting of the dinitrospiropyran-
GOx/DNP-Ab complex array) to its protonated dinitromerocyanine state yielded a
photoisomer state that lacked antigen features for the DNP-Ab. This resulted in the
dissociation of the antibody from the interface. The resulting protonated dinitromer-
ocyanine-functionalized GOx monolayer electrode exhibited partially switched on
bioelectrocatalytic functions. Alternatively, the DNP-ADb could be washed off from
the system, and the protonated dinitromerocyanine GOx electrode photoisomerized
(A > 475 nm) to the dinitrospiropyran state. This regenerated the switched on bioe-
lectrocatalytic functions of the light-active enzyme electrode. Thus, photochemical
isomerization of the GOx-layered electrode between the dinitrospiropyran and the
protonated dinitromerocyanine states, and the coupling of the interface with the
DNP-Ab allowed the Dbioelectrocatalytic functions of the electrode to be cycled
between three states: “ON”, “partial ON”, and “OFF”, respectively (Figure 16(B)).
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Scheme 17:  Reversible photostimulation of alcohol dehydro-
genase (AlcDH) by the application of the photoisomerizable
azobenzene-modified NAD* (32a) in the presence of the ZTHO1
monoclonal antibody. Disphorase (Dl) is used to regenerate the
oxidized cofactor.
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Photochemical control over the biocatalytic functions of an enzyme has been
accomplished by conjugation of a photoisomerizable antigen-modified cofactor and
its respective antibody as a gate assembly for enzyme activation/deactivation.” The
monoclonal antibody to trans-azobenzene (cf. Section 6.1.1) was used to control the
bioelectrocatalytic functions of the NAD*-dependent enzyme alcohol dehydrogen-
ase, AlcDH (Scheme 17). The trans-azobenzene-modified NAD"-cofactor (32a) exhi-
bits reversible photoisomerizable properties, and underwent photoisomerization
(A= 320 nm) to the cis-azobenzene-NAD"-cofactor (32b). The latter cis isomer was
isomerized back to 32a by visible light irradiation (A > 400 nm). In the presence of
the trans-azobenzene-NAD™-cofactor (32a) and the respective monoclonal antibody,
formation of the antigen—antibody complex resulted in the expulsion of the diffu-
sional cofactor, and the biocatalytic functions of the AlcDH enzyme were switched
off. Photochemical isomerization of the trans-azobenzene-NAD*-cofactor (32a) to
the cis-azobenzene-NAD"-cofactor (32b) released the cofactor from the antibody. The
free cofactor was reduced by ethanol in the presence of AlcDH, and the resulting
NADH was oxidized by 2,6-dichlorophenol-indophenol (DCIP) in the presence of
diaphorase (DI). This process regenerated the cofactor, and as long as the cofactor
existed in the cis-azobenzene configuration, biocatalyzed oxidation of ethanol took
place. Photoisomerization of the cofactor to the 32a state resulted in the formation
of the trans-azobenzene-NAD™/antibody complex and the inhibition of the cofactor-
driven transformation. This indirect approach to gating and photomodulating
enzyme activities through the coupling of a photoisomerizable cofactor and antibody
seems to be a general method for designing photoswitchable biomaterials. That is,
tailoring of photoisomerizable antigen-functionalized inhibitors, coenzymes, or acti-
vating proteins, and coupling them with their respective antibodies in biocatalytic
systems, provides a general route to bind or release the enzyme-triggering compo-
nents.

6.5
Applications of Photoswitchable Biomaterials

The development of photoswitchable biomaterials is at the level of basic research,
and the possible practical applications of photobiological switches are a matter of
vision and imagination. As the fundamental concept of light-controlled activation
and deactivation of biological functions is established, the broad applicability of
such systems in various disciplines is possible. In fact, the native bacteriorhodopsin
system, and its bioengineered mutants, represent optical “write and erase” sys-
tems.”®! Indeed, various optical applications,””! such as holographic pattern record-
ing,”® dynamic optical filtering,”® and associative optical memory,®® have been
developed using the bacteriorhodopsin photosensor system. The utilization of the
native system as a biocomputer and information storage device has been extensively
discussed in the literature.®Y This chapter addresses, however, photosensory bioma-
terial assemblies exhibiting greater complexity and, hence, increased potential
applicabilities:
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1) Photoswitchable activation of enzymes provides a means to trigger a biocata-
Iytic transformation “ON” and “OFF”. This feature shows two important
functions:

e The biocatalytic transformation generates a product, and hence the light-trig-
gered formation or inhibition of the respective product may be tailored.

e The biocatalytic transformation and the enzyme turnover provides a means
to amplify the light-triggered process.

2) The concept of photoswitchable biomaterial can be extended to different bio-
logical functions, such as cofactors, inhibitors, enzymes, receptors, hor-
mones, antigens/antibodies, DNA, etc. This opens a broad spectrum of appli-
cations in different biomaterial science disciplines.

3) The integration of photoswitchable biomaterials with solid supports, and spe-
cifically with electronic transducers, is of particular interest. It enables elec-
tronic transduction of photoswitchable biological functions through inte-
grated biomaterial-transducer assemblies. Moreover, photoswitchable acti-
vation of redox enzymes on electrode supports permits amplified
amperometric transduction of photonic signals that trigger the biological
functions.

Table 2 summarizes different possible applications of photoswitchable biomater-
ials, while detailing the nature of the biomaterial, the area of application, and, when
possible, specific examples. Reversible light-induced activation and deactivation of
redox proteins (enzymes) corresponds to “write”-“read”’-“erase” functions. The
photonic activation of the biomaterial corresponds to the “write” function, whereas
the amperometric transduction of the recorded optical information represents the
“read” function of the systems. Switching off of the redox functions of the proteins
erases the stored photonic information and regenerates the photosensory biomater-
ial. These integrated, photoswitchable redox enzyme electrode assemblies mimic
logic functions of computers, and may be considered as first step into the era of
biocomputers.

Photonic activation of redox enzymes results in the light-induced bioelectrocataly-
tic activation of an enzyme cascade. This permits application of photoswitchable
enzymes as amplifiers of weak photonic signals. Alternatively, sensitive actino-
meters, measuring low irradiation doses, might be envisaged.

Redox enzymes are the active component in many electrochemical enzyme elec-
trode biosensor devices.®? The integration of two different redox enzymes with an
electrode support, in which one of the biocatalysts is photoswitchable between “ON”
and “OFF” states, can establish a composite multisensor array. The biomaterial
interface that includes the photoswitchable enzyme in the “OFF” state electrochemi-
cally transduces the sensing event of the substrate corresponding to the nonphoto-
switchable enzyme. Photochemical activation of the light-active enzyme leads to the
full electrochemical response, corresponding to the analysis of the substrates of the
two enzymes. As a result, the processing of the signals transduced by the composite
biomaterial interface in the presence of the two substrates permits the assay of the
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Tab. 2:  Areas for the Application of Biomaterial Photoswitches
Photoswitchable Biomaterial Area of Application System Configuration
Photoswitchable redox-enzymes 1. Amperometric transduction of optical Enzyme immobilized on electronic transducer

Photoswitchable enzymes - light-triggered
biotransformations

Photoswitchable antigen/antibody (substrate/
receptor) complexes

Photoswitchable substrate—protein/
cofactor— enzyme/antigen—antibody interactions

information — biocomputers
2. Amplification of weak optical signals —
photonic amplifiers

w

. Multisensor arrays — biosensor and
bioelectronics
4. Photoelectrochemical systems

—_

Localized activation of therapeutic enzymes or
proteins (e.g. blood clotting)

2. Light-controlled biotechnological processes
(light-mediated sensoric/processing and
feedback biotransformation)

1. Reversible immunosensors

N

Patterning of surfaces with biomaterials using
antigen/antibody-biomaterial conjugates
(Design of biosensor arrays, biochips)

Light-stimulated affinity chromatography

Enzyme solubilized in solution or immobilized on
inert polymers or conductive supports

1. Immobilization of systems on electronic transdu-
cers (electrodes, piezoelectric crystals, FET) or

the assembly of biomaterials on inert supports by
non-covalent interactions (e.g. glass, polymers)

Immobilization of photoactive separation
component on solid matrices
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6.5 Applications of Photoswitchable Biomaterials

individual analytes. Furthermore the organization of several photoswitchable bioma-
terials in which the photoactive units undergo isomerization at different wave-
lengths might lead, through sequential wavelength-controlled activation of the dif-
ferent enzymes, to multisensor arrays for different substrates.

Photoswitchable enzymes might find important applications in the preparation
of targeted therapeutic materials. Enzymes and proteins have wide therapeutic uses,
but often their nonlocalized activities are harmful and prevent their medical use.
For example, thrombin is an important factor in inducing blood clotting in indivi-
duals affected by hemophilia. Nontargeted blood clotting could lead, however, to
thrombosis, with fatal consequences. Light-regulated blood clotting in injured loca-
tions might be an elegant approach for using photoswitchable enzymes in medicinal
chemistry.

Photoswitchable enzymes could have an important role in controlling biochem-
ical transformations in bioreactors. Various biotechnological processes generate an
inhibitor, or alter the environmental conditions (pH, for example) of the reaction
medium. Photochemical activation of enzymes that adjust environmental condi-
tions or deplete the inhibitor to a low concentration may maintain the bioreactor at
optimal performance. More specifically, integration of the photoswitchable biocataly-
tic matrix with a sensory electrode might yield a feedback mechanism in which the
sensor element triggers the light-induced activation/deactivation of the photosensi-
tive biocatalyst.

The use of photoisomerizable antigens as active components for tailoring reversi-
ble immunosensors has been extensively discussed (cf. Section 6.3). Photoswitch-
able binding interactions between photoisomerizable antigens and antibodies can
be used for patterning of surfaces with biomaterials.®* The patterning of surfaces
with addressable biomaterial domains is important for developing biochips and bio-
sensor arrays.®*®’! The patterning of antibodies on surfaces is demonstrated in
Scheme 18. A dinitrospiropyran antigen layer is assembled on a glass support and
irradiated with UV light (320 nm < A < 360 nm) through a mask. Areas exposed to
the light are isomerized into the protonated dinitromerocyanine state, lacking affi-
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Scheme 18:  Photochemical patterning of a photoisomerizable
dinitrospiropyran monolayer associated with a glass support
with agarose beads functionalized with DNP-Ab.

nity for the dinitrophenyl antibody DNP-Ab. Interaction of the photopatterned inter-
face with DNP-AD results in the selective association of the antibody with the dini-
trospiropyran antigen domains. Figure 17 shows the pattern of DNP-Ab on a glass
support. The dinitrospiropyran layer was irradiated through a grid acting as a mask.
The resulting photopatterned surface was treated with agarose beads (50 um) func-
tionalized with the DNP-AD. Figure 17 shows the self-organization of the DNP-AD-
functionalized beads on the photopatterned surface. This patterning process can be
extended to yield any biomaterial structure on the surface. By application of DNP-
biomaterial conjugates, one might use the DNP-Ab as a directing arrow leading the
different biomaterials to light-activated addressable antigen domains. Alternatively,
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using the anti—antibody/biomaterial conjugate, the biomaterial might be targeted to
a pre-organized DNP-pattern.

Finally, photoswitchable binding interactions between photoisomerizable sub-
strates and their receptors — photoisomerizable antigens and their antibodies or
photoisomerizable inhibitors and the respective proteins, for example — could pro-
vide a general means to design novel chromatographic separation methods. Affinity
chromatography provides a general route for the separation of biomaterials through
biorecognition interactions. Complementary affinity interactions between enzyme-
substrate, antigen—antibody, hormone-receptor, and other recognition pairs on solid
supports permits the separation of the biomaterial from other biological ingredients.
The dissociation of the ligated biomaterial from the separation matrix is often
accompanied by difficulties arising from the high affinity binding interaction
between the ligand and the complementary biomaterial. The application of photoi-
somerizable ligand-functionalized supports allows tailoring of separation matrices
in which binding and dissociation events can be controlled by external light stimuli.
That is, photoisomerization of the ligand to a state of low affinity for the substrate
could permit its elution from the separation matrix, while subsequent photoisomeri-
zation of the ligand to the complementary state would regenerate the separation
matrix by generation of the ligand with high affinity for the biomaterial.

6.6
Conclusions and Future Perspectives

This chapter addresses recent scientific accomplishments in the rapidly developing
area of photoswitchable biomaterials and optobioelectronics. We have addressed dif-
ferent methodologies for tailoring photoswitchable functions such as recognition,
catalysis or transport functions. We have also reviewed the different scientific
approaches to integrating photoswitchable biomaterials with electronic transducers,
and have discussed means for the electronic transduction of photoswitchable biolo-
gical events on the respective transducers. Specifically, the application of these sys-
tems as information storage assemblies, photonic signal amplifiers, and sensory
devices has been addressed. The recording of photonic signals through photoswitch-
able biomaterial (photosensor), and the amplified electronic transduction of the
recorded optical information, duplicates certain functions of the vision process. One
might envisage broad applications of such “synthetic biomaterial-based eyes” in
robotics, micromachinery, or prosthetic uses.

Science is entering into the nanoscale world, and the organization of microscale
or nanoscale biomaterial structures on surfaces has been demonstrated and is a sub-
ject of extensive research effort.®*#! Single biomaterial molecules have been
imaged on surfaces,®®®”] and the individual affinity interactions of biomaterials
probed at the molecular level.®®*” While the different scanning microscopy techni-
ques provide useful means to image and manipulate biomaterials on surfaces, the
use of the near-field scanning optical microscope (NSOM)*” in the activation of
photoswitchable biomaterials on surfaces should be emphasized specifically. One
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could use this nanoscale light source as a tool for the photonic activation of bioma-
terials on surfaces. Clearly, this could lead to dense storage of photonic information,
or, alternatively, could provide a means to engineer addressable nanoscale sensing
domains (nanobiochips). Photoswitchable biomaterials are certainly expected to
offer exciting new perspectives at the frontiers of chemistry, biology, physics, medi-
cine, and material science.
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7
Switchable Catenanes and Molecular Shuttles

Frangisco M. Raymo and J. Fraser Stoddart

7.1
Introduction

Catenanes and rotaxanes are molecules composed of two or more mechanically
interlocked components."? In an [n + 1]catenane (Figure 1a), n + 1 macrocycles
interlock to form a molecular sized chain. In an [n + 1Jrotaxane (Figure 1b), n macro-
cycles encircle a single linear component terminated by bulky stoppers. In both
instances, the components are held together by mechanical bonds which can be
reinforced by intercomponent noncovalent bonding interactions. Because of the
structural features associated with catenanes and rotaxanes, their syntheses posed
quite a challenge for most of the twentieth century. Indeed, even though their pre-
paration was discussed®) before 1912, the first catenanes!*” and the first rotax-
anes'®”! were only synthesized in the 1960s. These early procedures relied on either
low yielding statistical approaches!*® or on multistep directed covalent synth-
eses.>”! With the advent of supramolecular chemistry,® efficient template-directed
syntheses!” of catenanes and rotaxanes have been developed,!"?! exploiting the abil-
ity of transition metals to coordinate with organic ligands and/or assistance from
cooperative noncovalent bonding interactions. Indeed, catenanes and rotaxanes and
their polymeric counterparts'” can nowadays be made in remarkably high yields,
starting from relatively inexpensive materials.

The relative movements of the interlocked components of a [2]catenane and of a
[2]rotaxane can be exploited"""'?! to perform switching operations at the molecular
level. Indeed, there are two states associated with a [2]catenane (Figure 2a) incorpor-
ating two different units (0 and 1) in one of its two macrocyclic components. In
State 0, the unit 0 is located inside the cavity of the other macrocyclic component
and the unit 1 is positioned alongside. In State 1, the unit 1 is located ‘inside’ and

a b

n n

Fig. 1: Schematic representations of (a) an [n + 1]catenane and (b) an [n + 1]rotaxane.
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State 0 L0 | I

i

State 1 |0 | I

Fig. 2: Schematic representations of (a) a switchable [2]catenane and (b) a switchable [2]rotaxane.

the unit 0 ‘alongside’. Switching between State 0 and State 1 requires the circumro-
tation of the macrocyclic component incorporating the units 0 and 1 through the
cavity of the other. Similarly, there are two states associated with a [2]rotaxane (Fig-
ure 2b) incorporating two units (0 and 1) in the dumbbell-shaped component. In
State 0, the unit 0 is located inside the cavity of the macrocyclic component and the
unit 1 is positioned alongside. In State 1, the unit 1 is located ‘inside’ and the unit 0
‘alongside’. Switching between State 0 and State 1 requires the shuttling of the
macrocyclic component along the linear portion of the dumbbell-shaped compo-
nent. By employing chemically, electrochemically, and/or photochemically active
groups as the units 0 and/or 1, the relative movements of the interlocked compo-
nents of such [2]catenanes and [2]rotaxanes can be controlled from outside by
means of chemical, electrochemical, and/or photochemical stimuli, respectively.

7.2
Catenanes and Rotaxanes Containing Transition Metals

The ability of transition metals to coordinate organic ligands has been exploited by
Sauvage et al.l"* for the synthesis of catenanes and rotaxanes for more than 15 years
now. The template-directed synthesis of their “first’ [2]catenane™ is summarized in
Figure 3. Upon mixing equimolar amounts of Cu(MeCN),BF, and the phenanthro-
line-containing compounds 1 and 2 in solution, the complex [1:2-Cu]-BF, self-
assembles!"**< spontaneously. In this complex, the macrocycle 1 is threaded onto
the linear component 2 and the Cu™ ion coordinates the two phenanthroline ligands
in a tetrahedral manner. Treatment of [1:2-Cu]-BF, with I[(CH,),0]4(CH,),I in the
presence of Cs,COj; gave the [2]catenate [3-Cu]- BF, in 42 % yield.'"**) Treatment of
this [2]catenate with KCN afforded™*'! the [2]catenand 3 quantitatively. Interest-
ingly, the demetallation of [3-Cu]-BF, was accompanied (Figure 3) by a co-confor-
mational’® change, as suggested"*'”) by 'H NMR spectroscopy and confirmed”
by X-ray crystallographic analyses of [3-Cu]-BF, and 3. Indeed, after demetallation,
one macrocyclic component had circumrotated through the cavity of the other and
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Fig. 3: Thetemplate-directed synthesis of the [2]catenate [3 - Cu]- BF, and its reversible demetallation.

vice versa, and in the [2]catenand 3 the two phenathroline units were situated well
away from each other. Complete rearrangement of the [2]catenand 3 occurred®
(Figure 3) upon addition of Cu(MeCN),BF,; the macrocyclic components circumro-
tated through each other’s cavities to yield the [2]catenate [3-Cu]-BF, once again. A
similar result was observed!'>*”) upon metallation of the [2]catenand 3 with a variety
of metal ions and upon protonation with HCIO,.

The template-directed strategy developed to prepare the [2]catenate [3-Cul-BF,
was subsequently employed'*! (Figure 4) to generate a [2]catenate incorporating two
different macrocyclic components. Upon mixing equimolar amounts of
Cu(MeCN),BF, and the phenanthroline-containing compounds 2 and 4 in solution,
the complex [2:4- Cu]- BF, self-assembled spontaneously. Treatment of [2:4- Cu]-BF,
with I[(CH,),0]s(CH,),I in the presence of Cs,CO; gave the [2]catenate [5-Cu]-BF,
in 10 % yield. Treatment of [5-Cu]-BF, with KCN afforded the [2]catenand 5 quanti-
tatively.

In the [2]catenate, the circumrotation of the terpyridine-containing macrocyclic
component can be reversibly controlled*"*?! (Figure 5), by altering the redox state of
the metal. The absorption spectrum of a red-brown solution of [5-Cu]-BF, in MeCN
shows a band, centered on 437 nm, characteristic of a Cu” ion tetracoordinated to
two phenanthroline ligands. Upon oxidative electrolysis, or upon addition of Br,,
Cu* is oxidized (step 1 in Figure 5) to Cu®* and the solution turns deep green. The
absorption spectrum shows a band, centered on 670 nm, typical of a Cu®* ion tetra-
coordinated to two phenanthroline ligands. However, this absorption band shifts to
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Fig. 4. The template-directed synthesis of the [2]catenate [5-Cu]-BF, and its demetallation.
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Fig. 5: The redox-controllable switching of the [2]catenate [5-Cu]".
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640 nm after some hours, as the terpyridine-containing macrocycle circumrotates
(step 2 in Figure 5) through the cavity of the other macrocyclic component and the
Cu”" ion becomes pentacoordinated by a phenanthroline and a terpyridine ligand.
Upon reductive electrolysis, or upon addition of ascorbic acid, Cu®* is reduced (step
3 in Figure 5) to Cu™, the terpyridine-containing macrocycle circumrotates (step 4 in
Figure 5) through the cavity of the other macrocyclic component, and the solution
becomes reddish-brown in color.

The template-directed synthesis of a [2]catenate incorporating two terpyridine-
containing macrocyclic components has been accomplished”* as illustrated in Fig-
ure 6. Upon mixing Cu(MeCN),BF, with two equivalents of the phenanthroline-
containing compound 2, the complex [2,-Cu]-BF, self-assembled spontaneously.
Treatment of [2,-Cu]-BF, with two equivalents of the terpyridine-containing com-
pound 6 in the presence of Cs,CO; and ascorbic acid gave the [2]catenate
[7-Cu]-PF¢ in a yield of 21 % after counterion exchange.

In this [2]catenate, the circumrotation of the macrocyclic components through
each others’ cavities can be reversibly controlled (Figure 6) by oxidation/reduction of
the metal ion. The absorption spectrum of the dark red [7-Cu]-PF4 in MeCN shows
a band, centered on 439 nm, characteristic of a Cu* ion tetracoordinated to two phe-
nanthroline ligands. Upon addition of NOBF,, Cu" is oxidized (step 1 in Figure 7) to
Cu®* and the solution turns green. The absorption spectrum shows a band, centered
on 670 nm, typical of a Cu** ion tetracoordinated to two phenanthroline ligands.
However, the intensity of this absorption band decreases with time as each one of
the macrocyclic components circumrotates (steps 2 and 3 in Figure 7) through the
other’s cavity and the Cu®* ion becomes hexacoordinated to two terpyridine ligands.
Upon reductive electrolysis, Cu?* is reduced (step 4 in Figure 7) to Cu* and the

OH HO.
CU(MGCN)4BF4

N. MeCN / CHxCl,

N + \® 25°C/2h

OH HO HO©/ OH

2 2 [2,°Cul*BF,  BF4~

S

N 1) Cs,CO5 / DMF

N Ascorbic Acid

o©/ . 50°C/2d

[7+Cu]*PFs PFe~ 2) KPFg 6 6
Fig. 6: The template-directed synthesis of the [2]catenate [7-Cu]-BF,.
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Fig. 7:  The redox-controllable switching of the [2]catenate [7-Cu]".
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7.2 Catenanes and Rotaxanes Containing Transition Metals

macrocyclic components again circumrotate (steps 5 and 6 in Figure 7) through
each others’ cavities and the Cu* ion becomes tetracoordinated to two phenanthro-
line ligands.

The template-directed synthesis of a [2]rotaxane incorporating a phenanthroline
and a terpyridine recognition site in the dumbbell-shaped component and a phenan-
throline ligand in the macrocyclic component has been accomplished,** as shown
in Figure 8. Upon mixing equimolar amounts of Cu(MeCN),PF4 and the phenan-
throline-containing compounds 1 and 8, the complex [1:8-Cu]-PF¢ self-assembled
spontaneously. Treatment of [1:8-Cu]-PF¢ with the tetraarylmethane-based com-
pound 9 in the presence of Cs,CO; and ascorbic acid gave the [2]rotaxane
[10-Cu]-PF¢ in 40 % yield.

In this [2]rotaxane, the shuttling of the macrocycle component along the linear
portion of the dumbbell-shaped component can be reversibly controlled®**2! (Fig-
ure 9) by oxidation/reduction of the metal ion. The cyclic voltammogram of a dark
red solution of [10-Cu]-PF4 in MeCN shows a reversible redox wave at +0.68 V, cor-
responding to the oxidation/reduction of a Cu*/Cu®* ion tetracoordinated to two
phenanthroline ligands. After oxidative electrolysis, the Cu” ion is oxidized (step 1
in Figure 9) to Cu”* and the dark red solution turns light green. However, cyclic
voltammetry reveals the gradual disappearance of the redox wave at +0.68 V and the
concomitant growth of a redox wave at 0.3 V. This redox wave corresponds to the
oxidation/reduction of a pentacoordinated Cu*/Cu®" ion obtained after the shuttling
(step 2 in Figure 9) of the macrocyclic component along the linear portion of the

@
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0.1 M BuyNBF, 0<01<®
MeCN / 25°C O
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£
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CRE O & @@ ®
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{
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Fig.9: The redox-controllable switching of the [2]rotaxane [10-Cu]".
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dumbbell-shaped component. Upon reductive electrolysis, Cu®* is reduced (step 3
in Figure 9) to Cu* and the macrocyclic component shuttles® (step 4 in Figure 9)
back to afford a Cu™ ion tetracoordinated to two phenanthroline ligands.

7.3
Catenanes and Rotaxanes Containing ni-Electron-deficient and mt-Electron-rich
Recognition Sites

Over the last decade, noncovalent bonding interactions between appropriate m-elec-
tron-deficient and m-electron-rich recognition sites have been exploited in our
laboratories for the synthesis of catenanes and rotaxanes.”” In the example illu-
strated in Figure 10, the bis(hexafluorophosphate) salt 11-2PF¢ was treated®® with
trans-bis(pyridine)ethylene (12) in the presence of the previously formed macrocyclic
polyether bis-p-phenylene-34-crown-10 (13). The resulting [2]catenane 14-4PF¢ was
isolated in 43 % yield after counterion exchange.

This [2]catenane is composed of a m-electron-deficient tetracationic cyclophane
interlocked with a n-electron-rich macrocyclic polyether. In addition to a mechanical
bond, [rt---m] stacking interactions between the complementary aromatic units, [C-
H---O] hydrogen bonds between the a-bipyridinium hydrogen atoms and the poly-
ether oxygen atoms, and [C-H---m] interactions between the 1,4-dioxybenzene
hydrogen atoms and the p-phenylene spacers in the tetracationic cyclophane hold
the two macrocyclic components together and control their relative movements in
solution. As a result of the asymmetry of the tetracationic cyclophane, two transla-

IN@)—~@N- o—C)—o—S
éﬁ 2PF ! (_O 0‘3
{io 13 o_o)

112PFg O—O—O

N.\

.N 1) DMF/25°C/15d
12
2) NH4PFg / Ho0
o
(0]
N. .N y
O o
&O (0]
14+4PFg¢ 4PFg~

Fig. 10: The template-dlrected synthesis ofthe [2]catenane 14-4PF;.
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tional isomers are observed for 14-4PF;. One of the two translational isomers has
the bipyridinium unit incorporated inside the cavity of the macrocyclic polyether,
while the other has the trans-bis(pyridinium)ethylene unit inside. "H NMR spectro-
scopic investigation [(CDj3),CO, —60 °C] of 14-4PF, found®?? an isomer ratio of
92:8 in favor of the isomer with the bipyridinium unit ‘inside’ and the trans-bis(pyr-
idinium)ethylene unit ‘alongside’. In the major translational isomer, the circumrota-
tion of the tetracation cyclophane through the cavity of the macrocyclic polyether
can be controlled (Figure 11) electrochemically by reducing and then oxidizing the
bipyridinium unit. Indeed, monoelectronic reduction (step 1 in Figure 11) of the
‘inside’ bipyridinium unit is followed by circumrotation (step 2 in Figure 11) of the
tetracationic cyclophane through the cavity of the macrocyclic polyether. Oxidation
(step 3 in Figure 11) of the now ‘alongside’ bipyridinium unit is followed by circum-
rotation (step 4 in Figure 11) of the tetracationic cyclophane back through the cavity
of the macrocyclic polyether to afford the original translational isomer of 14-4PFg
once again.

A similar template-directed synthetic strategy was employed®” (Figure 12) to gen-
erate [2]catenanes incorporating a tetrathiafulvalene unit in their m-electron-rich
macrocyclic component. The bis(hexafluorophosphate) salt 15-2PF, was treated
with the dibromide 16 in the presence of a previously formed macrocyclic polyether
17 or 18. The resulting [2]catenanes 19-4PF¢ and 20-4PF¢ were isolated in yields of
43 and 23 %, respectively, after counterion exchange. X-ray crystallographic analysis
of 20.4PF revealed that the tetrathiafulvalene unit preferentially resides ‘inside’ the

144+ (—O—O—O O—O—O 1483+
(° S e
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N
DM@ —
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Fig. 11:  The redox-controllable switching of the [2]catenane 14*",
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Fig. 12: The template-directed syntheses of the [2]catenanes 19-4PFg and 20-4PFg.

cavity of the tetracationic cyclophane in the solid state. Consistent with this, the
absorption spectra of 19-4PF¢ and 20-4PF¢ in MeCN show a band at 850 nm, corre-
sponding to charge transfer interactions between the tetrathiafulvalene unit and the
sandwiching bipyridinium units.

In both [2]catenanes, the circumrotation of the macrocyclic polyether component
through the cavity of the tetracationic cyclophane can be reversibly controlled by oxi-
dizing and then reducing the tetrathiafulvalene unit. Upon addition of one equiva-
lent of Fe(ClOy)s, the tetrathiafulvalene unit is oxidized (step 1 in Figure 13) to its
radical monocation. As a result of electrostatic repulsion between this monocationic
unit and the sandwiching bipyridinium units, circumrotation (step 2 in Figure 13)
of the macrocyclic polyether through the cavity of the tetracationic cyclophane
occurs, and the charge transfer band centered on 850 nm in the absorption spectra
disappears. Upon addition of one equivalent of Na,S,0s and H,O, the tetrathiafulva-
lene unit is reduced (step 3 in Figure 13) back to its neutral state and the macrocyclic
polyether once again circumrotates (step 4 in Figure 13) through the cavity of the
tetracationic cyclophane, restoring the original state.

In both [2]catenanes, the circumrotation of the macrocyclic polyether component
through the cavity of the tetracationic cyclophane can also be reversibly controlled
by adding and then removing a ‘sequestering’ agent. In CD;CN, the equilibrium
between the two possible translational isomers of 19** and of 20** lies (step 1 in
Figure 14) in favor of the isomer possessing the tetrathiafulvalene unit ‘inside’ the
cavity of the tetracationic cyclophane. Indeed, the concentration of the minor isomer
— in which the tetrathiafulvalene unit is positioned ‘alongside’ the tetracationic
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cyclophane — is so low that this species cannot even be detected using 'H NMR spec-
troscopy. However, upon addition of two equivalents of o-chloroanil (21), the major
translational isomer is converted completely into the minor isomer which, in turn,
is complexed (step 2 of Figure 14) by 21 to form the 1:1 adducts [19:21]* and
[20:21]**. In these adducts, the tetrathiafulvalene unit is held ‘alongside’ the cavity
of the tetracationic cyclophane as a result of charge transfer interactions between
the tetrathiafulvalene unit and o-chloroanil. The overall process can be monitored
using '"H NMR spectroscopy, by following the chemical shift change associated with
the dioxyarene protons. For example, in the case of 19**, the protons of the ‘along-
side’ 1,4-dioxybenzene ring resonate at about & 6.5 in the 'H NMR spectrum
recorded in CD;CN at 25 °C. After the addition of 21, the circumrotation of the
macrocyclic polyether through the cavity of the tetracationic cyclophane moves the
1,4-dioxybenzene ‘inside’. As a result, the set of signals at about 8 6.5 for the protons
of the ‘alongside’ 1,4-dioxybenzene ring disappear and are replaced by a set of sig-
nals at about 0 3.5, associated with the protons of the ‘inside’ 1,4-dioxybenzene ring.
This remarkable chemical shift change is a result of shielding effects experienced by
the protons of the ‘inside’ 1,4-dioxybenzene ring and exerted by the sandwiching
bipyridinium units.

Porphyrin-containing [2]catenanes have been synthesized by Gunter et al.,*" fol-
lowing the template-directed synthetic strategy outlined in Figure 15. The bis(hexa-
fluorophosphate) salt 15-2PF4 was treated with the dibromide 16 in the presence of
the previously formed macrocyclic polyether 22 or 23. After counterion exchange,
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demetallation, and further counterion exchange, the resulting porphyrin-containing
[2]catenanes 24-4PF; and 25-4PF; were isolated in yields of 28 and 45 %, respec-
tively.

The 'H NMR spectra of 24-4PFg and 25-4PF,, recorded in (CD3),CO, show that
the dioxyarene protons experience pronounced shielding effects and give rise to sig-
nals that are shifted upfield relative to those observed in the case of the ‘free’ macro-
cyclic polyethers. These observations indicate that, in both instances, the dioxyarene
units reside inside the cavity of the tetracationic cyclophane. Similarly, one of the
two bipyridinium units is positioned inside the cavity of the macrocyclic polyether
and is engaged in [t---7] stacking interactions with the sandwiching dioxyarene and
porphyrin units. Upon addition of CF3CO,H to a (CDs),CO solution of 24** or 25*,
the porphyrin ring system is protonated®? (step 1 in Figure 16). As a result of elec-
trostatic repulsion between the dicationic porphyrin ring system and the ‘inside’
bipyridinium unit, circumrotation of the tetracationic cyclophane through the cavity
of the macrocyclic polyether occurs (step 2 in Figure 16) and the positively charged
‘inside’ bipyridinium is replaced by a neutral p-phenylene ring. Consistent with this,
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Fig. 16: The co-conformational change accompanying the
protonation of the [2]catenanes 24** and 25**.
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the 'TH NMR spectrum recorded after protonation, at —35 °C, shows two different
environments for the ‘inside’ and ‘alongside’ p-phenylene rings and the adjacent
methylene groups. The chemical shift differences between the ‘inside’ and ‘along-
side’ p-phenylene protons, for [24-H]®" and [25-H]*", respectively, are Ad —0.39 and
-0.50 ppm, and those for the ‘inside’ and ‘alongside’ methylene protons are Ad
-1.63 and -1.03 ppm.

Chemically and electrochemically controllable [2]rotaxanes that rely upon [r-- 7]
stacking interactions and [N-H---O] and/or [C-H:--O] hydrogen bonds between
complementary recognition sites have been synthesized.** In the example illu-
strated in Figure 17, the bis(hexafluorophosphate) salt 15-2PF¢ was treated®* with
the dibromide 16 in the presence of the m-electron-rich, dumbbell-shaped com-
pound 26 to afford the [2]rotaxane 27-4PFs in 19 % yield after counterion exchange.

The dumbbell-shaped component of this [2]rotaxane incorporates recognition
sites for benzidine and biphenol moieties. As a result, two translational isomers are
associated with the [2]rotaxane 27-4PFg in solution. At —44 °C, the "H NMR spec-
trum of a CD3;CN solution of 27-4PF, shows distinct signals for the two transla-
tional isomers, in a ratio of 84:16 in favor of the isomer incorporating the benzidine
unit inside the cavity of the tetracationic cyclophane. The presence, in solution, of
two translational isomers was also found by absorption spectroscopy. Indeed, the
absorption spectrum of a solution of 27-4PF4 in MeCN shows two bands centered
on 490 and 690 nm. These arise from charge transfer interactions between the bipyr-
idinium units of the tetracationic cyclophane and the biphenol and benzidine units,
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Fig. 17: The template-directed syntheses of the [2]rotaxane 27-4PF;.
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respectively, of the dumbbell-shaped component. Upon addition of an excess of
CF3CO;H, the benzidine unit is protonated (step 1 in Figure 18). As a result of elec-
trostatic repulsion, the tetracationic cyclophane shuttles (step 2 in Figure 18) away
from this newly formed dicationic unit, and the band centered on 690 nm disap-
pears. Upon addition of CsHsN, deprotonation occurs (step 3 in Figure 18) and the
tetracationic cyclophane shuttles back (step 4 in Figure 18) to encircle the neutral
benzidine unit.

The shuttling of the tetracationic cyclophane along the linear portion of the
dumbbell-shaped component can also be reversibly controlled by electrochemical
oxidation and then reduction of the benzidine unit. The electrochemical oxidation of
the benzidine unit to a radical monocation (step 1 in Figure 19) is followed by the
shuttling (step 2 in Figure 19) of the tetracationic cyclophane, which moves from
the newly formed monocationic unit to the neutral biphenol ring system. The elec-
trochemical reduction of the radical monocation to its neutral state (step 3 in Figure
19) is accompanied by the shuttling (step 4 in Figure 19) of the tetracationic cyclo-
phane back to encircle the benzidine unit.

A [2]rotaxane containing a 2,6-dioxyanthracene moiety has also been prepared
(Figure 20) by employing the usual template-directed approach. Treatment of the
bis(hexafluorophosphate) salt 15-2PF¢ with the dibromide 16 in the presence of the
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2,6-dioxyanthracene-containing, dumbbell-shaped compound 28 afforded the
[2]rotaxane 29-4PFg, in a yield of 17 %, after counterion exchange.

The "H NMR spectrum of the [2]rotaxane 29-4PF, in (CDs3),CO showed that the
tetracationic cyclophane component resides exclusively around the 2,6-dioxyanthra-
cene ring system. Indeed, the singlet associated with the 9,10-protons of the 2,6-
dioxyanthracene ring system is shifted by Ad —3.86 ppm upon rotaxane formation.
This remarkable chemical shift change is a result of shielding effects exerted by the
sandwiching bipyridinium units. In contrast, the protons on the two equivalent 1,4-
dioxybenzene rings are unaffected by the presence of the tetracationic cyclophane.
Upon electrochemical oxidation of the 2,6-dioxyanthracene ring system, a positive
charge is generated (step 1 in Figure 21) on this unit. As a result of electrostatic
repulsion, the tetracationic cyclophane shuttles (step 2 in Figure 21) to encircle one
of the two 1,4-dioxybenzene rings.

[2]Rotaxanes incorporating dialkylammonium recognition sites have been synthe-
sized,’® as illustrated in Figure 22. Treatment of the bis(hexafluorophosphate) salts
[30-H]-2PF¢ and [31-H]-2PF4 with the benzylic bromide 32 in the presence of
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Fig. 21: The co-conformational change accompanying the oxidation of the [2]rotaxane 29**.
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dibenzo[24]crown-8 (33) gave the [2]rotaxanes [34-H]-3PFs and [35-H]-3PF,,
respectively, in yields of 38 and 30 % after counterion exchange.

In both [2]rotaxanes, the macrocyclic polyether is positioned around the dialkyl-
ammonium recognition site as a result of a combination of ['N-H---O] and
[C-H---O] hydrogen bonds between the polyether oxygen atoms and the ["NH,] and
[CH,] dialkylammonium hydrogen atoms, respectively. However, upon addition of
2.4 equivalents of i-Pr,NEt to an Me,CO solution of either [34-H]** or [35-H]*",
deprotonation of the dialkylammonium recognition site occurs (step 1 in Figure 23)
and the intercomponent hydrogen bonds are destroyed. As a result, the macrocyclic
polyether shuttles (step 2 in Figure 23) to encircle the bipyridinium recognition site.
Upon addition of 3.2 equivalents of CF3CO,H, protonation restores the dialkylam-
monium recognition site (step 3 in Figure 23) and the macrocyclic polyether shuttles
(step 34 in Figure 23) back from the bipyridinium to the dialkylammonium recogni-
tion site.

7.4
Rotaxanes Containing Cyclodextrins

The ability of cyclodextrins to bind organic guests with rotaxane-like geometries in
aqueous solution has been exploited®”! for the self-assembly of rotaxanes. In the
example illustrated in Figure 24, the synthesis®® of a cyclodextrin-containing
[2]rotaxane incorporating a photoactive azobenzene unit is illustrated. The bis(per-
chlorate) salt 36-2Cl0O, was treated with 37 in the presence of a-cyclodextrin (38) to
afford the [2]rotaxane 39-4ClO,, in 30 % yield after counterion exchange.

2C|O4_ N_@_O
@@
. ! +
N@)—~@N—(CHo), or: N @)~ @N
OO0 w0,
s
M -
NO> HO
1) H,0/25°C / 2 d
OZN—@—F HO o 38
2) NaCIO4 / Hgo 6
37
NO.
Joemsce 2
Y N= \ + +
0@ @)~@i—crt I O OO
4CI0, 3904CIO,

Fig. 24: The template-directed syntheses of the [2]rotaxane 39-4ClO,.
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In this [2]rotaxane, the cyclodextrin component preferentially encircles the trans-
azobiphenoxy unit. However, upon irradiation (A= 360 nm) of an aqueous solution
of 39**, isomerization of the azobiphenoxy unit from the trans to the cis form occurs
(step 1 in Figure 25). As a result, the cyclodextrin component shuttles (step 2 in
Figure 25) to encircle the bismethylene spacer bridging the cis-azobiphenoxy unit
and one of the two bipyridinium units. Upon further irradiation (A= 430 nm), the
isomerization of the azobiphenoxy unit back from the cis to the trans form takes
place (step 3 in Figure 25) and is followed (step 4 in Figure 25) by the shuttling of
the cyclodextrin component back to the trans-azobiphenoxy unit. The light-con-
trolled switching of this [2]rotaxane can be followed by circular dichroism measure-
ments. Before irradiation, a positive circular dichroism induced band (A= 360 nm),
corresponding to the m-7* transition associated with the azobiphenoxy unit, is
observed. After irradiation (A= 360 nm), the intensity of this band decreases, but it
is restored after irradiation at a longer wavelength (A= 430 nm). Since the sign of a
T-7* transition associated with a guest encircled by an a-cyclodextrin is positive, the
observed results indicate that the azobiphenoxy unit is initially inserted inside the
cyclodextrin cavity and that it is expelled after irradiation at a wavelength of 360 nm.
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7.5

Molecule-based Logic Gates

It is possible to perform logic operations!'**! at the supramolecular level by employ-
ing appropriate molecular components in [2]pseudorotaxanes. In particular, macro-
cyclic hosts capable of reversibly binding to linear guests under the influence of che-
mical, electrochemical, and/or photochemical stimuli can be used to generate mole-
cule-based logic gates with one or more input signals and one output signal. Figure
26 shows an exclusive OR (XOR) gate based*”! on a [2]pseudorotaxane and the corre-
sponding truth table.

This logic gate can be controlled by consecutive additions of CF3;SO;H and n-
Bu;N — the two input signals — and its state can be read by monitoring the fluores-
cence associated with the 2,3-dioxynaphthalene ring systems — the output signal. In
its free form, the macrocyclic polyether 40 shows a fluorescence band at 343 nm.
This is quenched upon complexation (step 1 in Figure 26) with the diazapyrenium-
based compound 41°* to form the nonemitting [2]pseudorotaxane [40-41]**. Upon
addition of CF3SO3H (step 2A in Figure 26), the [2]pseudorotaxane [40-41]** dissoci-
ates as a result of the formation of the fluorescent complex [40-H]". Upon addition
of n-BusN (step 3A in Figure 26), the complex [40-H]" dissociates and the nonemit-
ting [2]pseudorotaxane [40-41]** is reformed. Similarly, the addition of n-BusN (step
2B in Figure 26) to a solution of the [2]pseudorotaxane [40-41]*" induces its dissocia-
tion as the charge-transfer complex [40-2n-BusN]** is formed. This process is
accompanied by the release of the fluorescent macrocyclic polyether 40. However,
upon addition of CF3;SO;H (step 3B in Figure 26), the charge-transfer complex
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Fig.26: The acid/base—controllable XOR gate based on the [2]pseudorotaxane [40-41]*".
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[40-2n-BusN]** is destroyed and the nonemitting [2]pseudorotaxane [40-41]*" is
reformed.

An electrochemically-controllable exclusive NOR (XNOR) logic gate has been
demonstrated,*" using a [2]pseudorotaxane composed of a tetrathiafulvalene-based
guest and a bipyridinium-based host. This logic gate can be controlled by oxidizing
and then reducing the tetrathiafulvalene unit or the bipyridinium recognition sites —
the two input signals — and its state can be read by monitoring the charge-transfer
band associated with the [2]pseudorotaxane — the output signal. Upon mixing equi-
molar amounts of the guest 42 and the host 43**, the [2]pseudorotaxane [42-43]*
self-assembles (step 1 in Figure 27) spontaneously and a charge-transfer band asso-
ciated with the [r---7] stacking interactions between the tetrathiafulvalene and the
bipyridinium units appears in the visible region. The electrochemical oxidation
(step 2A in Figure 27) of the tetrathiafulvalene unit generates a positive charge on
the guest, which is expelled (step 3A in Figure 27) from the cavity of the tetracationic
host. The decomplexation is accompanied by the disappearance of the charge-trans-
fer band. It is restored, however, after the electrochemical reduction (step 4A in Fig-
ure 27) of the guest back to its neutral state 42 and the reformation of the [2]pseudor-
otaxane [42-43]*". Similarly, the charge-transfer band associated with [42-43]*" dis-
appears after the electrochemical reduction (step 2B in Figure 27) of the
bipyridinium units of the host, which causes decomplexation (step 3B in Figure 27).
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Fig. 27: The redox-controllable XNOR gate based on the [2]pseudorotaxane [42-43]*".
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Upon electrochemical oxidation (step 4B in Figure 27) of the host, the dicationic
bipyridinium units are restored and the green-colored [2]pseudorotaxane [42-43]* is
reformed.

Bipyridinium-containing catenanes and rotaxanes form!*? stable monolayers at
air/water interfaces. In particular, amphiphilic rotaxanes, composed of 1,4-dioxyben-
zene-based macrocyclic polyethers encircling triply branched bipyridinium-based
compounds, self-organize*?® into monolayers which can be transferred onto solid
supports. These observations suggested**! the possibility of fabricating devices com-
posed of a monolayer of amphiphilic rotaxanes sandwiched between two electrodes.
Appropriate rotaxanes were self-assembled (Figure 28) by slippage on heating a
THEF solution of the dumbbell-shaped compound 44-4PF; with 19 equivalents of
bis-p-phenylene-34-crown-10 (13) at 55 °C for 10 d. The resulting [2]rotaxane 45-4PF¢
and [3]rotaxane 46 - 4PF¢ were isolated in yields of 14 and 52 %, respectively.

The dumbbell-shaped compound and the two rotaxanes were dissolved separately
in THF and the solutions were deposited individually at the air/water interface of a
Langmuir trough. After evaporation of the solvent, the molecules were compressed
into a close-packed monolayer. The corresponding surface pressure/area per mole-
cule isotherms indicated that, in all three monolayers, the molecules adopt a V-
shaped conformation, with the hydroxymethyl group pointing towards, and the
tetraarylmethane-based stoppers away from, the water. By employing the Lang-
muir-Blodgett technique, monolayers of the dumbbell-shaped compound and of

e 4PFg” 4PFg 4PFg
© o’» < o’» 6 S 0'7
0’8 0’8

o
ol
o~ o~ @7
N
? }:{ O‘\O'\ 5:{ © Q7
+
V% * ¢
N2 'y
13 (e} o] 0
OH }9_\0,4 + /\OOH
% <0

~6
+\_%_\ + §° +\'§%_3:2
+ THF /55°C /10 d + +%
LY e 2:{ 0J

O\ J
oL
& & 0
OSJ 08‘) OSJ
o @ O§0 @) (&
OR0) OR0, OR0
44+4PF¢ 45°4PFg 46°4PFg

Fig. 28: The template-directed syntheses of the [2]rotaxane 45 - 4PF and of the [3]rotaxane 46 - 4PF.
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the two rotaxanes were transferred onto a pattern of parallel aligned Al/Al,O; wires
supported by an SiO,/Si substrate. These wires had been deposited previously on
the SiO,/Si substrate using lithographic techniques, and each of them had a width
of 6000 nm. A second set of wires perpendicular to this first one was evaporated
onto the monolayer through a contact shadow mask, using an electron beam deposi-
tion technique. These wires were composed of a layer of Ti (5 nm) and one of Al
(100 nm) and had a width of 11,000 nm. A portion of the resulting device is illu-
strated in Figure 29. Here, an Al/Ti wire overlays six Al/Al,O; wires, forming a lin-
ear array of six junctions. A section of one of these junctions is also illustrated in
Figure 29 and shows a monolayer of V-shaped [2]rotaxane molecules sandwiched
between the two perpendicular wires. When the voltage, applied to the Al/Al,O;
wire of one of the junctions, was gradually reduced to -2 V, electrons passed from
this wire to the overlying Al/Ti wire through the monolayer of [2]rotaxane mole-
cules. Concomitantly, the current intensity, measured on the Al/Ti wire, increased
sharply up to about 0.7 nA. When the voltage applied to the Al/Al,O; wire was
increased to +0.7 V, irreversible oxidation of the [2]rotaxane molecules occurred and,
when the voltage was reduced again to -2 V, the current intensity was approximately
20 % of its original value. Thus, each of these junctions behaves as a switch that can
be closed irreversibly by applying a positive voltage to one of its two terminals. It
should be stressed that essentially the same switching phenomenon was observed
in devices constructed using the dumbbell-shaped compound 44-4PF, and the
[3]rotaxane 46-4PF;, as described above for the [2]rotaxane 45-4PF,. By intercon-
necting some of these irreversible switches appropriately, logic gates can be gener-
ated. Indeed, both AND and OR logic gates have been constructed using a linear
array of junctions similar to the one shown in Figure 29.
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.V..V..;..\/..\/.

Fig. 29: Top view of a linear array of six devices and a section of
a single junction containing a monolayer of [2]rotaxanes.



7.6 Electronically Reconfigurable Molecular Devices

7.6
Electronically Reconfigurable Molecular Devices

The dimiristoylphosphatidyl salts of the switchable [2]catenanes 19** and 20** form
stable monolayers at the air/water interface."***) The monolayers can be transferred
on Au(111) and can be studied by scanning tunneling spectroscopy.*** The current-
voltage behavior of the resulting materials is dictated by the redox state of the tetra-
thiafulvalene unit and by the co-conformation of the [2]catenane. Virtually no cur-
rent is detected between —0.5 and 0.0 V when the tetrathiafulvalene unit is initially
in its neutral state and located inside the cavity of the tetracationic cyclophane. Rela-
tively high tunneling currents are obtained instead when the tetrathiafulvalene unit
is initially in its oxidized state and located alongside the cavity of the tetracationic
cyclophane.

These findings suggested the design of electronically reconfigurable molecular
devices.**®! By employing the Langmuir-Blodgett technique, monolayers of the
dimiristoylphosphatidyl salt of the [2]catenane 20** were transferred onto a pattern
of parallel aligned SiO,/Si wires supported by a SiO,/Si substrate. These wires had
been deposited previously on the substrate by direct chemical vapor deposition and
each of them had a width of 7 um. A second set of wires perpendicular to the first
was evaporated on the monolayer through a contact shadow mask, using an electron
beam deposition technique. These wires were composed of a layer of Ti (5 nm) and
one of Al (100 nm) and had a width of 10 um. A portion of the resulting device is
illustrated in Figure 30. Here, an Al/Ti wire overlays six SiO,/Si wires, forming a
linear array of six junctions. A section of one of these junctions is also illustrated in
Figure 30 and shows the two perpendicular wires sandwiching a film of dimiristoyl-
phosphatidyl anions laying on a monolayer of switchable [2]catenanes. The reversi-
ble switching between the two states of the [2]catenanes is achieved by alternating

Al

I

RN

SiO,

SiO, / Si Substrate

Fig. 30: Top view of a linear array of six devices and a section of
a single junction containing a monolayer of catenanes anchored
with amphiphilic counterions.
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voltage pulses of +2 and -2 V. In between the switching pulses, the resistance of the
device is measured maintaining the voltage at +0.1 V. An average change of 5 x
10® Q was observed over ten consecutive switching cycles. This electronically recon-
figurable device is a unique example of bistable molecule-based switch that can be
operated under ambient conditions and might be useful for the generation of ran-
dom access memories.

7.7
Conclusions

Catenanes and rotaxanes can be prepared efficiently, relying upon template-directed
synthetic approaches. The ability of transition metals such as Cu” to coordinate phe-
nanthroline ligands with tetrahedral geometry has been employed successfully to
synthesize interlocked molecules in remarkably high yields. Similarly, a combina-
tion of noncovalent bonds — such as [n---xt], [C-H:--O], and [C-H- - -] interactions —
has been exploited to self-assemble catenanes and rotaxanes incorporating m-elec-
tron-rich and m-electron-deficient components. The complexation of organic guests
by cyclodextrin hosts has also been employed to template the formation of cyclodex-
trin-containing rotaxanes. These template-directed synthetic procedures have per-
mitted the introduction of chemically, electrochemically, and/or photochemically
active units into these interlocked molecules. By employing chemical, electrochemi-
cal, and/or photochemical stimuli, the relative movements of the interlocked com-
ponents of these catenanes and rotaxanes can be controlled externally and reversibly.
As a result, these molecular systems can be switched reversibly between two states
(State 0 and State 1) in a manner reminiscent of conventional transistors. Impor-
tantly, the dimensions of these switchable catenanes and rotaxanes are approxi-
mately two orders of magnitude smaller than those of commercially available tran-
sistors. Thus, their incorporation into appropriate devices could pave the way for the
fabrication of a new generation of nanometer scale electronic circuits.
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8
Metallo-Rotaxanes and Catenanes as Redox Switches:
Towards Molecular Machines and Motors

Jean-Paul Collin, Jean-Marc Kern, Laurence Raehm, and Jean-Pierre Sauvage

8.1
Introduction

8.1.1
Generalities Regarding Machines and Motors

Although controlled molecular motions have been known for many years, existing
in a very large variety of compounds ranging from purely organic structures to inor-
ganic complexes, the field of ,molecular machines and motors“ is just emerging.
Today, molecular chemists are consciously designing and constructing molecular
ensembles that will undergo some particular form of motion under the influence of
an external physical or chemical signal.

Molecules possessing shapes that can be modified from the outside by sending
some form of signal to the system are, of course, numerous. However, “molecular
machines” tends to refer to large-amplitude motions resulting in real translocation of
some parts of the compound, reversibility being an essential feature of the system.

In order for an object to be regarded as a motor, several basic requirements have
to be fulfilled. Even without trying to apply a strict thermodynamic definition, the
system will have to convert a certain type of energy into another form of energy,
while undergoing some kind of continuous motion.

8.1.2
Proteins Undergoing Folding—Defolding Processes

Both natural and synthetic proteins have been shown to undergo large conforma-
tional changes under the action of a variety of signals; a recent issue of Accounts of
Chemical Research has been devoted to ,Protein Folding“."! Cytochrome ¢ (cyt c)
has been used in many studies,””™® because of its simplicity and due to the fact that
its three-dimensional structure is known.” Another important advantage of cyt ¢
lies in the reversible nature of the folding-defolding processes.

Particularly relevant to this chapter is work done on protein folding triggered by
electron transfer. This electron transfer step can be either electrochemical® or
photochemical using such means as Ru(bipy)3* in its *MLCL excited state as an elec-
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e
Fe(lll) cyt ¢ (folded) —— Fe(ll) cyt c (folded)

|

Fe(lll) cyt ¢ (unfolded) <—e Fe(ll) cyt ¢ (unfolded)
Fig. 1: Simplified view of the redox-triggered folding-defolding process in cyt c.

tron donor (bipy = 2,2"-bipyridine ; MLCT = metal-to-ligand charge transfer). The
main advantage of the photochemical method is that it allows fast reduction of the
heme iron(111) state of cyt c.®

The following square scheme (Figure 1) gives a simplified view of the redox-trig-
gered folding—defolding process:™

Addition of increasing concentrations of guanidinium chloride favors the
unfolded form of ferri cyt ¢ (Fe(111)), due to binding to the iron center by chloride.

The conformational changes seen in cyt c are based on principles very similar to
those operating in the metallo-rotaxanes and catenanes discussed in this paper. To a
large extent, the geometry of the enzyme is determined by the coordination of var-
ious ligands to the iron center of the heme, and modification of the redox state of
the metal (Fe(111)/Fe(11)) will induce rearrangement through ligation changes.

Reversible chemical oxidation reactions have also been used to control and mod-
ulate the conformation of polypeptide chains.'” By converting methionine to its
sulfoxide, Gellman and co-workers were able to control the secondary structure of
an 18-residue peptide. The side chain of a methionine residue (containing a
CH,CH,SCHj; fragment) is hydrophobic and favors a-helical folding. Oxidation to
the methionine sulfoxide state results in a preference for a -strand situation.

8.1.3
Biological Molecular Motors

Molecular motors of various kinds are very common in biology.""! Roughly, biological
motors can be classified into two families: linear and rotary motors. The most classical
examples of linear motors are the myosin-actin complex!">"*! present in muscles and
the kinesin-containing system.''”) Rotary motors have recently attracted much atten-
tion since the extremely common enzyme ATP synthase!'®? has been shown to behave
in a fashion reminiscent of a rotary motor. A ,shaft“ (y protein) rotates inside a hollow
stator (o33 aggregate of six proteins, Figure 2), this spinning motion inducing forma-
tion of ATP from ADP and inorganic phosphate (3 moles per round).

Another example of a rotary motor is that of bacterial flagella,”® which are
responsible for bacterial motility.

Very generally, the creation of molecules that, under the action of an external sig-
nal, can change their shape or position in space, or in which certain components
can be set into motion at will is a challenging target, both in relation to natural sys-
tems mimics, but also as components of long-term potential information storage or
processing devices.
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Fig. 2: A schematic represen-
tation of ATP synthase, a biologi-
cal rotary motor, y (and c) are
Stator mobile whereas the aggregate
a3f3 is fixed to the membrane
and constitutes the stator of the

motor.
Rotor
Membrane

(©

ﬂ@ n
(d) ©

U= \V
Fig.3: Interlocking rings and threaded of twisting the axle on the left clockwise is
systems can be considered as elemental work- followed by the effect of rotating the right hand
ing components of future molecular machines. axle, due to the mechanical action of one ring
(a) A prototype molecular ,ball and socket* on the other. (c) A wheel and axle in action.

joint. (b) A crude ,universal joint“: the action (d) Lateral movement of a ring on an axle.
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Compounds containing interlocking rings (catenanes) or rings threaded on an
acyclic fragment are ideal precursors to molecular machines®*2% and motors. The
interlocking and threaded topologies provide the working components of the
machines and motors to be elaborated, as represented schematically in Figure 3.

814
Previously Described Synthetic Systems based on Purely Organic Components

Photochemistry offers many examples of large-scale movement at the molecular
level. The cis—trans isomerization'*’~** of an azo group is a very attractive process for
modification of the geometry and the properties of compounds, although several
other photochemical reactions can be utilized,***”) including the photoisomeriza-
tion of stilbene-like compounds.

A chemical signal can also be used, as in the recently described ,molecular
brake“.*®! In this case, rather than its shape, it is more the motion dynamic proper-
ties of the compound (rotation of a group about a C—C bond) that are modified, by
addition of a transition metal.

Stoddart’s group has recently created a new and vast family of interlocking and
threaded compounds constructed on acceptor-donor aromatic complexes.*” This
remarkable synthetic work has been sustained by very elegant photochemical and
electrochemical studies carried out, respectively, by the groups of Balzani***! and
Kaifer.*¥ These have demonstrated that molecular movements can be induced in
such systems, either by irradiating the compounds with visible light in the presence
of other additional reagents, or by using electrochemical reactions. A few recent
examples of molecules undergoing large-amplitude photochemically or electroche-
mically driven conformational changes are indicated in Figure 4.

8.1.5
Motion in Transition Metal-based Molecules

Inorganic systems featuring linkage isomerism induced by changing the oxidation
state of a metal are also known.[*>=% For instance, a sulfoxide is O-bonded to ruthe-
nium(111) in its stable form (Ru-OSR,). On reduction of the metal to the divalent
state, the initially obtained O-bonded species rearranges to afford the stable S-

Fig. 4. A few examples of machine-like com- (b) Hopping of an iron center between two
pounds, able to undergo drastic geometrical ligands of the 2,2"-bipyridine type. After
changes under the action of an external signal. oxidation to Fe(i11), the metal center moves

In some cases, this shape modification to the anionic site (left).?”!

induces new properties and is followed by a (c) A switchable rotaxane based on acceptor-
subsequent reaction. donor complexes.[**! Before oxidation

(a) Photoresponsive crown ether®!whose (bottom), the electron acceptor (ring) interacts
ammonium group can complex the coordination preferentially with the benzidine nucleus

site (,tail-biting") in the cis form, thus partly (donor). After electrochemical oxidation of the
masking the ability of the crown to bind and latter, the ring is shifted towards the biphenol
extract alkali cations. As expected, the trans group. The process is reversible.

isomer has much better complexation power.
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bonded complex [Ru-S(O)R,]. In an elegant study, Taube and Sano have shown that
this principle can result in molecular hysteresis.”*°! Another pertinent example of
redox-induced movement is based on a multifunctional system incorporating sets of
ligands forming two distinct coordination sites, adapted to either Fe(ir) or
Fe(111).*7%8] On changing the iron oxidation state, translocation of the metal is
observed (Figure 4b). Another interesting example is that of anion translocation,
as recently reported by Fabbrizzi et al.®” In a heterometallic trinuclear com-
pound consisting of two nickel(11) cyclam-like fragments covalently attached to a
central copper(11) bipy complex (bipy = 2,2’-bipyridine), the anion (N3, SCN™, or
OCN") is preferably bound to the copper center. Electrochemical oxidation of
nickel(11) to nickel(111) triggers motion of the anion, which jumps from the central
copper onto one of the peripheral nickel(111) centers.

8.2
Rotaxanes Containing Transition Metals: From Electronic to Molecular Motion

8.2.1
Photoinduced Intramolecular Electron Transfer Within Porphyrinic Rotaxanes

Rotaxanes can be defined as molecular systems consisting of a “string” threaded
through one or more rings, the two ends of the string bearing bulky groups acting
as stoppers and preventing the molecular string from unthreading./*”

In making rotaxanes usable as parts of molecular devices and with the purpose of
studying long range electron transfer processes within large molecular systems of well
controlled geometries, the introduction of photoactive and electroactive compounds has
been a valuable development. Photoinduced electron transfer between porphyrin spe-
cies has a particular relevance to the primary events occurring in bacterial photosyn-
thetic reaction center complexes, and so is a well studied phenomenon.

Molecular systems in which two porphyrins are held apart by a covalently linked
spacer function give rise to bis-porphyrins with flexible or constrained geometries.
Rotaxane architectures incorporating similar or dissimilar porphyrins as stoppers
have been widely developed in our group, with the goal of building such systems
capable of allowing modulation of electron transfer.

With the aim of mimicking structurally®® and functionally the association of cofac-
tors SP / BPh (SP is a bacteriochlorophyll dimer called ‘Special Pair’ and BPh is a bacter-
iopheophytin) in the reaction center®*®"! of the bacterium Rhodopseudomonas viridis,
bis-porphyrin 1 was synthesized®*®? (Figure 5). Compound 1 is composed of zinc (11)
and gold (111) mesotetraaryl porphyrins, separated by the rigid 2,9-diphenyl-1,10-
phenanthroline (dpp) spacer. Zn (11) porphyrin is a powerful reductant in its sing-
let excited state (E°(Zn(11)P** / *Zn(11)P) = —1.44 V), while the ground state of
the Au (111) porphyrin is easily reduced (E°(Au(111)P* / Au(111)P®) = —0.59 V).

Specifically, light excitation of SP leads to very fast electron transfer to BPh,
within 3 ps. In bis-porphyrin 1, the electron donor (the zinc porphyrin) is in its sing-
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Fig. 5: a) A synthetic model 1 of the natural system. SP and
BPh are mimicked by a zinc(i1) and a gold(i11) porphyrin,
respectively, bridged by a dpp spacer. b) Complex Cu(1)3

let excited state, and the electron acceptor (the gold porphyrin) in its ground state.
The latter is also a very poor energy acceptor. Accordingly, photoinduced intramole-
cular electron transfer was shown to occur,”” and to take place in 55 ps.

The dpp core is a good ligand for Cu(1), and it was possible to prepare the corre-
sponding Cu(1); complex.”” In this complex, the two porphyrin-bearing ligands are
entwined around the metal center. For this type of complex, NMR and crystallo-
graphic studies clearly showed that the dpp core of one coordinating subunit was
inside the cleft formed by the other bis-porphyrin dpp ligand. Here, again, electron
transfer occurs between the zinc and the gold porphyrin, but its rate increases dra-
matically (17 times faster). Moreover, the rate found (3 ps) is close to that observed
in the natural system!

In order to explain this increase in electron transfer rate and to elucidate which
pathway was followed (intraligand or interligand), a rotaxane structure was elabo-
rated”"”?! (Figure 6). Here, the principle of construction of the architecture was
again based on the 3-dimensional template effect of copper (1).

The homoleptic Cu(1); complex and the bis-porphyrinic rotaxane 2* both incorpo-
rate the same coordinating core: Cu(dpp);. In the rotaxane, one of the coordinating
moieties (dpp) is incorporated in a macrocycle, which plays the role of a wheel. The
second coordinating core is incorporated in the molecular thread — the axle of the
rotaxane — the two ends of which bear the gold and the zinc porphyrin, respectively.

Figure 7 illustrates the principle of the construction of this [2]-rotaxane, which
bears two different porphyrin stoppers.
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Fig. 6: Cu(1)-complexed [2]-rotaxane 2 and demetallated [2]-
rotaxane 3, bearing metalloporphyrins as stoppers.

This copper rotaxane could be demetallated, producing the free rotaxane 3 (Figure 6).
As observed in some other cases, the demetallation reaction was accompanied by a pir-
ouetting of the macrocycle, moving its dpp chelate outside the cleft formed by the por-
phyrin stoppers.l”*”* In fact, free rotaxane 3 and bis-porphyrin thread 1 differ mainly in
the fact that, in 3, ligand 1 is mechanically incarcerated in macrocycle 4.

The rates of photoinduced electron transfer between the zinc porphyrin and the
gold(111) porphyrin are 1.7 ps for the Cu(r)-complexed [2]-rotaxane, and 36 ps for

ook

A B y c

9
A

Fig. 7:  Principle of transition metal-templated end-blocked by a porphyrin at one extremity
construction of a [2]-rotaxane with two different  and functionalized with a reactive group X,
porphyrin stoppers. The white diamond is a which is a precursor to the second porphyrin
zinc porphyrin, and the hatched diamond is a stopper, affording prerotaxane C; (ii) construc-
gold porphyrin. The black disk is Cu(1). tion of the second porphyrin, resulting in

(i) Macrocycle A is threaded onto chelate B, metal-complexed [2]-rotaxane D.
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B ) Q(D

2 3

Fig. 8: Schematic representation of the electron transfer
events occurring in copper(1)-complexed and template-free
[2]-rotaxanes 2 and 3 (same conventions as in Figure 7).

the free [2]-rotaxane!”>~""! (Figure 8). Therefore, what had initially been observed
in the case of the homoleptic complex Cu(1); was corroborated by the Cu(1)-
complexed [2]-rotaxane, suggesting that, in the former molecule, electron transfer
can take place between porphyrins of the same ligand. The rate obtained for the
free [2]-rotaxane was consistent with that found for the bis-porphyrin conjugate 1
(the difference arising from a slightly more exergonic process in the case of the
[2]-rotaxane).

The increase in the rate of electron transfer arising from coordination of Cu(1) to
the dpp bridging chelate was interpreted in terms of the superexchange effect.”%°!
If it is assumed that the electron transfer is a through-bond process, then coordina-
tion of Cu(r) to the dpp spacer reduces the energy of the LUMO of this bridge
and therefore increases the electronic coupling between the excited state of the
zinc porphyrin and the ground state of the gold porphyrin electron acceptor.””)

This work was carried out in the context of a study of models of photosynthesis.
Rotaxanes revealed themselves to be particularly interesting systems, in which it is
possible to modulate the magnitude of electronic coupling between the photoactive
porphyrin stoppers.

8.2.2
Lateral Translation of a Ring on the Molecular String on which it is Threaded:
Electrochemically-driven Motion

The synthetic strategy developed in our group for making rotaxanes relies on the
ability of copper(1) to attract two constituent organic fragments (a ring incorporating
a bidentate chelate and an open chain component) together, and to force the string
to thread through the ring. This threading step is generally quantitative, provided
that the stoichiometry of the reaction is carefully respected, thanks to the selective
formation of very stable, tetrahedral copper(1) complexes (Figure 9(a)). It can be
extended to strings containing two identical coordination sites, thus permitting
the threading of two identical rings (Figure 9 (b))."¥2! It can also be generalized
to molecular strings containing two different sites, such as bidentate and terdentate
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Fig. 9 (a) and (b): Copper(i)-induced threading (@) The acyclic fragment 5 is a simple phenan-

of one or two rings onto a molecular string. throline derivative. This threading process has
Compound 4 is a 30-membered ring, contain- been used in our group since the early 1980s to
ing a bidentate ligand. make catenanes %!

(b) The string 7 now incorporates two identical
bidentate units; as in (a), the process is quanti-
tative.(8?
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9 10"

Fig. 9 (c): A slightly more complex case: the (2,2,6”,2"-terpyridine). With copper(l) as gath-
acyclic component contains both a bidentate ering metal, exclusive formation of the 4-coor-
ligand and a terdentate coordinating unit dinate complex 10" is observed.

coordinating units (Figure 9 (c)). In this case, again because of the very strong
preference of copper(1) for tetracoordinate complexes (tetrahedral or distorted
tetrahedral), the threading process will be very selective and result in a situation
in which the ring is exclusively associated with the bidentate chelate fragment of
the string, through its coordination to copper(1), as indicated in Figure 9(c).[**!

It is, of course, this last compound that will be prompted to undergo motion on
changing the redox state. This particular system, and all the other ,molecular
machines“ elaborated and studied in our group, function on the same principle. Of
the first row transition metal ions, copper displays unusual features regarding the
geometrical properties of its complexes. The stereoelectronic requirements of cop-
per(1) and copper(11r) are markedly different, and this characteristic provides the
driving force for setting our systems into motion. Whereas a coordination number
(CN) of 4, usually with a roughly tetrahedral arrangement of ligands, suits stable,
monovalent systems, copper(ir) requires higher coordination numbers. The most
commonly encountered copper(11) complexes have CNs of 5 (square pyramidal
or trigonal bipyramidal geometries) or 6 (octahedral arrangement, with Jahn-
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Fig. 10:  Principle behind electrochemically copper(i1) complex. Upon reduction, the five-
induced molecular motion in a copper(1) coordinate, monovalent state is formed as a
complex pseudorotaxane. The stable, four- transient species. Finally, this undergoes the
coordinate, monovalent complex is oxidized reorganization process that regenerates the
to an intermediate tetrahedral, divalent starting complex (the black circle represents
species. This compound undergoes a rearran- Cu' and the white circle represents Cu").

gement to afford the stable, five-coordinate

Teller distortion). Thus, by switching alternatively from copper(1) to copper(11), it
should be possible to induce changes in the molecule so as to afford a coordina-
tion environment favorable to the corresponding oxidation state. The principle is
illustrated in Figure 10,%3 using the threaded system of Figure 9, (c).

Of course, if the acyclic molecular fragment that threads the ring does not bear
blocking groups at its ends, unthreading may occur. This is indeed observed in
polar solvents (CH;CN), mostly at the 2+ stage, affording a bis-terpy-like
(terpy=2,2",6’,2"-terpyridine) complex obtained when two strings are taken up by the
same copper(11) center. The obvious improvement is to attach one or, better, two
bulky groups at the extremities of the string in order to prevent unthreading.’®*
These new systems are represented in Figure 11.

The semi-rotaxane was obtained simply by mixing stoichiometric amounts of 11
(which is an improved version of 9 (Figure 9b)), Cu(CH;CN)z, and 4 (Figure 9a). If,
in 11, the OCHj; group attached to the phen unit of the string (phen= 1,10-phenan-
throline) is replaced by a phenol function (12), threading will lead to a 13*-type com-
pound, with a reactive end. Activation of the —OH function and covalent attachment
of the blocking group affords the real rotaxane 14*. (It is real in the sense that deme-
tallation furnishes a copper-free system (15) with an acyclic component that will not
unthread from the 30-membered ring.)

The electrochemical behavior of 14" is particularly clean and interesting, since
only the 4- and the 5-coordinate geometries can be obtained on translating the
metal-complexed ring from the phen site to the terpy site.** The electrochemically
induced molecular motions (square scheme!®”)), similar to those represented in Fig-
ure 10 but now involving “stopped” compounds, can be monitored by cyclic voltam-
metry (CV) and controlled potential electrolysis experiments.®*!

From CV measurements at different scan rates (from 0.005 to 2 Vs™') on both the
copper(1) and the copper(ir) species, it could be inferred that the chemical steps
(movements of the ring from the phenanthroline to the terpyridine and vice-
versa) are slow on the timescale of the experiments. As the two redox couples
involved in these systems are separated by 0.7 V, the concentration of the species
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13*

Fig. 11:  The semi-rotaxane 137, the real copper-containing
rotaxane 14* and the demetallated rotaxane 15.
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(a)
(b)
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Fig. 12: a) Cyclic voltammogram of 14%; b) after electrolysis for
1 hat +1.0V; c) and d) evolution of a 14** solution with time
[after 2 h (c) and after 4 h (d)]; (e) cyclic voltammogram imme-
diately after electrolysis of 14** solution at —0.3 V. Conditions:
MeCN (0.1M, n-BuyNBF,), Pt electrode, v = 100 mVs~', 25 °C.

in each environment (tetracoordination or pentacoordination) can be directly
deduced from the peak intensities of the redox signals. Figure 12 displays some
voltammograms (curves a—e) obtained on different oxidation states of the rotax-
ane 14" at different times.

Curve (a) displays the voltammogram of a (red) solution of 14" in degassed acet-
onitrile. A reversible redox wave at 0.68 V (versus SCE) attests to the tetrahedral
environment around the copper(1) atom.®®5”) During the potential scan, for rates
between 0.005 and 2 Vs, no redox signal corresponding to pentacoordination could
be observed. This fact is evidence of the high kinetic stability of the tetracoordinate
copper(11) rotaxane generated at the electrode. At this stage, a controlled potential
electrolysis (applied potential = +1.0 V) was performed until one Faraday per mole of
complex had been exchanged. During the electrolysis, the red color of the solution
changed to light green. Immediately after the coulometry, the voltammogram of the
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copper(11) species (curve b) showed the same redox couple at +0.68 V and an addi-
tional small reversible couple at —-0.03 V. These signals are characteristic of the
Cu"(4)/CuI(4) and CuH(s)/CuI(s) couples, respectively (the subscripts 4 and 5 indi-
cate the coordination number of the copper center).¥”] After several hours at
room temperature, without any visible color change, the progressive disappear-
ance of the redox couple at +0.68 V (tetracoordinate state) and the concomitant
growth of the couple at —-0.03 V (pentacoordinate state) evidences the coordina-
tion change around the copper(11) ion (curves ¢ and d). Analysis of the concentra-
tion of the two different copper(i1) species with time produces a first-order rate
constant of 1.5 x 107 s7! for the chemical reaction: CuH(4) - CuH(5) . From the
invariance in the shape of the signals with the scan rate of the copper(ir) solution,
it can be inferred that the rate constant for the reaction CuI(5) to Cu1(4) is smaller
than 10 s~!. Subsequent second electrolysis at —0.3 V restores the initial red solu-
tion. The voltammogram (curve e) performed immediately after the reductive
electrolysis displays the redox couple of 14* and is invariant with time. As all the
Cu' (s) species formed electrochemically are quantitatively transformed into Cu' (4)
species during the electrolysis, a lower limit of 10~ s is reasonable for the rate
constant of the chemical reaction. The residual signal at —0.03 V simply reflects
incomplete electrolysis.

The behavior of the systems comprised of the semirotaxane 1 lis related to
that of the fully blocked rotaxane 147, i.e., the same redox couple can be observed.
Some variations of peak intensities with the scan rate also indicate an acceleration
of the chemical processes as compared to 14*. However, additional signals corre-
sponding to the species Cu'(MeCN)j (E;;, = +1.02 V) and Cu" ) (hexacoordinate
state, E/, = —0.41 V)®”) show that the unthreading process becomes significant and
occurs primarily with the copper(11) species. The hexacoordinate complex evidenced
by CV originates from the unthreading of two linear fragments and their coordina-
tion to a copper center through their terpy units.

It is noteworthy that oxidation of 14" to the divalent copper(11) state exclusively
affords the pentacoordinate species after rearrangement of the system. The bis-terpy
complex, which would be formed by decomplexation of the copper(11) center and
recoordination to the terpy fragments of two different molecules of 15, is not
detected. This observation is important in relation to the general mechanism of the
changeover step in converting a tetracoordinate Cu(1r) species (Cu(11)4)) into the
corresponding, stable 5-coordinate complex (Cu(ir)s)) (the subscripts 4 and 5
indicate the coordination number of the copper center). It tends to indicate that
the conversion does not involve full demetallation of Cu(II) 4 followed by recom-
plexation, but is rather an intramolecular reaction, probably consisting of several
elementary dissociation-association steps involving the phen and terpy fragments
of the string as well as solvent molecules and, possibly, counterions. The square
scheme involving the fully blocked rotaxanes 14" (n = 1 or 2) corresponds to the
following sequence of reactions:

3+(83,84
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4" —— 144" E°=+0.68V (1)
(vs. SCE in CH;CN)
lidin,
14,7 25 14 2)
45°0  — 14 E°=-0.03V (3)
. gliding .
145 —— 14y “)

Towards Rotary Motors: Pirouetting of a Two-coordinate Ring on its Thread

Previous sections have discussed the gliding motion of one ring around another
(Figure 3a, 3b) in the case of a catenane,® or translational motion along a molecu-
lar thread (Figure 3d) in the case of a rotaxane.® We will now consider a rotaxane

in which a new type of motion, pirouetting of the wheel around its axle (Figure 13),
can be triggered electrochemically.

@L—
9
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N

Fig. 13:  Principle of the electrochemically Upon reduction, the five-coordinate mono-
induced molecular motion in a rotaxane copper  valent state is formed as transient. Finally, this
complex. The stable, four-coordinate mono- undergoes the reorganization process that
valent complex is oxidized to an intermediate regenerates the starting complex (the black
tetrahedral divalent species. This compound circle represents Cu' and the white circle
undergoes a rearrangement to afford the represents Cu'").

stable, five-coordinate copper(i1) complex.
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The driving force of this motion here is again based on the different geometrical pre-
ferences of Cu(1) and Cu(1r). In this case, however, the wheel of the rotaxane is a
bis-coordinating macrocycle and the axle incorporates only one bidentate moiety.

The three-dimensional template effect of Cu(1), first reported over fifteen years
ago, made catenanes, rotaxanes, and related systems reasonably easily accessible
from a preparative point of view.*®* % The strategy leading to the preparation of
catenanes is based on a precursor consisting of two phenanthroline-type ligands
entwined around a Cu(r) center. In the case in which one of these ligands is macro-
cyclic, the structure of the precursor is singular: the acyclic ligand is threaded
through the macrocycle. Treatment of the terminal functions of the acyclic ligand
of this complex with an appropriate difunctionalized molecular fragment results
in the formation of a catenane, while treating them with two monofunctionalized
and bulky fragments produces a rotaxane.

The principle of the synthesis is as described earlier, slightly modified by applica-
tion of an alternative strategy consisting of the use of a monostoppered species to
form the prerotaxane intermediate and the subsequent addition of the second stop-
per (Figure 14). The advantage of this method is that it limits unthreading of the
macrocycle during the stoppering reaction.

The rotaxane 164" (the rotaxane nomenclature used here is 16/y)"", where N
refers to the coordination number of the metal (4 or 5) and n to its charge) synthe-
sized here is composed of two subunits: a macrocycle and a molecular thread (Fig-
ure 15). The macrocyclel® 17 (Figure 15 (a) and (b)) possesses two different coordi-

Oiv ‘ @
@ ® (i)
X

Fig. 14:  Principle of the synthesis of rotaxane 16, (see Figure
15). (i) Formation of a monostoppered axle. (ii) Threading of the
axle through the wheel. (i) Unthreading of the macrocycle is
prevented by adding a second blocking group.
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18 21*

Fig. 15 (a): Molecular representation of the precursors of the metallated rotaxane 164"

nating sites: a terpyridine and a 1,10-phenanthroline moiety. A phenanthroline moi-
ety in which the a-positions of the coordinating atoms were substituted with phenyl
groups (2,9-diphenyl-1,10-phenanthroline, ,dpp“) was used. It has been shown that
low oxidation states are strongly stabilized in dpp-based transition metal complexes;
this is particularly true for copper complexes.”! The two units are joined by two C;
chains, which are linked to the 5- and 5’-positions of the terpyridine on one side and
on the other side through oxygen atoms to the 4- and 4’-positions of the phenyl
groups attached to phenanthroline. The resulting macrocycle is 33-membered.

The molecular thread contains the phenanthroline bidentate unit (dpp). The end-
groups on the thread, i.e., the rotaxane “stoppers”, are tetraarylmethane derivatives.
These last species were selected as blocking groups since they are large enough to
prevent unthreading of the 33-membered ring 17. In order to lessen solubility pro-
blems, lipophilic groups (t-butyl fragments) were introduced at the para positions of
three of the aryl groups. The stoppers and the coordinating site are linked through
bisethoxy-ether spacers.

The monostoppered thread 18 was obtained by treating the electrophile 19 with a
large excess of 2, 9-di(p-hydroxyphenyl)-1,10-phenanthroline®” 20 in basic medium.
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6
8 16(4)+ O = Cll(I) 3 16(5)+ O = CU(I)
? o 165> Q@ = Cu(il

Fig. 15 (b): Molecular representation of the metallated rotaxanes
164", 165", 16(4)7'+, 16(5)2+ and of the metal-free rotaxane 22.
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The powerful template effect of Cu(r) was exploited to force the threading of 18
through the hetero bis-chelating macrocycle 17, producing prerotaxane 217

The completion of the synthesis of the fully blocked rotaxane 16" was per-
formed by treating 21" with 19 . Cu(1) complex rotaxane could easily be demetal-
lated.®? by reaction with cyanide, producing rotaxane 22, with free coordination
sites. Transformation of the free rotaxane 22 into the Cu(1) complex 165" was
accomplished by metallation of 22 with Cu(BF,),.

The electrochemical behavior of tetracoordinated Cu(r) complexes (i.e., Cu(dpp),-
based cores) is well established.”**¥ The reversible redox potential for the Cu(1r)/
Cu(r) transition is around 0.6-0.7 V versus SCE. This relatively high potential
underlines the stability of the 4-coordinate Cu(r) complexes relative to their
Cu(11) counterparts. The redox potential of pentacoordinated copper com-
plexes®%] is observed in a much more cathodic range. For example, for the 5-
coordinate complex Cu(1, dap)**'* (dap = 2,9-di-p-anisyl-1,10-phenanthroline), in
which the terpy fragment of the ring is bound to the metal, the redox potential is
—0.035 V. This potential shift when going from tetracoordinated to pentacoordi-
nated copper systems is due to the better stabilization of the Cu(1r) state, thanks
to the presence in the coordination sphere of five donor atoms.

8.2.3.1 Electrochemical Behavior of Chemically Isolated 164" and 16(5)2"

The electrochemical behavior of 164" in a CH,Cl,~CH;CN solution has been stu-
died by cyclic voltammetry (CV) and is represented in Figure 16 a). A reversible sig-
nal appears at 0.545 V.

In the rotaxane 16", in which the metal is tetracoordinated, the signal occurring at
0.54 V corresponds to the tetracoordinated Cu(11)/Cu(1) couple. The ratio of the intensi-

0.58 V 0.59Vv

(b)

-0.15
0.51
Fig. 16: Cyclic voltammetry curves recorded borate, 0.1 mol L™, Ag wire pseudo-reference).
using a Pt working electrode at a 100 mV s™' (a) Compound 164" (b) Chemically prepared
sweep rate (CH3CN-CH,Cl, 4:1, supporting 165°*. Curve (i) refers to a second potential

electrolyte: tetrabutylammonium tetrafluoro- sweep immediately following the first one (i).
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ties of the anodic and cathodic peaks ipc/ipa is 0.95 (ipc and ipa respectively being
the intensities of the cathodic and anodic peaks), showing that no transformation or
reorganization of the coordination sphere of the tetracoordinated Cu(ir) complex
occurs in the timescale of the measurements (sweep rate of potential : 100 mV.s™).
The weak signal at -0.15 V is due to the presence of small amounts of 16(5)2".

The cyclic voltammetric behavior of the Cu(1r) rotaxane 165" (Figure 16 b) is
very different from that of 164" The potential sweep for the measurement was
started at +0.9 V, a potential at which no electron transfer should occur, whatever the
surroundings of the central Cu(11) might be (pentacoordinated or tetracoordinated).
Curve (i) (first scan, recorded at 100 mV s™') shows two cathodic peaks: one very
small one, located at +0.53 V, followed by an intense one at —0.15 V. Only one anodic
peak, at 0.59 V, appears during the reverse sweep. If a second scan (ii) immediately
follows the first one (i), the intensity of the cathodic peak at 0.53 V increases notice-
ably.

The weak peak at 0.53 V (i) is due to the presence of small quantities of 16"
The main cathodic peak at —0.15 V is characteristic of pentacoordinated Cu(1r).
Thus, in 165”* prepared from the free rotaxane by metallation with Cu(11) ions, the
central metal is coordinated to the terdentate terpyridine of the wheel and to the
bidentate dpp of the axle. On the other hand, the irreversibility of this peak means
that the pentacoordinated Cu(11) species formed in the diffusion layer when sweep-
ing cathodically is transformed very rapidly and in any case before the electrode
potential again becomes more anodic than the potential of the pentacoordinated
Cu”*/Cu” redox system. The irreversible character of the wave at —0.15 V and the
appearance of an anodic peak at the value of + 0.53 V indicates that the transient
species, formed by reduction of 165", has undergone a complete reorganization,
producing a tetracoordinated copper rotaxane. The second scan (ii) which immedi-
ately follows the first one (i) confirms this assertion. Indeed, a cathodic peak (+0.53
V) has appeared, corresponding to the reduction of this tetracoordinated species.

These two complementary cyclic voltammetry experiments confirm that, in this
rotaxane, as in related systems studied previously, the tetracoordinated Cu(1) state is
more stable than the pentacoordinated one and the pentacoordinated Cu(1) state is
more stable than the tetracoordinated one. Moreover, it was observed that the
rearrangement rates from the less stable to the most stable geometries are drasti-
cally different for the two oxidation states of the metal.

The irreversibility of the reduction peak of 165’*, combined with the appearance
of a reversible peak corresponding to tetracoordinated copper, suggests that the reor-
ganization of the rotaxane in its pentacoordinated form 16" (i.e., with the copper
coordinated to terpy and to dpp units) to its tetracoordinated form (164", in which
the copper is surrounded by two dpp units) occurs within the timescale of the cyclic
voltammetry. Indeed, the cyclic voltammetry response located at —0.15 V becomes
progressively reversible when increasing the potential sweep rate, as expected for an
electrochemical process in which an electron transfer is followed by an irreversible
chemical reaction (EC). Following the method of Nicholson and Shain,! the rate
constant value, k, of the chemical reaction, i.e., the transformation of pentacoordi-
nated Cu(1) into tetracoordinated Cu(1), was determined. A value of 17 s™' was

269



270

8 Metallo-Rotaxanes and Catenanes as Redox Switches: Towards Molecular Machines and Motors

found for k, corresponding to a half-life t; , of 56 ms for the pentacoordinated Cu(1)
complex.

On the other hand, Figure 16 a) testifies to the inertness of the reorganization of
the tetracoordinated Cu(r1) rotaxane. Thus, a total conversion of tetracoordinated
16" into tetracoordinated 16(4)2+ was performed by preparative electrolysis and the
subsequent rearrangement of tetracoordinated 16,>* into pentacoordinated 165>
was followed by monitoring the current (versus time) flowing through a rotating
disk electrode polarized at +0.3 V. Indeed, at that potential, the cathodic current
observed is representative of the presence and concentration of 164", the tetracoor-
dinated Cu(11) complex only. This remains true even if the electrolytic solution con-
tains tetracoordinated 164", which will be electrochemically silent in the potential
range used.

Current versus time was recorded and an exponential decrease in the intensity of
the current was observed. When the current was close to 0, a new cyclic voltammetry
curve of the solution was recorded, resulting in a voltammogram similar to the one
represented in Figure 16 b). This confirmed that the electrogenerated tetracoordi-
nated Cu(11) rotaxane had undergone a rearrangement to form the pentacoordinated
Cu(11) rotaxane 165"

The kinetic constant, k’, of this rearrangement can be derived from the variation
of the cathodic current versus time; its average value is 0.007 + 0.003 s™'. In other
words, the half-life of tetracoordinated Cu(11) rotaxane is 120 + 50 s.

These experiments underline the noticeable difference between the kinetic rate
constants k and k’ for the reorganization processes leading respectively from 165"
t0 164" and from 16(4)2+ to 16(5)2+. Indeed, the ratio k/k’ is about 3000. In analogous
systems studied previously,®**®! an important difference between the related rate
constants had also been observed. Nevertheless, for the systems based on a copper
[2]-catenate (see below), in which one of the macrocycles is monochelating and the
other hetero-bischelating, the two processes are much slower. For the rotaxane/®*
(see above) in which the axle is a hetero-bischelating molecular thread and the
wheel a monochelating macrocycle, the reorganization processes implying a transla-
tion of the ring along the string, the values determined for k and k” are respectively
102 and 1.5 x 10~ s7. Thus, on comparison with the rate constant values deter-
mined for the rotaxane studied in this work (k= 17 and k’ = 0.007 s™), it appears
that the pirouetting, induced by changing the redox state of the central metal, of a
macrocycle around its axle is also faster than the translation of a macrocycle along a
molecular thread, using the same triggering process.

These different types of molecular motion — gliding, translation, and pirouetting
— are possible thanks to the kinetic lability of copper complexes. As mentioned
above, the k/k’ ratio is high in all the cases studied so far, which means that the
reorganization process around Cu(1) is much faster than that around Cu(i1). Both
rearrangements require a decoordination step in one of the chelates, followed by
recomplexation by the other chelate. The activation barrier to this decoordination
step might be higher for the process from tetracoordinated Cu(11) to pentacoordi-
nated Cu(1r) than for that from pentacoordinated Cu(1) to tetracoordinated
Cu(1), due to the greater electronic requirements of Cu(ir). Thus, the difference
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in molecular motion rates induced by changing the redox state of the metal might
be partially attributed to ligand field effects.

83
Electrochemically Driven Ring Gliding Motion in Catenanes

8.3.1
A Two-geometry Catenane

The first molecular motor elaborated and studied in our group was a catenane con-
taining two different interlocking rings. Its principle is explained in Figure 17.5¢!

The actual system and the full square-scheme are indicated in Figure 18. The
starting copper(1) complex 23 4)* is a 4-coordinate species, the high redox potential
of which (+ 0.63 V versus SCE in CH;CN) clearly indicates that the geometry of the
system (tetrahedral or distorted tetrahedral) is well adapted to copper(1). This redox
state being very stable in the environment provided by 23 4", a relatively high redox
potential will have to be applied for the monovalent copper center to be oxidized to
the divalent state. Interestingly, the 4-coordinate Cu(rr) complex 234 )2+ is an
intense green species, with a d—d absorption band at 670 nm (e = 800) in CH;CN.
This compound can be generated either by chemical (Br, or NOBF,) or electro-
chemical oxidation.

The changeover reaction converting 234" to the stable 5-coordinate species
235)** is quantitative. It is easily monitored by visible absorption spectroscopy, since
the product of the rearrangement reaction is only slightly colored (pale olive green ;
Amax = 640 nm ; € = 125). The geometry of the copper(1r) catenate obtained through
decomplexation and remetallation has been confirmed by comparison of its physi-
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Fig. 17:  Electrochemically triggered rearrange-  undergoes a complete reorganization process
ment of a [2]-catenate containing two different to afford the stable, 5-coordinate Cu (1) com-
rings. The stable, 4-coordinate monovalent plex [bottom right]. Upon reduction, the 5-coor-
complex [top left, the black circle represents dinate, monovalent state is formed as a tran-
Cu(l)] is oxidized to an intermediate, tetra- sient [bottom left]. Finally, this undergoes the
hedral, divalent species [top right, the white conformational change that regenerates the

circle represents Cu(ll)]. This compound starting complex.
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Fig. 18: Electrochemically induced molecular rearrangements
undergone by the copper catenate 23%*/*. In the text, the
subscript 4 or 5 indicates the number of nitrogen atoms co-
ordinated to the metal. This number is indicated on the figure.

cal and chemical properties with those of literature compounds with structures
that have already been established. Its redox potential is -0.07V versus SCE in
acetonitrile, indicating good stabilization of the copper(11) state. UV-visible
absorption spectroscopy in acetonitrile reveals a band centered at 636nm (e = 125),
corresponding to a d—d transition, resulting in a pale olive-green solution. This
value can be compared with that obtained for the 5-coordinated complex Cu"(ter-
py)(bipy)(ClO,),: 640 nm (& = 120),°%) as well as for the same complex present in
a recently synthesized copper(i1) helicate.””! In collaboration with Kaim and
Baumann, we also performed EPR spectroscopic measurements on the cate-
nate;*®! these showed an anisotropic signal characteristic of axial symmetry coor-
dination around Cu(ir) (g, = 2.233; g, = 2.045; A;, = 16.6 mT in acetonitrile at
110K). We compared these data with those measured for a 5-coordinate complex
[Cu(n?-L)( 1*-L)](ClOy),, containing the potential terdentate 2.,6-bis(benzimida-
zol-2’-yl)pyridine ligand L and showing square-pyramidal configuration at the
metal ion (g, =223, g, =2.03; A, = 16.7 mT).I°’ The similarity of all these data
tends to confirm the 5-coordination of the metal cation in our catenate, through
intertwining of one dpp and the terpy, as summarized in the notation Cu''Ns.

Both copper(11) complexes 23 (4)2+ and 235 )2+ have electronic spectra typical of 4-
coordinate and 5-coordinate species, respectively, in accordance with previously
reported complexes possessing analogous ligand sets.”*'°) The same interconver-
sion process can also be monitored by EPR,’®'°" and it was demonstrated in an
unambiguous fashion that 234" is a distorted tetrahedral complex and that the
product of the changeover, 23 5 )2+, is a square pyramidal compound.

An interesting question deals with the rate of the ring gliding motion that trans-
forms 23(4)2+ into 23(5)2+ or, after reduction of the latter, 235" into 234" It was
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observed that this last process, involving Cu(1), is fast (a few seconds at room tem-
perature, regardless of the solvent) whereas the copper(ir) complex rearrange-
ment 23(4)2+ - 23(5)2+ is slow and depends enormously on experimental condi-
tions. This linkage isomerization reaction was shown to take place in a few min-
utes in anhydrous acetonitrile but it required hours or even days to go to
completion in noncoordinating solvents or in the absence of coordinating counter-
ions. The strong accelerating influence of CH3CN (over CH,Cl,) or CI” (over
PFs) may give some indications regarding the rearrangement mechanism. In the
course of the changeover process, removal of a dpp unit (dpp = 2,9-diphenyl 1,10-
phenanthroline) from the copper(i1) coordination sphere has to proceed before
any interaction between the metal center and the entering terpy ligand is possible.
This implies that the copper(i1) atom should be “half-naked” at some stage. If
coordinating ions or solvent molecules are present in the medium, they could
interact in a transitory fashion with the metal in this coordinatively unsaturated
complex, and thus lower the activation barrier of the rearrangement by stabilizing
intermediate states.

83.2
A Three-configuration Copper Catenane

The last system that we shall discuss is based on a [2]-catenane that can adopt three
distinct geometries®®”! and contains two identical, interlocking rings. Multistage sys-
tems seem to be uncommon, although they are particularly challenging and promis-
ing with regard to photochemical and electrochemical devices aimed at important
electronic functions and information storage. In particular, if molecules or molecu-
lar assemblies are one day to be utilized as information storage devices, it is obvious
that the use of three-state systems will produce a great increase in information den-
sity compared to that attainable with bistable systems. For instance, an assembly of
ten distinct molecules, each individual molecular component of which can occupy
two states (say, + or —) will afford 2'° different states (i.e., 1024 states) whereas, if the
same collection of 10 distinct molecules is such that each compound can now
occupy three states (+, 0 and -), the overall number of states is now 3'° (i.e., 59 049).

The principle of the three-state, electromediated catenate is represented in Figure
19. Again, it relies on the drastic differences in stereochemical requirements for
coordination of Cu(r) and Cu(11), the sequence of preferred coordination numbers
(CN) being :

CN=4>CN=5>CN =6 for Cu(1)
and CN=6>CN=5>CN =4 for Cu(11)

The compound was synthesized in modest yield, but following a very straightfor-
ward approach. The entwined complex 24", used in many syntheses in our
group,'®? was treated with the difunctionalized terpy 25, in the presence of Cs,COj5
under high dilution conditions. This one-pot, two-ring-forming reaction (Figure 20)
afforded 264" in 21 % yield, as a deep red, 4-coordinate complex (Amax =439 nm ; &
=2570 mol™" L cm™ in CH;CN).”)
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Cu(IDN2* Cu(IDNs2*

Fig. 19: A three-configuration Cu(1) catenate,
the general molecular shape of which can be
dramatically modified by oxidizing the central
metal [Cu(1) to Cu(11)] or by reducing it back to
the monovalent state. Each ring of the [2]-cate-
nate now incorporates two different coordinat-
ing units: a bidentate unit and a terdentate
fragment. Starting from the tetracoordinated
monovalent Cu complex (Cu(1)N3; top left)
and oxidizing it to the divalent state
(Cu(1)N3"), a thermodynamically unstable
species is obtained, which should first

!
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Cu(INg2*
rearrange to the 5-coordinate complex
Cu(ll)NZ* through the gliding of one ring (left)
within the other and, finally, to the hexacoordi-
nate stage Cu(ll)NZ" by rotation of the second
cycle (right) within the first one. Cu(11)N2* is
expected to be the thermodynamically stable
divalent complex. The double ring-gliding
motion following oxidation of Cu(1)NZ can be
inverted by reducing Cu(11)NZ* to the mono-
valent state (Cu(1)Ng ; top right), as
represented in the top line.

The free catenand 27 was easily obtained from 264" by removing the metal with
KCN. Interestingly, remetallation of 27 by the divalent copper salt Cu(BF,), afforded
the hexacoordinate species 26 4)"" (see Figure 21) as a very pale green complex (Amax

=687 nm ; € =100 mol™ L cm_l).

Detailed electrochemical studies have been carried out on 26.4". Although we
will not discuss them in this chapter, they afford very conclusive data and, in parti-
cular, they demonstrate unambiguously that the compound undergoes the rearran-
gement reactions schematically represented in Figure 19.

The sequence of electron transfer steps and ring-gliding motions corresponding
to the cyclic process of Figure 19 can also be induced by using chemical reagents.
For instance, when a dark red solution of 26(4)+ is oxidized by NO*BF in CH;CN,
an intense green solution of 26.4)>* is first obtained. As expected, the cyclic voltam-
mogram (CV) of this species is the same as for the starting complex, which is in

HO

(CH—O

Fig. 20: Synthesis of the symmetrical catenate 264" ( 26" = [Cu(27)]").
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accordance with the 4-coordinate situation for both oxidized and reduced forms. The
visible absorption spectrum shows a band at Ay, = 670 nm with a high extinction
coefficient (e = 810 mol™" L cm™ in CH;CN), typical of tetrahedral complexes with
nitrogen ligands. The ring-gliding step subsequently produces a hexacoordinate
complex, the 5-coordinate compound being characterized as a transient species by
electrochemistry only. As for the changeover reaction of the disymmetrical catenate
(23147 = 23(5)*"), the rearrangement 264> — [26(5)>"] = 265)*" depends criti-
cally on the experimental conditions used and can be performed in minutes or
hours.

Reversing the process, reduction of the stable species 26 ¢ )2+ affords 26 )", which
rapidly rearranges to the stable monovalent complex 264 ". The intermediate 265"
has not been isolated nor spectroscopically characterized, but its formation was
clearly evidenced by cyclic voltammetry, due to its analogy with 23 5)".

The three forms of the catenate are represented in Figure 21.

The redox potentials for the three situations (CN = 4, 5, or 6) are in perfect agree-
ment with those of similar systems with identical CNs. The pentacoordinate com-

E° =+0.63V
E°=-0.05V
E°=-0.41V

Fig. 21: The 4-, 5-, and 6-coordinate copper complexes
involved. The corresponding Cu(i1)/Cu(1) redox potentials are
also indicated. They clearly show the sequence of preferred
stabilities for copper(i1) versus copper (1), the hexacoordinate
complex producing the most stable divalent complex.
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plexes were characterized as transient species, but in principle, the present system
does not permit stopping motion at this stage.

8.4
Conclusion and Prospects

(8890 making these molecules acces-

The first template-directed synthesis of a catenane,
sible from a preparative viewpoint, was published almost 15 years ago, although highly
elegant but less practical work, based purely on organic chemistry, had been reported
previously.'°? Since those early days, more and more functionality has been introduced
into these molecules, either in relation to electron and energy transfer processes or with
regard to controlled molecular motion. The use of transition metals as templates, and of
their complexes as electroactive and mobile components, has turned out to be particu-
larly useful in the construction of electromechanical molecular machines based on coordi-
nation compounds. It would of course be unwise to predict that nanoscopic motors and
related machines will have any practical application in the future as molecular informa-
tion storage devices, or as nanoscale components in electronics, but the search for such
molecules or molecular assemblies is important in itself.

Molecular machines constitute an emerging field of research, at an interface with
many areas of molecular sciences. For instance, the concepts discussed in the pre-
sent paper can certainly be generalized to organized assemblies of molecules (liquid
crystals) or to molecular components attached to an electrode surface. The overall
properties of the system (now a ,device), such as liquid crystal character, ability to
carry electrons or transport molecules, etc..., could be switched just by applying a
given signal. The variety of impulses that might be used is immense: redox (as in
the present examples), photonic, heat or pressure change, magnetic field variation,
pH-change, chemical signal (recognition of a molecule), electric field, and so on...
The effect obtained is also multifarious and might lead to dramatic modifications of
the bulk properties of the system. Since a simple signal can change the shape and
the volume of a compound and of its assemblies, fascinating features related to
mechanics (contraction or stretching) may be imagined, reminiscent of biological
systems such as muscles or other biological molecular machines.

Finally, the making of real motors at the molecular level remains a challenge. Not
only will the motion have to be continuous, in the sense that cyclic processes, with a
turnover, are required, but directionality will be essential. This is especially true for
molecular ensembles aimed at mimicking the dynamic properties of ATP synthase.
Although still relatively remote from continuous directional rotary motion, one
interesting chemical system with behavior reminiscent of rotary motors has recently
been proposed.'® For a photochemical driven unindirectional rotor,’® see
Chapter 5. Other systems, based on related or different principles, will no doubt be
reported in the future.
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Switchable Molecular Receptors and Recognition Processes:
From Photoresponsive Crown Ethers to Allosteric Sugar Sensing
Systems

Seiji Shinkai

We entered this research field in 1979, with a new concept involving “photorespon-
sive crown ethers”. This enabled us, for the first time, to change the size and the
shape of crown ethers by means of a nano-scale photomanipulator and to control
the metal affinity and metal selectivity by means of an external stimulus. This con-
cept has been extended from the unimolecular to supramolecular systems. In addi-
tion, it has provided a strong background for our recent research interest; namely
the molecular design of allosteric sugar sensing systems.

9.1
Introduction: Why is the Switch Function Indispensable in Molecular Receptors?

The concept of an “enthalpy-entropy compensation relationship” was proposed by
Leffler in the 1960s."! This concept was very valuable for gaining insights into a
number of thermodynamic data for association and kinetic processes. However, it
also implies that high selectivity and high activity cannot appear in one reaction ser-
ies, as this would represent deviation from the linear relationship. In this light, the
starting point of our chemistry was to become how can we create an exceptional sys-
tem, with high selectivity and high activity, and which deviates from the enthalpy-entropy
compensation relationship? This question becomes especially important for mimick-
ing the high selectivity and high activity of enzymes in a biomimetic chemistry
field. Eventually, we arrived at one potential breakthrough. In essence, it is that as
long as one association process or one kinetic process is treated independently, it is
still restricted by the relationship, but if two or more systems are coupled together
reversibly, it may be possible to find an exceptional process to which the relationship
does not apply, thanks to “switching” to and from other conjugated systems. This
original concept has enabled us to create a number of new ion and molecule recog-
nition systems, which can be combined with switch-functionalized systems and
molecular-assembly systems (Figure 1). We believe that this breakthrough is applic-
able to the basic concept of the so-called “molecular machine”.

Nature is filled with molecules and ions, and we are frequently required to mea-
sure the concentrations of selected ions and small organic molecules both in in vivo
and in in vitro processes. One possible strategy in this research field is the direct
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lon and Molecule Recognition
by Macrocyclic Compounds

— ™

Switch Functions Dynamics in Molecular Assemblies
(Light, Redox, pH, |} ~—— (Reaction, Transport,
Temperature, etc) Phase-transition, efc.)

Fig. 1: A concept for molecular design of switch-functionalized recognition systems.

application, after appropriate modifications, of biomaterials such as proteins, bio-
membranes, etc. created in nature. This approach has had some impact: for exam-
ple, “biosensors” may be cited as representative and successful systems. However,
this system in which naturally evolved “tools” are “borrowed” is frequently ham-
pered by their inherent boundary conditions, such as poor solubility in organic
media, instability at high temperature, degradation and denaturation, lack of broad
specificity, and so on, since they have not arisen for our practical convenience, but
fulfil nature’s own purposes. Thus, artificial molecular design of man-made recep-
tors, displaying high affinity and high selectivity comparable with natural systems,
has long been a dream for scientists and has recently become a very active area of
endeavor. However, it should be noted that this concept is only one component in
the design of a total sensing system; even if an artificial receptor can recognize a
selected ion or molecule precisely, it is still useless unless the guest-binding event
can be read out as some convenient physical signal. To provide a total sensing sys-
tem, therefore, the binding event must be transduced into some sort of change in a
molecular system and eventually converted into some form of physical signal.
Hence, the total sensing system consists of three different components: (1) an ion
or molecule recognition site, (2) a signal conversion site, and (3) a signal read-out
site. This system may be called a unimolecular “molecular machine” and the func-
tion performed by component (2) frequently plays a key role (Figure 2). To integrate
such multicomponent functions into one small molecular system appears to be
quite difficult. However, there are a considerable number of successful examples in
which slight structural changes induced by ion or molecule binding are efficiently
transduced into changes in the subsequent physical signaling processes. These
examples teach us that, to achieve precise molecular design, a small molecular sys-
tem is frequently more advantageous than a polymeric system or a molecular

Stimuli : Antenna
\ Molecular Signal | . Signal for

- machine convertor recording
Guests | Receptor

Fig. 22 Conceptual scheme for the design of a total sensing system.




9.2 The Origination of Photoresponsive Crown Ethers

assembly system. Furthermore, it is now possible to predict the guest-induced struc-
tural change precisely, utilizing recently developed computational methods.

In this chapter, we introduce the concept of the molecular design of several sen-
sing or switching systems for selected ions and molecules, focusing particularly on
our own recent research achievements.

9.2
The Origination of Photoresponsive Crown Ethers

Photoresponsive systems are seen ubiquitously in nature, and light is intimately
associated with the subsequent life processes. In these systems, a photoantenna to
capture a photon is neatly combined with a functional group to mediate some sub-
sequent events. Important is the fact that these events are frequently linked with
photoinduced structural changes in the photoantennae. This suggests that chemical
substances that exhibit photoinduced structural changes may serve as potential can-
didates for the photoantennae. To date, such photochemical reactions as E/Z isomer-
ism of azobenzenes, dimerization of anthracenes, spiropyran-merocyanine intercon-
version, and others have been exploited in practical photoantennae. It may be
expected that if one of these photoantennae were adroitly combined with a crown
ether, it would then be possible to control many crown ether family physical and
chemical functions by means of an “ON/OFF” photoswitch. This is the basic con-
cept underlying the designing of photoresponsive crown ethers. We believe that this
is one of the earliest examples of “molecular machines”.

Compound 1 is an early example of a photoresponsive crown ether.”*! It has a
photofunctional azobenzene cap on an N,0, crown ring, so it may be expected that
the conformational change in the crown ring occurs in response to the photoin-
duced configurational change in the azobenzene cap. Isomer (E)-1, with the (E)-azo-
benzene cap, selectively binds Na*. However, isomer (Z)-1, produced by photoisome-
rization upon irradiation with UV light, binds more strongly to K*. This finding
suggests that the N,O, ring is apparently stretched by the photoinduced E/Z isomer-
ization. X-ray crystallographic studies of the closely related (E)-2 confirmed that the
N,0, crown in 2 has two anti C-C bonds, resulting in an oval-shaped crown ring. In
contrast, all the C-C bonds in 18-crown-6 complexed with K* are gauche." Conceiva-
bly, this is the reason why (E)-1 favors small Na* rather than K.

I N—N, =
pN =N NN
0
(e} O O o] 0]
Q —_— O [e) 0 __/
0=\ o\—/\,N N/ —"\_N N, A

j;//o\_/o\) k/O\_/O\) l\/ O\)

(Ex-1 (21 2
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Photodimerization of anthracene is also usable as a photochemical switch to cre-
ate photoresponsive crown ethers. Photoirradiation of 3 in the presence of Li* gives
the photocycloisomer 4.5°) Compound 4 is fairly stable in the presence of Li*, but
readily reverts to the open form 3 when Li* is removed from the ring.

In this system, however, intermolecular dimerization may take place competi-
tively with intramolecular dimerization. To rule out this possibility, compound 5, in
which two anthracenes are linked by two polyether chains, was synthesized.”! It
was found that intramolecular photodimerization proceeds rapidly in the presence
of Na* as the template metal cation. Compound 6 was also synthesized.[®) Although
this compound has not been applied in a photoswitch system, it displays a remark-
able fluorescence change upon binding with RbClO, or H3N*(CH,),NH3.®! Yama-
shita et al.”! also synthesized 7, in which intermolecular photodimerization of
anthracene is completely suppressed. The photochemically produced cyclic form 8
displayed excellent Na* selectivity.

It has been established that those alkali metal cations that exactly fit the size of
the crown ether ring form 1:1 complexes, whereas those that have larger cation radii
form 1:2 sandwich complexes. This view has been clearly substantiated by the use of
bis(crown ethers). Kimura et al.,['” for instance, reported that the maleate diester of
monobenzo-15-crown-5 (Z form) extracts K* from an aqueous phase 14 times more
efficiently than its fumarate counterpart (E form). The difference stems from the
formation of the intramolecular 1:2 complex with the Z form. If the C=C double
bond were replaced by an azo linkage, the resultant bis(crown ethers) would exhibit
interesting photoresponsive behavior. This is the essential idea in this section: that a
photoinduced change in the spatial separation between two crown rings should be
reflected in a change in ion binding ability.

Shinkai et al."*~"%! synthesized a series of azobis(benzocrown ethers) called “but-
terfly crown ethers”, of which compounds 9 and 10 are examples. Their photore-
sponsive molecular motion resembles that of a flying butterfly. It was found that the
proportion of their Z forms at the photostationary state increases remarkably with
increasing concentration of Rb" and Cs*, which interact with two crown rings in a
1:2 sandwich fashion. This is clearly due to the bridge effect of the metal cations
with the two crowns, results that support the view that the Z forms make an intra-
molecular 1:2 complex with these metal cations. As expected, the Z forms extracted
alkali metal cations with large ion radii more efficiently than did the corresponding
E forms. In particular, the photoirradiation effect on 9 is quite remarkable: for exam-
ple, (E)-9 (n= 2) extracts Na" 5.6 times more efficiently than (Z)-9 (n= 2), whereas
(2)-9(n= 2) extracts K* 42.5 times more efficiently than (E)-9(n= 2).l"*!

oy
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9.2 The Origination of Photoresponsive Crown Ethers

The solution properties of complexes formed from 9 (n= 3) and polymethylene-
diammonium cations, H3N*(CH,),,NH3 have been studied in detail.'® It was
found that when the distance between the two ammonium cations is shorter than
that between the crown rings in (E)-9 (n= 3), (e.g., m = 6), they form a polymeric
complex (Figure 3). When the two distances are comparable (for example, m = 12),
they form a 1:1 pseudo-cyclic complex. Photoisomerized (Z)-9 (n = 3) displayed a
different mode of aggregation, because of the change in the distance between the
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SRS

(9-9(n=3)
Fig. 3: Photoregulation of polymer/pseudo-macrocycle
interconversion in a9 (n = 3) + H3N™-(CH,)s-NH3 system.
The circle indicates benzo-18-crown-6.

two crown rings, producing the 1:1 complex for (Z)-9 (n= 3) and the (m = 6) di-
ammonium salt and the 2:2 complex for (Z)-9 (n=3) and the (m= 12) diammonium
salt. This is a novel example of reversible interconversion between polymers and low
molecular weight pseudomacrocycles. Since the interconversion process is sensi-
tively reflected by electrical conductance, this may be viewed as the conversion of
light energy into an electrical signal.['

Cations are known to be transported through membranes by synthetic macrocyc-
lic polyethers, as well as by antibiotics. When the rate-determining step is ion extrac-
tion from the IN aqueous phase to the membrane phase, the transport rate increases
with increasing stability constant. On the other hand, when the rate-determining
step is ion release from the membrane phase to the OUT aqueous phase, the carrier
must reduce its stability constant if efficient decomplexation is to be attained. Some
polyether antibiotics feature the interconversion between their cyclic and noncyclic
forms in the membrane, a characteristic by means of which the transport system is
able to escape from the limitation of the rate-determining step. In this system,
energy arising from the pH gradient is consumed to balance cyclic-noncyclic inter-
conversion. This gives rise to an interesting possibility: provided that the ion binding
ability of the carrier at the rate-determining step can be changed by light, then the
rate of ion transport can also be changed. This idea should be of particular impor-
tance when the ion release is rate-determining. For the case of K* transport across a
liquid membrane with 9 (n=2), Shinkai et al.™* found that the rate was accelerated
by UV irradiation, which mediated E/Z isomerization. The rate enhancement was
attributed to the increased speed of extraction from the IN aqueous phase to the
membrane phase. The rate was further enhanced by alternating irradiation with UV
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Fig. 4. Schematic representation of K* transport with 9 (n = 2)
accelerated by alternate irradiation with UV and visible light.

and visible (which mediates Z/E isomerization) light (Figure 4).'”? This effect was
attributed to the increased speed of release from the membrane phase to the OUT
aqueous phase. In other words, the pH gradient utilized in ion transport by some
polyether antibiotics can be replaced by light energy in these light-driven systems.

9.3
Dynamic Actions of Calixarenes in lon and Molecule Recognition

Calixarenes are [1,Jmetacyclophanes, made up of phenol units linked through alkyli-
dene groups." They preferably adopt a cone conformation, because of the stabili-
zation effect from intramolecular hydrogen-bonding interaction. Unless bulky sub-
stituents are introduced onto the OH groups, rotation of the phenyl units is
allowed."™? Hence, the cavity shape, which governs the guest-binding properties,
can be controlled by changing the phenol moieties’ rotation. Compound 11 is con-
formationally mobile and four conformers (cone, partial-cone, 1,2-alternate, and 1,3-
alternate) can interconvert by rotation in which the oxygen passes through the annu-
lus."”?! Although the most stable conformer is partial-cone,!"*?? it changes in
response to added guests.”?! This conformational freedom, characteristic of the
calixarene family, is very attractive for designing molecular switches. For example,
'H NMR studies established that, when LiClO, or NaClO, was added, new peaks
appeared and were attributable to the cone-11 (R, = Bu')-M* complex.*®! On the
other hand, the spectrum was scarcely affected by the addition of KClO4.** The
findings suggested that, to bind alkali metal cations, four oxygens must be arranged
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on the same side of the cone-shaped calix[4]arene and that the size of the oxygen
cavity thus formed is comparable with the size of Li* or Na*. In contrast, Ag" is
efficiently bound by 1,3-alternate-11 (R, = H).”>*°! 1,3-Alternate-11 (R, = H) has
two ionophoric cavities, one either side, each of which is composed of two ethereal
oxygens and two benzene rings. It is now considered that the binding of Ag" is due
to the “mt-donor participation” characteristic of these cavities.****! These results indi-
cate that, if the equilibrium between cone and 1,3-alternate forms can be regulated
by some switch function, this will produce a change in the metal binding ability of
calix[4]arenes.

R, RoRo Ro

Q0 f

£ Q

R4 R1 R4 R4

"Cone" "Partial-cone" "1,2-Alternate” "1,3-Alternate”

1"

It has been shown that calix[4]aryl esters 12 exhibit remarkably high selectivity
towards Na*.?=% This is attributable to the internal size of the ionophoric cavity
made up by the four OCH,C=0 groups, which is comparable with the ion size of
Na*."® In the absence of guest metals, the carbonyls are oriented in the exo-annulus
direction to reduce electrostatic repulsion, whereas in the presence of guest metals
they rotate to the endo-annulus direction to coordinate to the bound metal cation.
The metal-induced molecular motion of the ester groups enables the design of a
new fluorogenic calix[4Jarene 13. In this compound, strong excimer emission (480
nm) was observed in the absence of metal cations, because of the mutual proximity
of the two pyrene moieties. With increasing metal (Li*, Na*, or K*) concentration,
however, monomer emission increased because of the separation of the two pyrene
moieties.*!! Thus, it was possible to achieve fluorimetric metal sensing over a wide
pH range. A similar idea was also reported by Jin et al.*” and Diamond et al.** In
14, a pyrene fluorophore is combined intramolecularly with a p-nitrophenyl
quencher.?* As expected, fluorescence was efficiently quenched in the absence of
metal cations, while the quenching efficiency became low in the presence of Na*,
because of the separation of the fluorophore and the quencher.**
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Molecular design of artificial receptors largely relies upon hydrogen-bonding
interactions. However, an artificial receptor bearing both hydrogen bond donors and
hydrogen bond acceptors within one molecule inevitably tends to associate intramo-
lecularly. To avoid such undesired intramolecular association, a rigid segment may
be inserted between the donor and the acceptor, so that the two sites cannot form
intramolecular hydrogen bonds. This limitation frequently hampers the design of
artificial receptors with a structure complementary to the guest molecule. We were
thus motivated to design new artificial receptors, in which an “open” form, active to
the guest, is generated from an intramolecularly hydrogen-bonded “closed” form
only when it perceives a “stimulus”. We already know that in calix[4]aryl esters and
amides the four carbonyl groups are turned outward to reduce electrostatic repul-
sion between carbonyl oxygens, while bound Na* induces the exo-annulus carbonyls
to rotate to the endo-annulus orientation, trapping the Na* ion.’'* We thus consid-
ered that such a metal-induced structural change might be useful for generating an
“open” form from a “closed” form. In chloroform:acetonitrile = 9:1 (v/v), compound
15 exists as a “closed” form because of the formation of intramolecular hydrogen
bonds, and cannot bind its complementary guests (such as lactams).*®) However,
when Na* binds to the ionophoric cavity, this cleaves the intramolecular hydrogen
bonds and the exposed receptor sites can bind the guests by means of intermolecu-
lar hydrogen bonds.

But Bul

"Closed" "Open" "1:2 Complex”

15
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In compound 16, the 2,6-diaminopyridine receptor sites are capable of binding
guest molecules with a pteridine moiety. In the absence of metal cations, 16 is
“closed”, because of the intramolecular hydrogen bonds. On the other hand, binding
of Na* disrupts the intramolecular hydrogen bonds, and the receptor sites may
associate with the pteridine moiety of a flavin.*** Since the flavin is strongly fluor-
escent, the association process can be conveniently “read out” from a change in the
fluorescence intensity.**? Barbituric acid derivatives have two C(=0)-NH-C(=0)
binding sites complementary with the 2,6-diamidopyridine group. A 1:1 mixture of
“closed” 16 and barbituric acid does not give any new peak in the '"H NMR spec-
trum, but when an equimolar amount of NaClO, is added, a spectral change is
induced and the formation of polymeric aggregates is confirmed.*® The results
indicate that one barbituric acid cross-links with two “open"-form 2,6-diamidopyri-
dine moieties in 16 to form the polymers. This demonstrates that monomer-poly-
mer interconversion can be achieved not only photochemically,"® but also by addi-
tion of metal cations.

) (ﬁn

H1SC7 C7H15
16

To produce a calixarene-based photoregulated ion binding system, we introduced
two anthracenes near the metal binding site of calix[4Jarene.’”~*") Compound 17
itself showed poor ion affinity, whereas the photochemically produced isomer 18,
with a dimeric anthracene cap, showed much improved ion affinity and sharp Na*
selectivity.?®3% Although the ionophoric cavity in 18 is not so closed as to form a
kinetically stable Na* complex, the "H and **Na NMR spectra established that the
association-dissociation rate was much slower than that for 17.383 Interestingly,
when immobilized in a PVC membrane plasticized with di(2-ethylhexyl)sebacate, 17
underwent ring-closure to 18 when photoirradiated at 381 nm."*” The thermal ring-
opening reaction 18-17 took place slowly.*” Although the reverse reaction could be
accelerated by photoirradiation at 279 nm, this resulted in serious photodecomposi-
tion. We found that in the presence of NaClO, the thermal reverse reaction was
completely inhibited and that it could be induced only when the membrane was
photoirradiated at 279 nm.*"! The addition of NaClO, efficiently suppressed the



9.4 Artificial Sugar-sensing Systems utilizing Photoinduced Electron Transfer (PET)

photodecomposition and the reversibility became excellent. The results indicate that
this system satisfies both the thermal stability and the light stability requirements
for photodevices: that is, in the presence of NaClO,, photochemically written mem-
ories can be safely stored, while being erasable with the aid of 279 nm irradiation.
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9.4
Artificial Sugar-sensing Systems utilizing Photoinduced Electron Transfer (PET)

A survey of previously published literature teaches us that hydrogen bonding inter-
actions can be used in a versatile manner for recognition of guest molecules.*!! We,
however, are currently interested in sugar recognition and in read-out of the recogni-
tion process,**™**! and although hydrogen bonding interactions have also proved
useful for sugar recognition in several systems,**™*¥! the effect is exerted only in
aprotic organic solvents. Hence, hydrogen bonding interactions are useless for
sugar recognition in water, while sugars display significant solubility only in this
medium. So, how can we “touch” sugars and “recognize” them in water? In an attempt
to solve this dilemma, we proposed the use of a boronic acid, which self-associatively
forms covalent complexes with a variety of sugar molecules in water (Scheme
1).[4#2745.49311 Since this covalent bond formation process is reversible, and the rate is
much faster than the human timescale, this system may be treated like the noncova-
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lent interactions frequently used for molecular recognition. Although this mode of
operation is quite different from that found in nature (which uses hydrogen bond-
ing interactions),[*"*¢*® it is undoubtedly a practical (and probably the sole) way to
“touch’ sugars in water.

It is known that the acidity of monoboronic acids is intensified when they form
covalent complexes with diols.”® Hence, at a constant pH, saccharide addition can
induce a change of neutral sp®-hybridized boronic acids into anionic sp*>hybridized
boronate esters. In fluorescent monoboronic acids, this change is reflected in a
decrease in the fluorescence intensity (I) of the neighboring fluorophore.[*”->%%2
Typical examples are compounds 19-22.°%°% Among these, 19b and 21b can satisfy
three prerequisites that may be necessary for saccharide sensing: strong fluores-
cence intensity, a large, pH-dependent change in I, and a shift of the pH-I profile to
a lower pH region in the presence of saccharides.”? However, the affinity order of
monoboronic acids for saccharides is always the same: namely, p-fructose > p-arabi-
nose > p-mannose > D-glucose for monosaccharides. We thus decided to direct
our research effort towards selective recognition of particular saccharides.

— B(OH) Q B(OH), B(OH):
I —(
20

19a: 2-B(OH), 21a: 1-B(OH),
19b : 3-B(OH), 21b : 2-B(OH),
19c : 4-B(OH),

6 B(OH),
age

22

Regular monosaccharides have five OH groups. Since a boronic acid can react
with a 1,2-diol (HO-C-C-OH) or a 1,3-diol (HO-C-C-C-OH) group, diboronic acids
can immobilize four of these five OH groups. We thus expected that diboronic acids
would show selectivity toward certain selected saccharides, and that the selectivity
would depend on the relative spatial positions of the two boronic acids. Compound
23 is the first diboronic acid synthesized for this purpose. It is relatively flexible, but
when it adopts a folded syn conformation the distance between the two boronic
acids is comparable with that between the 1,2-diol and 4,6-diol in monosaccharides
(about 6 A). It was shown that, at 25 °C and pH 11.3, 23 can complex several mono-
saccharides, such as glucose, mannose, galactose, and talose, to form cyclic 2:1
boron/saccharide complexes.*?) The highest affinity (K,s = 19000 M™') was
observed for glucose.*?! Thus, this is the first case in which boronic acid derivatives
show the highest affinity for some saccharide other than fructose. p-Glucose gave a
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CD spectrum with positive exciton coupling, whereas 1-glucose gave a CD spec-
trum with negative exciton coupling.!*?! The results indicate that two dipoles pre-
sent in p-anisylboronic acid units are oriented in an asymmetric fashion (e.g., in
the clockwise direction in the 23-p-glucose complex). p-Galactose gave a CD
spectrum with negative exciton coupling, while all other p-monosaccharides and
p-disaccharides tested gave CD spectra with positive exciton coupling.!**! The
results thus indicate that the absolute configuration of saccharides can be conve-
niently predicted from the sign and the strength of CD spectra of 23. This means
that the CD spectroscopic method using 23 as a receptor probe can serve as a new
sensory system for sugar molecules.

B(OH),  B(OH),

OMe OMe
23

For disaccharides, compound 24 was designed, since the spacing between its two
boronic acid units is similar to the spacing between the 1,2-diol and the 4-OH and
5"-OH of disaccharides (about 7 A).* In the presence of p-maltose, a distinct CD
band appeared. A split CD band crossing the [q] = 0 line at 210 nm (A, = 207 nm
in the absorption spectrum) is ascribed to exciton coupling. The negative sign for
the first Cotton effect (223 nm) and the positive sign for the second Cotton effect
(201 nm) indicate that the two dipoles along the phenylboronic acid molecular axis
are oriented in a chiral, anti-clockwise direction when they interact in the excited
state. These findings reveal that when 24 forms a complex with p-maltose, the two
dipoles preferentially adopt S chirality. Very interestingly, p-cellobiose induced a
positive first Cotton effect, whereas p-lactose induced a negative one. The results
imply that the complexes with p-cellobiose and p-lactose display R and S chirality,
respectively. On the other hand, p-saccharose was totally CD-silent. These results
consistently support the view that saccharide selectivity is achieved as a function
of the separation and the relative spatial position of two intramolecular boronic
acid groups.

(HO)2B B(OH),
24

The diboronic acids 23 and 24 form rigid cyclic complexes with chiral monosac-
charides and disaccharides; this is the origin of the CD observations. The induced
chirality upon formation of rigid, chiral complexes was monitored by CD spectro-
scopy, and this rigidification process can be utilized in the design of spectroscopic
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sensors. The main pathway for nonradiative deactivation of the lowest excited sing-
let state of stilbene is known to be through rotation of the ethylenic double bond.
For stilbenes in solid matrices, viscous solvents, and cyclodextrin inclusion com-
plexes, inhibited bond rotation followed by enhanced fluorescence emission is
known to take place. The fluorescence of stilbene-3,3’-diboronic acid 25 increases
upon binding to disaccharides in basic aqueous media.”* Large fluorescence
increases have specifically been observed for the disaccharide p-(+)-melibiose in
basic aqueous media, compared to small increases observed for monosaccharides
(p-(+)-glucose, p-(+)-mannose, and p-(—)-arabinose). This fluorescence increase
was attributed to the formation of a cyclic complex of diboronic acid with disac-
charide and subsequent freezing of ethylenic bond rotation in the excited state. It
seems that out of these three disaccharides, which all possess a 1,6’-ether linkage
between sugar monomers, p-(+)-melibiose has the best fit with the diboronic acid
receptor.

HO),B
B(OH),
S o

25

(

Photoinduced electron transfer (PET) has been wielded as a tool of choice in fluor-
escent sensor design for protons and metal ions.”* The design of fluorescent sen-
sors for neutral organic species presents a harsher challenge, due to the lack of elec-
tronic changes upon inclusion. Designing a fluorescent sensor based on the boronic
acid-saccharide interaction has been difficult, owing to the lack of sufficient electro-
nic changes found in either the boronic acid moiety or in the saccharide moiety.
Furthermore, facile boronic acid-saccharide complexation occurs only under the
high pH conditions required to create a boronate anion.

In order to overcome these disadvantages of boronic acid-saccharide interactions,
we modified the boronic acid binding site to create an improved electron center
around the boronic acid moiety.**! It is known that saccharide complexation
changes the pK, of the boronic acid moiety,”>>***~%! and we reasoned that this pK,
shift could be useful for designing new PET sensors that might drastically change
fluorescence intensity and bind saccharides even in neutral pH regions. In com-
pound 27, the basic skeleton of a known PET sensor 26, which exhibits an N = NH"
pH dependence, is preserved (Scheme 2),°* while an improved binding site with an
intramolecular tertiary amine, as in 28, is also incorporated. In addition, the amine
can interact intramolecularly with the boronic acid, creating a five membered ring
and an sp*-hybridized boron atomic center. Thus, this boronic acid can bind sacchar-
ides without the aid of OH™. The fluorescence-pH profile of 27 in unbuffered aqu-
eous media gave one large step at low pH (pK, = 2.9) and a possible small step at
high pH. The pK; of 26 is known to be 9.3 (fluorescence measurements in ethanolic
aqueous media).”* The large shift of the pK, to an acidic pH region is due to the
interaction found between the boronic acid moiety and the amine group. However,
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the boronic acid-amine interaction does not inhibit the photoinduced electron trans-
fer quenching process in the complex.”® Complete separation of the amine and the
boronic acid moiety at very high pH further quenched the anthracene fluorescence.
However, the fluorescence decrease was insufficient for calculation of the pK,. The
introduction of saccharides (p-glucose and p-fructose) remarkably changed the
fluorescence of 27 over a large pH range. The intensified interaction between
boronic acid and amine, induced upon saccharide binding,**>?! inhibited the elec-
tron transfer process, giving more intense fluorescence. This increased interaction
is to be expected, since the binding of the saccharide to boronic acid increases its
acidity, creating a more electron-deficient boron atomic center. From pH-fluores-
cence intensity plots, it is now obvious that 27, with the aid of the intramolecular
amine, can bind saccharides even in neutral pH regions, just as simple monoboro-
nic acids do in alkaline pH region with the aid of OH™. The pK, of the saccharide
complex, as calculated from fluorescence measurements at high pH (pK, = 11.1),
is comparable with the second pK, of 28, the parent binding moiety of 27, in the
absence of saccharide (pK, = 11.8).
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Many monosaccharides possess at least two binding sites, by which they may be
distinguished from each other. Thus, by careful manipulation of the spatial disposi-
tion of two 2-aminomethylphenylboronic acid groups, it should be possible to con-
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struct saccharide-selective PET sensors. Our molecular design strategy is illustrated
in compound 29.5%%”) The “switch-on” factor (ratio of maximum to minimum fluor-
escence intensity) for 29 is also greater than that for 27. Upon 1:1 binding of glucose
to 29, the formation of a large, macrocyclic structure causes glucose to be held close
to the anthracene aromatic face. Such cooperative binding of saccharides, in this
case specifically glucose, occurs at very low saccharide concentrations. Because of
the PET design, non-cyclic 1:1 bound species could not be detected by fluorescence
spectroscopy; only the 1:1 cyclic and 1:2 complexes gave fluorescent signals. In
human blood, three main monosaccharides are present: p-glucose(0.3-1.0 mM),
p-fructose (£ 0.1 mM) and p-galactose (< 0.1 mM). Competitive binding studies
show that 29 is suitable for the detection of glucose at physiological levels.[’”!
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In the case of compound 30, chiral recognition of saccharides exploits both steric
and electronic factors.”® The asymmetric fixing of the amine groups on the chiral
binaphthyl moiety upon 1:1 complexation of saccharide o or r isomers produces a
difference in PET. This difference is manifested in the maximum fluorescence
intensity of the complex. Steric factors arising from the chiral binaphthyl building
block are chiefly reflected in the stability constant of the complex. However,
interdependency of electronic and steric factors is not ruled out. This new “mole-
cular cleft”, with a longer spacer unit than in the anthracene-based diboronic acid
29, gave the best recognition for fructose. p-Fructose was best bound by (R)-30,
with a large increase in fluorescence. In this system, steric factors and electronic
factors discriminate the chirality of the saccharide in bimodal fashion. Competi-
tive studies with p- and 1-monosaccharides demonstrated the possibility of selec-
tive detection of saccharide isomers. The availability of both R and S isomers of
this particular molecular sensor is an important advantage, since concomitant
detection by two probes is possible. Compound 30 is the first molecular sensor
that can discriminate between saccharide enantiomers.!”!

In conclusion, the recognition of saccharides by molecular receptors based on
boronic acid has shown tremendous growth during the last few years: from inherent
saccharide selectivity with monoboronic acids and controlled selectivity with simple
diboronic acids through to the chiral recognition of saccharides. The biggest break-
through in this study was a combination of the PET sensor concept with the boronic
acid binding of sugars, which enabled us to solve two difficult problems at once:
sugar-binding in neutral pH regions and read-out of the sugar-binding process. It is
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undeniable that such adroit molecular design has become possible thanks to broad
accumulation of knowledge on “molecular machines”.

9.5
Dynamic and Efficient Guest-binding Achieved through Allosteric Effects

Positive or negative allosterism is frequently seen in nature when biological events
must be efficiently regulated in response to chemical or physical signals from the
outside world. Typical examples are to be observed in cooperative dioxygen binding
to hemoglobin,[(’ol hexamerization of arginine repressor,[()l] a cooperative effect in
the concentration of arachidonate-containing phospholipids in cytosolic phospholi-
pase A,,° and elsewhere.l®* The biomimetic design of such allosteric systems is of
great significance for regulation of complexation ability or catalytic activity of artifi-
cial receptors in allosteric fashion.!®*7? Furthermore, the methodology is very use-
ful for amplification and conversion of weak chemical or physical signals into other
signals that may be conveniently read out and recorded. It is undeniable, therefore,
that “molecular machines” can play important roles in these processes. Essentially,
the allosteric systems may be classified into four different categories:

—_

) negative heterotropic,

) positive heterotropic,

) negative homotropic, and
4) positive homotropic.

w N

There are several demonstration cases that successfully reproduce heterotopic
allosteric systems.!**"% Design of homotropic allosteric systems, on the other hand,
is more difficult, but more important for the efficient regulation of equilibria and
catalysis.”"”? Here we introduce several examples of four different allosteric sys-
tems, designed mainly with regard to sugar recognition.

9.5.1
Negative Heterotropic Systems

The first negative heterotopic receptor in which covalent interactions (the formation
of saccharide boronate esters) are coupled with metal ion complexation is com-
pound 31.7% In the design of an allosteric system, binding at the first or main site
should thereby deactivate binding at the second site. To facilitate deactivation, the
binding at the first site should induce a major conformational change in the mole-
cule. From our previous work with diphenylmethane-3,3’-diboronic acid (23),"** we
know that the binding of a saccharide immobilizes the two phenyls, imparting a
chiral twist. This asymmetric immobilization can readily be “read-out” as a change
in the circular dichroism (CD) of the benzene chromophore.*?! If the second bind-
ing site requires a different disposition of the two aromatic rings, then negative
cooperativeness, or negative allostericity, will be observed. Conversely, if both sites
align with the same disposition, positive cooperativeness, or positive allostericity,
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will result. One possible secondary site is a metal binding site; crown ethers are the
obvious first choice in this case. If a crown ether is employed in the molecular
design, then the ideal starting structure 31 should include the replacement of the
methylene bridge of 23 with an oxygen. In this molecule, metal binding should
induce the classic “crown” of oxygens, and this will force the phenyls into the same
plane. Therefore, negative cooperativeness, or negative allosterism, is predicted.

With this work we present the first example in which a saccharide (covalent) bind-
ing site and a metal (electrostatic) binding site are allosterically coupled.”*! Confor-
mational reorganization of the host (31) concomitant with metal ion complexation
causes a reduction in the population of 1:1 saccharide-diboronic acid complex,
which is easily monitored by the decrease in the CD intensity. Presumably, the reor-
ganization produces a disposition of boronic acids that is unsuitable for 1:1 binding
with saccharides. The adroit combination of saccharide and metal ion recognition
opens the way for a chiral allosteric device in which the binding of chiral ammo-
nium ion to the crown moiety regulates the binding of chiral saccharides.
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The second example of a negative heterotropic system utilizes the crown ether
metal-binding characteristic of tending to form 1:1 complexes when the metal size
fits the crown cavity size and 1:2 sandwich complexes when the metal size is larger
than the crown cavity size.l’”* Our earlier allosteric diboronic acid”® showed that
boronate esters are just as useful in the construction of allosteric devices as metal
ion coordination or lipophilic interactions. With diboronic acids 29 and 30, by mod-
ifying the shape of the cleft we were able to vary the inherent selectivity of the
diboronic acid. With compound 29, glucose selectivity’®®>”! was achieved, with com-
pound 30 chiral selectivity."® In both these systems, the 1:1 intramolecular complex
produced was shown to be the important CD-active and fluorescent species. From
this work, we took a step towards controlling the saccharide selectivity of our fluor-
escent saccharide cleft 29 by means of external stimuli. On examination of CPK
models for compound 32, it can be seen that when the two 15-crown-5 rings form a
metal ion sandwich, the distance between the two boronic acid moieties is increased,
making the formation of the 1:1 fluorescent saccharide complex impossible. Indeed,
we found that both the CD intensity and the fluorescence intensity are reduced after
metal addition.” With 0.1 M metal ion, the decrease in CD intensity at 258 nm is
proportional to the change in fluorescence intensity. Decreases in CD intensity were
observed for sodium (35 %), potassium (69 %), strontium (65 %), and barium (96 %)
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and decreases in fluorescence intensity were also measured for sodium (29 %),
potassium (65 %), strontium (60 %), and barium (100 %). Clearly, decomposition of
the 1:1 complex with p-glucose was the cause of this decrease in fluorescence
intensity. In conclusion, this is a novel negative heterotropic system, which mimics
the action of the Na*/ p-glucose cotransport protein in nature.

The third example features the more direct coupling between a diazacrown ether
and a diboronic acid function, in the form of a novel diaza-18-crown-6-based sugar
receptor (33), bearing two boronic acid groups.””) The purpose of this study was to
design a new saccharide receptor in which a saccharide-binding site and a metal-
binding site “communicated” with each other. This system can be regarded as a
metal-controllable sugar receptor, or as a saccharide-controllable metal receptor. It is
to be expected for 33 that boronic acids in the side arms and a metal cation bound to
the crown cavity would competitively interact as “Lewis acids” with the two basic
nitrogens in diaza-18-crown-6. Compound 33 forms a 1:1 complex with p-fructose
or p-glucose, assisted by the intramolecular B---N interaction. Added Ca** com-
petes with the boronic acids for the nitrogens, and hence the B---N interaction is
weakened by the Ca®"---N interaction. In neutral pH regions, without the assis-
tance of the B---N interaction, the diboronic acid cleft loses its saccharide-binding
capability and releases the saccharide.”” Therefore, this study represented a
novel example for the design of artificial sugar receptors in which sugar and Ca**
interact competitively with the binding-sites.

OH  HQ
QB OH Ho’g_Q
“N_O QN
Lo

33

9.5.2
Positive Heterotropic Systems

It is frequently said that multipoint interaction is the origin of precise molecular
recognition with high guest selectivity. These systems are more or less static, but
can behave as positive heterotropic systems when they are combined with proper
dynamic factors. That is, in negative heterotropic systems, two different guests pro-
duce opposing influences, whereas in positive hetrotropic systems they give rise to
cooperative influence. Generally speaking, it is more difficult to design for positive
allosterism than for negative allosterism.

Calix[4]arenes are composed of repeating 3,3’-diphenylmethane units, useful for
designing a boronic acid-based glucose receptor./*?! Accordingly, if two boronic acids are
introduced into the para positions of the proximal phenyl units, the compound will
include the basic structure of 23 within the calix[4]arene skeleton. It is known that
calix{4Jarenes may change their conformation in response to metal binding.”®””! This
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suggests that two boronic acids situated in the upper rim, acting as a saccharide binding
site, may “communicate” with the metal binding site located on the lower rim. In other
words, the metal binding event can change the conformation, resulting in a change in
the relative spatial positions of the two boronic acids. With these objects in mind, we
designed compound 34; a crown “strap” was used to hold two proximal phenol unitsina
syn conformation (and to make the resultant "H NMR analysis easier).’®!

Codt ) Caaen )

OMe OM O O OMe OM
£ £

34 35

Firstly, we investigated the metal-induced conformational change, using a model
compound 35 because the conformational analysis of 34 by 'H and *C NMR was
extremely complicated. It was found that in the presence of “hard” metal cations,
such as Na*, Mg**, and Ca**, the cone conformer was favored by the metal binding
to the lower rim oxygenic site.”®! Although cone 34 can form a CD-active 1:1 com-
plex with p-glucose, the cone 34-metal complexes cannot bind p-glucose, because
of the significant degree of “flattening” of the phenyl groups (in other words, the
distance between the two boronic acid groups is increased).l”®) On the other hand,
addition of “soft” metal cations, such as K*, Rb*, and Cs, increased the propor-
tion of 1,2-alternate conformer. The appearance of the 1,2-alternate conformer is
attributable to the cation-m interaction between crown-bound K and two
inverted benzene rings. The two boronic acids in 1,2-alternate-34 are suitable for
binding p-glucose, to yield a CD-active 1:1 complex.l”®!

We tested whether the saccharide binding site on the upper rim could “commu-
nicate” with the metal binding site on the lower rim through the calix[4]arene cavity.
The CD band weakened with increasing concentrations of Na*, Mg**, or Ca®*.’®/ On
the other hand, when K*, Rb*, or Cs* was added, the CD intensities increased and
the spectral shape was changed.”®! For a number of reasons, we consider the new
band to be attributable to the 1,2-alternate-3 - p-glucose - metal complexes. Therefore,
this system is a unique example that exhibits both negative and positive allosteric
interactions between metal ions and saccharides in a calix[4]arene host.

(HO)2B B(OH), Qe B(OH),

cone-34 1,2-alternate -34 partial-cone-34
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9.5.3
Negative Homotropic Systems

We previously showed that porphyrins with appended boronic acid moieties act as
very useful spectroscopic sensors for detecting saccharides in water by fluorescence
and for predicting their absolute configurations by circular dichroism (CD)."*-#%
Through these studies it has become clear that two boronic acids must be manipu-
lated in appropriate spatial positions to achieve successful two-point interrogation of
a specific saccharide guest.”*®) In these systems, it is known that only when two
boronic acids are intramolecularly bridged by a saccharide do the resultant sacchar-
ide-containing macrocycles become CD-active. Here, it occurred to us that, in order
to arrange two porphyrins with appended boronic acid moieties into an appropriate
spatial position, a u-oxo dimer (37) of porphinatoiron(111) 36 would have great poten-
tial: the p-oxo dimer is formed stably in basic aqueous solution, as is the boronic
acid-saccharide complex. Furthermore, the distance between two porphyrin planes
(3.8 A)®? is comparable with the molecular size of monosaccharides. Examination
of the absorption spectra of 37 at pH 10.5 in the absence and in the presence of
saccharides showed that they are scarcely affected by saccharide addition.®* In CD
spectra, of the many monosaccharides tested, only glucose and galactose could pro-
duce the strong CD bands at Soret band wavelengths.®*! The CD signal could be
detected even for ~10~ M glucose and galactose. Thus, it may be concluded that 37
acts as a highly selective and sensitive “sugar tweezer” for glucose and galactose.

2

(HO);"B = & )-B©OHy
> 9 B(OH);
=30
(HO);® Q
(HO} B
36 37

To obtain quantitative insights into the mode of binding, we estimated the stoi-
chiometry of the complexes by a continuous variation plot of CD intensity. A sharp
maximum appeared at 0.5. p-Galactose also gave the maximum at 0.5. The results
indicate that even though 37 has eight boronic acid residues, only two are used in
forming the 1:1 37/saccharide complexes. Examination of CPK molecular models
revealed that when two boronic acid moieties react with four OH groups in these
saccharides, they must approach each other closely, and the Fe-O-Fe bond angle is
tilted to 150° from its regular 180°. As a result, the distance between two boronic
acids in the remaining three pairs becomes too long to complex saccharides intra-
molecularly. Hence, this binding mode is classified as homotropic negative alloster-
ism. From plots of CD intensity (Bops at 380 nm) versus [saccharide], we estimated
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the association constants (K,g) to be 1.51 x 10° M~ for glucose and 2.43 x 10* M~
for galactose. These values are the largest for artificial saccharide receptors and one to two
orders of magnitude greater than those achieved previously. The results clearly indicate
that u-oxo dimers provide an excellent platform for designing saccharide receptors
based on boronic acids.

9.5.4
Positive Homotropic Systems

As mentioned above, the p-oxo dimer 37 was formed from 36 in alkaline pH
regions and showed extraordinarily high affinity and selectivity for glucose and
galactose.®®) However, only one pair of boronic acid groups was used to form 1:1
complexes with saccharides, and the remaining three pairs of boronic acids did not
bind saccharides.®® The strong negative homotropic allosterism was attributed to
an inclination of the two porphyrin planes, induced by the binding of the first sac-
charide guest.®* Hence, if the first guest could suppress the rotation of the two por-
phyrin planes and maintain their parallel arrangement, the second guest should be
bound more efficiently and the system should exhibit positive homotropic alloster-
ism.

To construct such a porphyrin-based positive allosteric system, we chose a
cerium(1v) bis(porphyrinate) double decker compound:®*®" namely the tetrakis(4-
pyridyl)porphyrin derivative 38.%”! This molecule satisfies the aforementioned
requirements: firstly, slow rotation of the two porphyrin planes with respect to one
another should be possible at room temperature,®® in analogy to similar cerium (1v)
bis(diarylporphyrin) and bis(tetraarylporphyrin) complexes studied by Aida et
al.[®! Secondly, tilting of two porphyrin planes is more difficult than in 37, and
thirdly, four pairs of 4-pyridyl groups are available as hydrogen bond acceptor
sites for diols, hydroxycarboxylic acids, and dicarboxylic acids. Compound 39,
which has only one pair of pyridyl groups, was used as a reference.

Firstly, circular dichroism (CD) spectra of 38 and 39 were recorded in the pre-
sence of each of the eight guest molecules. Exciton-coupling CD bands were clearly
observed for 38 in the presence of BOC-1-aspartic acid (1-40; BOC = tert-butoxycar-
bonyl) or (1R2R)-1,2-cyclohexanedicarboxylic acid ((1R,2R)-41). Compound 39
was CD-inactive in the presence of these guest molecules. Therefore, the strong
CD bands can be observed for only a proportion of the host-guest combinations.
The [0]max at 310 nm was plotted against the guest concentration. The sigmoidal
curvature observed for this binding system indicates that the binding of the guest
to 38 is “self-accelerating”. This cooperative guest binding process can be ana-
lyzed with the Hill equation!®’!

log(y/(1-y)) = nlog[G] + logK, M

where [G] is the concentration of the guest, K the association constant, and n the
Hill coefficient, and y = K/([G]""+K). From the slope and the intercept of the linear
plots, we obtained K = 2.63 x 10'" M™* and n= 3.9 for 1-40 (correlation coefficient
0.988) and K = 2.75 x 10° M and n = 4.0 for (1R,2R)-41 (correlation coefficient
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0.995). The 1:4 composition of the CD-active complexes was further corroborated
by Job diagram!®: a plot of [0]ax at 310 nm against [38]/([38]+[1-40]) has a max-
imum at 0.2. This supports the view that the complex consists of one 38 host and
four 1-40 guests. These findings consistently indicate that four pairs of pyridyl
groups in 38 cooperatively bind these chiral guest molecules through hydrogen
bonding interactions, and that the two porphyrin planes are immobilized in a
chiral conformation to give the CD-active complexes. Hence, this is a rare exam-
ple of an artificial system with a strong positive allosteric effect and n = 4.1°!]

. pl=pR2= -
38: R'=R 4<\:\//N
39: R'= @

. —
R= N

R4

R1

0/'Bu
HN&
H, o
(0] ) )
(0] Oﬁ\\\\. [0}
HO HO HO HO
L-40 (1R,2R)41

Here, two important questions come to mind. Firstly, why can 38 bind dicar-
boxylic acids, whereas 39 cannot? Secondly, why do only 40 and 41 form CD-active
complexes with 38> '"H NMR studies established that some proton signals had
shifted to lower magnetic field in the 38-1-40 complex, while a mixture of 39 and -
40 did not display any such chemical shift change at all.®”) This difference
revealed the mechanism responsible for the positive allosteric effect in this sys-
tem. Although host 39 has a pair of pyridyl groups, and could therefore poten-
tially bind 40 or (1R,2R)-41 by hydrogen bonding, the unchanged chemical shifts
in the "H NMR spectrum suggest that this site exhibits at most only a very weak
interaction with dicarboxylic acids. In other words, the first association constant
K; for binding the first guest is very small for 39. Conceivably, the gain in Gibbs
free energy from the pyridine/carboxylic acid interaction is overcompensated by
the loss of Gibbs free energy associated with suppression of the rotation of the
porphyrin rings. This is also the case in 38, for the binding of the first guest. In 38,
however, once the rotation of the porphyrin rings has been suppressed by the first
guest, successive binding of the second, third, and fourth guests can occur without
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such a loss of Gibbs free energy. Thus, as the number of the bound guests
increases, rotation of the porphyrin rings becomes more strongly suppressed, and
guest binding becomes increasingly favorable. This type of guest binding is possi-
ble only in the 1:4 complex. This is the origin of the unique positive allosterism
observed for 38.

In conclusion, it has been demonstrated that the cerium(iv) bis[tetrakis(4-pyri-
dyl)porphyrinate] double-decker compound displays a highly homotropic positive
allosteric effect, with a Hill coefficient of 4. Such strong allosteric effects are very
rare in an artificial system.[”?) The origin of the cooperative guest binding is attribu-
table to the successive suppression of the rotation of the porphyrin rings, without
deformation of the basic structure of the cerium double-decker. Thus, this system
should be readily applicable to the regulation of association processes and catalytic
activity. For example, 38 is useful for the efficient release or capture of 1-40 and
(1R,2R)-41 in solution, and the catalytic activity of porphyrins can be regulated by
means of these chiral guests.

9.6
Concluding Remarks

It seems to us that the progress of ion sensing and molecule sensing consists of
three stages: (1) direct utilization of biomaterials, (2) artificial modification or semi-
synthesis of biomaterials, and (3) design of totally manmade sensors. Each stage
certainly has a historical reason, role, and significance. Form the viewpoints of ver-
satility and future developments, however, stage 3 seems to be most promising and
active. This chapter surveys the basic molecular design concepts leading towards
such manmade, artificial chemosensors. Through the work described in this survey,
we have learned that dynamic events frequently play indispensable and crucial roles
in designing sensing systems leading to “molecular machines”. On the other hand,
if ion or molecular recognition is understood only on the basis of static events, they
would appear to remain in an inadequate, closed field. Only when adroitly combined
with dynamic events can they exhibit vivid, viable enhancement, sometimes
mimicking important life processes. We believe that such efficient combination will
find many applications for both the monitoring and the mapping of important
recognition targets. This relatively new field is going to attract many scientists’
attention in the years to come.
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Multistate/Multifunctional Molecular-level Systems —
Photochromic Flavylium Compounds

Mauro Maesri, Fernando Pina, and Vincenzo Balzani

10.1
Introduction

Great interest is currently being devoted to molecular or supramolecular species
existing in two forms, interconversion of which can be modulated by means of an
external stimulus."™® The design of such molecular-level switching devices is
directly related to the chemistry of signal generation, transfer, conversion, storage,
and detection (semiochemistry).”!

Typical bistable species are the so-called photochromic compounds: molecules
that can be reversibly interconverted, with at least one of the reactions being induced
by light excitation, between two forms displaying different absorption spectra.l”®!

Photochromism was first described in the scientific literature in 1876.”) In his
famous paper entitled “The Photochemistry of the Future” (1912), G. Ciamician!
discussed the importance of photochromic substances and mentioned the possibi-
lity of using such compounds for fashion purposes. Photochromism is also a natural
phenomenon; most biologic photoreceptors exhibit photochromic behavior.'” Until
the middle of this century research on photochromic compounds was mainly carried
out in academic centers, but around 1960 it was recognized that this subject is also
of considerable commercial interest and since then most of the research has been
done in industrial laboratories. The applications of photochromic materials can
been classified as follows:!”!

(i) applications depending upon sensitivity to radiation of some kind (for exam-
ple, self-developing photography, protective materials, camouflage, decora-
tion);

(i) applications depending upon reversibility (such as protection against sun-
light, smart windows, protection against intense flashes of light, data storage
and retrieval);

(iii) applications depending upon thermal, chemical, or physical properties (such
as temperature indicators, photoresist technology, photocontractile polymers,
Q-switches, security printing). Currently, much interest is being devoted to
the possibility of using photochromic compounds for information processing
at the molecular level.

309



310

10 Multistate/Multifunctional Molecular-level Systems — Photochromic Flavylium Compounds

The first scientist to carry out systematic investigations on photochromic com-
pounds as computer memory elements was Hirshberg.'"'? In the years following,
there has been strong development of research into photochromic molecular mem-
ories, with a great number of patents granted, particularly in Japan.”) By reducing
switching elements to molecular size, it would be possible to increase the memory
density of computers by several orders of magnitude and to reduce their power
requirements very significantly."*! The potential of information storage in chemical
system is demonstrated by DNA, which has an estimated capacity of 10*! bits/cm®.
A CD-ROM (compact disk, read only memory) holds approximately 10® bits/cm?.
Photochromic materials can offer (although not necessarily simultaneously)
increased capacity (to >10'? bits/cm?), a simple readout mechanism, the possibility
of optical replication, and selective erase and rewrite facilities.

Apart from future applications for information processing at the molecular
level," the study of compounds capable of existing in different forms that can be
interconverted by means of external stimuli is a topic of great fundamental inter-
est.'"% Recently it has been shown that suitably designed photochromic compounds
may
(i) be used to obtain switchable quadratic non linear optic properties,!*>!
(ii) behave as logic gates,["*"'%

(iti) exhibit very complex chemical reaction patterns,!’’~'*) and
(

iv) be used as components of rudimentary neuron-like networks.*’

In this chapter, we discuss the multistate/multifunctional character of the chem-
istry of synthetic photochromic flavylium compounds and show that the examina-
tion of complex chemical systems from novel viewpoints may reveal very interesting
features and may be useful to introduce new concepts in the field of chemical
research.

10.2
Multistate/Multifunctional Compounds

The simplest photochromic compounds are bistable species that can be intercon-
verted between two forms (X and Y) exhibiting different colors.”**!) Most photo-
chromic compounds change their color as a result of photoexcitation and revert
more or less slowly to their initial state when kept in the dark (Figure 1a). Com-
pounds exhibiting this behavior are useless for information storage (or switching
purposes), since the written information (switching state) is spontaneously erased
(back-converted) after a relatively short time.

Other photochromic compounds do not revert to their initial state thermally, but
can undergo reversible photoisomerization (Figure 1b).*? Such compounds can be
used in optoelectronic devices. However they present a severe problem. The light
used for reading the written data (detecting the switching state) causes the back-con-
version of the sampled molecules, and thus the gradual loss of information (state
definition). Several attempts have been made to overcome this difficulty, including
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Fig. 1: Schematic representation of the
. behavior of three types of photochromic
hv 5 _}_W__) *  systems. (a)The photochemical reaction
a) X ‘T”" Y - of the form X reverts by thermal means
in the dark, (b) The photochemical reac-
GEES tion of the form X reverts only through
light excitation of the form Y; (c) The
form Y, which reverts to X through light
excitation, can be transformed by

write read

write means of a second stimulus (such as an
hv acid/base reaction) into another form Z.
b) X - Y which is stable toward light excitation
hv' and, when necessary, can be recon-
read, erase verted to Y. For more details, see text.
write
hv
D
9 X Y
A, hv'
erase
+ unlock
H I+
lock
*
Z <=7
hVH

read

the use of photochemically inactive infrared light to read the status of the sys-
tem. 23241

A general approach to avoiding destructive reading is to combine two reversible
processes that can be addressed by means of two different stimuli (dual-mode sys-
tems).”>% The additional stimulus can be another photon,* heat,””! an elec-
tron,>%®) a proton,?” or something even more subtle, such as formation of a hydro-
gen bond.?” In such systems (Figure 1c), light is used to convert X to Y (write),
then a second stimulus (such as a proton, as in Figure 1c) is employed to transform
Y (which would be reconverted back to X by a direct photon reading process) into Z,
a different, stable state of the system (lock), which can be optically detected without
being destroyed (read). This process safeguards the change initially induced by the
writing photon. When the written information is to be erased, Z is reconverted back
to Y (unlock; for example, by addition of a base, as in the example of Figure 1c) and
Y is then reconverted back to X (erase). Such a write-lock-read-unlock-erase cycle
could constitute the basis for an optical memory system with multiple storage and
nondestructive readout capacity.
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The concept of dual-mode stimulation can be expanded further. It is possible to
devise systems capable of existing in several forms (multistate) that can be intercon-
verted by different external stimuli (multifunctional). Such systems can give rise to
intricate networks of reactions that, when examined from the viewpoint of “molecu-
lar-level devices"®" reveal very interesting properties.*

Like anthocyanins,?! which are one of the most important sources of color in
flowers and fruits, synthetic flavylium salts in aqueous solutions undergo various
structural transformations®*>7) that can be driven by pH changes and light excita-
tion. Such transformations are often accompanied by quite dramatic color changes
or color disappearance. In the last few years, the thermal and photochemical reac-
tions of several synthetic flavylium salts have been investigated in great detail,’"”~
1934831 and it has been shown that some of these compounds can perform write-
lock-read-unlock-erase cycles and can also exhibit multistate/multifunctional beha-
vior.

10.3
Natures of the Species involved in the Chemistry of Flavylium Compounds

The basic scheme relevant to discussion of the structural transformations of flavylium-
type compounds is that shown in Figure 2.3*”) As we will see below, other forms may
also be involved, depending on the nature of the substituents in the 4-, 7-, and 4- posi-
tions. The flavylium cation AH", the stable form in strongly acidic solution, can easily be
prepared by acidic condensation of salicylaldehyde and acetophenone derivatives, as
well as by other routes.** In moderately acidic or neutral solution, the thermodynami-
cally stable form is generally the neutral trans-2-hydroxychalcone species Ct, which is
formed from AH" through the two intermediate compounds B2 and Cc. B2 is a hemi-
acetal species, obtained by hydration at the 2-position of the flavylium cation, and Ccis a
cis-2-hydroxychalcone, formed from the hemiacetal B2 through a tautomerism process.
The interesting feature of these systems is that the AH* and B2 forms can be reversibly
interconverted by changing the pH,?*=”) whereas Cc and Ct can be interconverted by
photoexcitation.["”1938#34548] gince the B2 and Cc forms are in tautomeric equili-
brium, it follows that pH and photostimulation can be used to induce interconversion of
the four fundamental forms (Figure 2). Furthermore, the AH" form exhibits acid prop-
erties not only at the 2-position, but also at the 4-position, to give the B4 basic species. In
their turn, Cc and Ct can undergo deprotonation to give the respective Cc™ and Ct~
monoanions which, being cis/trans isomers, can in principle be interconverted by light
excitation. As we will see later, depending on the nature of the substituents, other acid/
base equilibria and cis/trans couples may be present. It is therefore clear that in these
systems, pH changes coupled with light excitation may produce very intricate series of
chemical reactions, with dramatic changes in absorption spectra (i.e., in the color of the
system). A further interesting aspect is that some of the species exhibit fluorescence,
which is not only another analytical “handle” to control the behavior of the system, but
also a very interesting signal for the purpose of information processing.
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R, OH R, Kot Ry o] R,
R, O at R, O + H*
Ct Ct”

Fig. 2: Structural transformations of flavylium-type
compounds. Only the most important forms are shown.

Several investigations concerning the thermodynamic and kinetic aspects of the ther-
mal reactions of flavylium-type compounds have long been in the literature,**=” while
photochemical and photophysical aspects have been systematically examined more
recently.!’’~1%3¥3] A5 we shall see below, pH jump, temperature jump, and flash photo-
lysis experiments permit measurement of the rate constants of some of the reactions
involved, and steady state titration experiments (using UV/Vis and NMR techniques)
allow the measurement of equilibrium constants. In order to illustrate the complex reac-
tion network in which these systems operate, we will now focus on the behavior of the
4-methoxyflavylium ion (Figure 2; R, = R; =H, Ry = OCH3).l*’!
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Fig.3: Absorption spectrain

404 aqueous solution at 25 °C of the
; 4’-methoxyflavylium compound:
-3

ﬁl"l? AH*atpH=1.0,CtatpH=4.0

cm and B2/Cc mixture at pH = 7.0.°!

20

10.4

Thermal Reactions of the 4-Methoxyflavylium lon

A very careful spectroscopic and kinetic investigation of the transformations under-
gone by the 4’-methoxyflavylium ion was originally performed by McClelland and
Gedge.’® Using the pH-jump technique, they found that seven different species
were involved as transient or equilibrium compounds, depending on the experimen-
tal conditions (Figure 2). The absorption spectra of the strongly colored 4’-methoxy-
flavylium cation AH" (Amay = 435 nm, € = 42,000 M cm’l), the colorless trans-4’-
methoxychalcone Ct (Apax = 350 nm, € = 18,000 M~ cm™), and the B2 and Cc mix-
ture are shown in Figure 3.

The molar fraction distribution®®*’?! of the various species as a function of pH,
in aqueous solution at 25 °C, was obtained from the equilibrium constants (vide
infra) and is shown in Figure 4. The thermodynamically stable form in the pH
range 2-8 is the trans-4’-methoxychalcone, Ct, which, at higher pH, is transformed
into its anion, Ct™ (Figure 4, solid lines). In strongly acidic solutions, AH" becomes
thermodynamically stable; however, Ct cannot convert into AH™ because of the very
large activation barrier, which reflects the isomerization of Ct to the intermediate
compound Cc (Figure 2). Furthermore, a solution of AH" is almost indefinitely
stable at room temperature below pH 3, since under such conditions a very large
kinetic barrier prevents conversion of AH" to the thermodynamically stable Ct form
via the hydrated (pseudobase) species B2 and the Cc isomer (Figure 2). At higher
pH, however, AH" is very reactive.*® For example, when starting from an aqueous
solution of AH" at 25 °C and pH = 1, a pH jump to pH = 4.29 leads within a few
seconds to a pseudoequilibrium consisting of 50 % AH", 33.2 % B2, 0.3 % B4, and
16.5 % Cc (Figure 4, dashed lines). A much slower reaction follows (halflife 19.7 h),
resulting in complete conversion to the thermodynamically stable form Ct.

At pH 8, AH" reacts mainly with solvent water (halflife 0.44 s) to produce 64 %
B4, 24 % B2, and 12 % Cc, the last two existing in equilibrium with each other
(equilibration halflife, 7 x 107 s).*® This is followed by another fast reaction (half-
life 66 s) in which B4, a product of kinetic control of the initial neutralization of
AH", is converted via AH" to B2 and Cc, yielding a pseudoequilibrated mixture of
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Molar Fraction

1 3 5 pH 7
Fig. 40 Molar fraction distribution as a func- AH" solutions from pH = 1 to higher pH values
tion of pH, in aqueous solution at 25 °C, for by the pH-jump technique or by exciting Ct
the 4’-methoxyflavylium compound. Solid lines solutions by a light flash. Such species reach a
refer to the species obtained at the thermo- pseudoequilibrium on a time scale of seconds
dynamic equilibrium. Dashed lines refer to and then undergo a very slow, thermal trans-
species obtained by bringing formation to Ct.B%

66.3 % B2, 33.1 % Cc, and 0.6 % B4 (Figure 4, dashed lines). A much slower reac-
tion (halflife 9.9 h) then occurs, resulting in complete conversion to Ct.

10.5
Photochemical Behavior of the 4’-Methoxyflavylium lon

As described above, in the pH range 2-8 the colorless trans-4-methoxychalcone Ctis the
thermodynamically stable species and therefore it is the final product of the transforma-
tions of the strongly colored 4’-methoxyflavylium ion AH". Even at pH = 1, at which
AH" is the thermally stable species, Ct can be kinetically stable because of the high
energy barrier of its transformation into Cc. Ct, however, can be converted into AH"
photochemically.*! As might be expected from the thermal behavior of the system, the
photoreaction may result either in a transient or in an almost permanent effect, depend-
ing on the temperature and the pH of the irradiated solution.

10.5.1
Continuous Irradiation

Continuous irradiation of 2.3 x 10~ M aqueous solutions of Ct at pH = 1.0 with 365
nm light causes strong spectral changes, with five isosbestic points and formation of
a very intense band in the visible region, with its maximum at 435 nm (Figure
5a).%") Analysis of the spectral changes shows that the photoreaction converts Ct
into AH*, without formation of sizeable amounts of other products. The quantum
yield of the photoreaction is 0.04, independent of the presence of dioxygen in solu-
tion. At pH = 1.0, no back-reaction takes place and irradiation with 434 nm light,
corresponding to the maximum of the absorption band of AH" (Figure 3), does not
have any effect.
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1
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Absorbance

0.3

0
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Anm)
Fig. 5: Spectral changes caused by continu- times : 0; 0.5; 1; 2; 4; 7; 12 minutes. (b) pH 7.0,
ous irradiation of aqueous solutions of the Ct [Ct] = 3.2 x 107 wm; the curves correspond to
form of 4’-methoxyflavylium ion with 365 nm the following irradiation times: 0; 0.25; 1.5; 3;
light: (a) pH = 1.0, [Ct] = 2.5 x 107 m; the (39
curves correspond to the following irradiation

6; 10 minutes.

When irradiation of Ct is carried out at pH = 4.0, the quantum yield of the photo-
reaction leading from Ct to AH" does not change, but the expected thermal back-
reaction of AH" to Ct is observed. The rate of the back-reaction increases with tem-
perature (activation energy 93 kJ mol™" at pH = 4.0). Irradiation at pH = 7.0 causes
the spectral changes shown in Figure 4b. At this pH, the disappearance of Ct does
not cause any increase of absorbance in the visible spectral region, thus showing
that AH" is not formed. Furthermore, the back-reaction is very fast, so complete dis-
appearance of Ct cannot be observed. This is in full agreement with expectations

so| O
I(au) L
sl !
oL
350 550 650
Alnm)

Fig. 6: Fluorescence spectra in aqueous solution at 25 °C of the
AH" (pH =1.0) and Ct (pH = 4.0) forms of the 4’-methoxyflavy-

lium ion.**!
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based on the data shown in Figure 4, which indicate that at pH = 7.0 the pseudo-
equilibrated mixture of products is composed essentially of the open Cc and the
closed B2 cis forms. As is always the case for aromatic derivatives of ethylene,*”! the
absorption spectrum of this mixture of cis species is less intense than the spectrum
of the trans form (Figure 3), and slightly blue-shifted. Under such conditions, irra-
diation of the mixture with 313 nm light causes the reverse cis—trans photoisomeri-
zation reaction with an apparent quantum yield of approximately 0.5 (based on the
total light absorbed by Cc and B2).

Interestingly, Ct and AH" exhibit intense fluorescence bands with A, at 430 and
530 nm, respectively (Figure 6).° The fluorescence lifetime is shorter than 1 nanose-
cond in both cases. It is worth noting that the occurrence of the thermal and photoche-
mical reactions described above can also be followed by fluorescence measurements.

10.5.2
Pulsed Irradiation

Flash photolysis is a powerful technique for investigating the kinetics of conversion of
the various forms of flavylium ions.*’ Even with a simple flash-photolysis apparatus,
with a time resolution of approximately 0.2 s, it is possible to obtain kinetic data that can
complement and/or replace those obtainable by the pH-jump technique.

Flash excitation®” of 6.0 x 10~ M aqueous solutions of Ct at 25 °C and pH = 3.0
or 7.0 causes a bleaching in the 300-400 nm region, which can be assigned to the
disappearance of Ct. At pH 3, a strong increase in absorbance in the 400-500 nm
region is observed, as expected for the formation of AH". Absorbance versus time
traces show that Ct disappears within the timescale of the flash, but that its disap-
pearance does not lead directly to AH". One or more intermediate products are
formed (Cc and B2 according to the scheme of Figure 2), and these then convert
completely to AH" in a few seconds. At pH = 7.0, the decrease in absorbance in the
300-400 nm region, corresponding to the disappearance of Ct, is not accompanied
by an increase in absorbance in the visible region, because AH" is not stable in neu-
tral solution and the main products of the photoreaction are B2 and Cc (Figure 4).
None of the thermal and photochemical processes observed are affected by the pre-
sence of dioxygen in the solution.

In order to check the degree of reversibility of the observed reactions, a 1.0 x 10~ m
aqueous solution of Ct at pH = 3.0 and 60 °C was irradiated at 365 nm. After 20
minutes of irradiation, resulting in the formation of the colored form AH", the solu-
tion was kept in the dark, at 60°C, until practically complete bleaching of the AH*
visible absorption had occurred. Then, photoexcitation was again performed. Figure
7 shows the changes in absorbance (at 435 nm) obtained on repeating these light/
dark cycles five times. As can be seen, the degree of reversibility of the system is
satisfactory.l*”!

In conclusion, the photochemical behavior is in agreement with that observed in
pH-jump experiments. Although Cc is obviously the primary product of flash excita-
tion, the observed species and their survival time (from seconds to years) before rever-
sion to the thermodynamically stable form Ct depend on temperature and pH.
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0.4

A

0.2 Fig.7: Behaviorofa1.0x 107 M
aqueous solution of the Ct form of the
4’-methoxyflavylium ion at pH = 3.0 and

0.0 60 °C on 365 nm photoexcitation
(dashed lines) followed by dark periods
(full lines) B

10.6

Flavylium lons with OH Substituents

In flavylium compounds that bear OH substituents in their 4’- and/or 7-positions,
deprotonation of the OH group can result in other forms being obtained, not seen
in the case of the 4-methoxyflavylium compound discussed above. Figure 8 illus-
trates this for the 4”-hydroxyflavylium ion.'”) The new species are the quinoidal base
A, obtained by simple deprotonation of the AH* flavylium cation, and the dianionic
Cc® and Ct* forms, obtained by second deprotonations of Cc and Ct. The roles
played by these forms depend on the specific compound and the pH conditions. For

5 4 H OH
A AH* B4
fis
0OH oH
O /
+ H*
B2
+ H* =
Ce Ce” (o
I e o
@apﬂ“ o Q& OO
Z +
.
ct Ct2-

Fig. 8: Species obtained upon deprotonation of the OH groups
contained in the 4’-hydroxyflavylium ion.'”!
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example, in the case of 4-hydroxyflavilium ion, the Ct*~ species exhibits fluores-
cence and its Cc*~ counterpart undergoes photoisomerization to Ct*~ (for more
details, vide infra). Interestingly, for the 4-methyl-7-hydroxy- and the 4’,7-dihydroxy-
flavylium compounds, both the AH" cation and the A quinoidal base exhibit fluores-
cence. Moreover, in the former compound, in which only two forms (AH" and A)
are observed, the pK, of the ground state (4.4) is higher than the apparent pK, of the
excited state (0.7) and a very efficient adiabatic excited state proton transfer reaction
(vield = 0.95) transforms *AH" into *A. These results show that the 4-methyl-7-
hydroxy-flavylium compound behaves as a four-level system and suggests that it
could be used, in principle, to obtain laser effects.™*”!

10.7
Energy Level Diagrams

As discussed above for the 4’-methoxyflavylium compound, pH jump, temperature
jump, and flash photolysis experiments permit the measurement of the rate con-
stants of some of the reactions involved, while steady state titration experiments
(using UV-Vis and NMR techniques) enable equilibrium constants to be deter-
mined. The values obtained for the most important processes in five flavylium com-
pounds are gathered in Table 1.

Tab. 1: Thermodynamic and kinetic constants for some structural transformations of synthetic flavylium com-
pounds.?

substituent 7-OH ® 4.7-diOH © None ¢ 4-OH° 4-OMef

K, 2.0x107 89x107* 2.3x 1072 1.26x 10728 8.0x 1072

K, 28x107* 1.0x 107 3.16x 107°

Ky 8.0x107° 1.4x10°° 9.8x107* 3.6x107° 3.4x107

K, - - 0.06 1 0.50

K; 500 1.4 x 10° 400 3500 ca 100

kp, 0485712 1.8x1072%s7! 4657t 89x1072%s7! 0.47s7!

ki 3x10* s IMTP 13x10%s MR 47x10° M 25x 10 s IMTT P 1.38 x 104 sTTM !
ks 0.57sh 0.26s7'h 41x10*s7? 3.7x10°g7! 58x 107 g7t

k; 83x107*s! 1.8x10™*s™! 1.1x10°s™! <107 s7! <10°g!

[a] Measured by means of pH jump techniques at 25 °C, unless otherwise noted.

[b] Ref. 41.

[c] Ref. 38.

[d] Refs.43.

[e] Refs. 17 and 37.
[f] Refs. 36 and 39.
[g] At60° C.

[h] Measured by flash photolysis.
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From an operational viewpoint, the complex equilibria involving those species
present at moderately acidic pH (Figure 8) can be described in terms of a single
acid-base equilibrium between the acid species AH" and a conjugated base “CB”
with its concentration equal to the sum of the concentrations of the species A, B4,
B2, Cc, and Ct:

!
AH' = "CB" + H' (1)
where K’, = K, + Ky, + K*, + Ky, K, + Ky, K, K;. The equilibrium constant of such an
overall process is also given in Table 1. By using the data shown in the table, an
energy level diagram can be constructed for each compound. Simplified versions of
such diagrams (Figures 9-13) can then be used to illustrate the behavior of the var-
ious compounds!"’~'?*¥*3 and for discussion of the effect of the substituents.

Ct <KL CosBa< AHT Ko A

ki kniH*] k.atH*]
_— — ez
4
E
-1 | pH=
kJ mol ? zzzz,
20 4 i |
| } EEF'I'Tl .
w0 |
F } | 17‘
|
“ 12 } \ } Fig. 9: Energy level diagram for the
| | Lo . slepes
| \ pH=1 species involved in the equilibria of the
ob-v v b

#,7-dihydroxyflavylium compound.*"

) ki k.
Ct <fiCe+B2 < AHF 2, A
K_i Kn[H*] kalH*]
| — iz S
F
E 1 pH=5
kdJ mol Fl Y7z
20 - | |
‘ |
I \
| ?
# e |
- | 15 |
\ ‘ \ \ Fig. 10: Energy level diagram for the
10; | | | A . -
i i | pH=1 L species involved in the equilibria of the
0ttt L7778 ——— 7-hydroxyflavylium compound.®"!
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Ct <L Cc LI - h o AHY
ki k.t [H*] kniHt
_—_— —  —
4 .
transition state
pH=5
Q Vs /7
23
‘ Fig. 11:  Energy level diagram for the
pH=1 species involved in the equilibria of the
/777 4-methoxyflavylium compound.B!

k: k k.
Ct <=L Cc+B2<—5 AHt 2> A
K. kniH*] k_g[ H*]
| —1 o

l transition state

kJ Eol'l If:—l o
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i |
| Fm |
20 1 [ [ \
I I I
26| | |
: [
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i 1
I i
12 \ i \ Fig. 12:  Energy level diagram for the
L L i pH=1 ! species involved in the equilibria of the
0 ——t——— LTy —— 4 -hydroxyflavylium compound.l'”)

An intuitive way to describe the interconversion processes in flavylium-type com-
pounds is their description by a hydraulics analogy.*"! By such an analogy, the beha-
vior of aqueous solution of flavylium ions upon a pH-jump from 1.0 to 4.2 can be
schematically represented as in Figure 14. In the case of 4-hydroxyflavylium, Cc
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k: k k|
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|
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} ! 1 Fig. 13: Energy level diagram
b1l | for the species involved in the
E/3 l— | pH=1 } equilibria of the unsubstituted
0 -t "=tz flavylium compound.*’]
_©1 CosBz AH'A Ci CceB2 AH*A
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pH=1 ) pHa=1 |
Gt Ce+Bz AH* A Ct  Ce+Bz AH*A
pH=4§ | pH:-l
c) d)
Fig. 14: Hydraulic analogy for the description immediately after the proton transfer process;

of the behavior of flavylium compounds upon
a pH-jump from pH = 1.0 to pH = 4.0.4".

(a) the system is equilibrated at pH = 1.0;

(b) the pH is changed to 4.0; the pH-jump has
an effect comparable to driving in the piston,
and the figure represents the situation

(c) when the cis-trans isomerization is very
slow, it is possible to obtain an intermediate
(pseudoequilibrium) state involving the
species AH", A, B, and Cc; (d) thermodynamic
equilibrium at pH = 4.0.14"!
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Fig. 15: Hydraulic analogy for Ce+ B2

the photochemical reaction of | Gt _] f ARV R ity
the Ct form of the flavylium | | | = | | ;
compounds. Light behaves like i | |

a pump that increases (in a tran- ~ J pH=t bt Iill

sient mode as represented, or in
a steady state) the quantity of
liquid in the reservoir Cc.

a) before irradiation; pH=1
b) immediately after the light )
flash 1! a) b)

converts very slowly to Ct and thus B2 and Cc accumulate, whereas for 4’,7-dihydrox-
yflavylium and 7-hydroxyflavylium, Cc converts very rapidly to Ct so that Cc and B2
disappear as soon as they are formed.

The hydraulic analogy can also be used to illustrate the photochemical behavior of
these compounds, the light playing the role of a pump. The scheme shown in Fig-
ure 15 is appropriate for 4-hydroxyflavylium.

10.8
Chemical Process Networks

As mentioned in the introduction, molecular or supramolecular systems capable of
existing in different forms (multistate) that can be interconverted by different exter-
nal stimuli (multifunctional) are interesting both for fundamental reasons and for
their applications. As we have seen above (Figures 2 and 8), the flavylium com-
pounds can be interconverted into a number of different transient and stable forms
by using two different inputs: namely light and changes in pH. Several interesting
aspects emerge when the resulting networks of chemical processes are analyzed in
terms of “molecular level devices” and “molecular level logic functions”, as illu-
strated below. To illustrate these aspects, we will mainly discuss the cases of the 4’
methoxy-, 4-hydroxy-, and unsubstituted flavylium compounds in which the high
activation energy of the Cc—Ct reaction imparts an appreciable kinetic stability to
Cc and related structures. For the sake of simplicity, the A, B4, and B2 transient
species are neglected in the following discussion, since in the compounds under
examination they are always in rapid equilibrium with either AH" or Cc.

10.8.1
Write-lock-read-unlock-erase Cycles

As discussed at the beginning of this chapter, photochromic systems represent
potential molecular level memory devices. A number of problems, however, must be
solved for practical applications. A challenge problem is to find systems with multi-
ple storage and nondestructive readout capacity; those in which the record can be
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erased when necessary, but is not destroyed merely by the act of reading out. The 4’-
hydroxyflavylium™” and 4’-methoxyflavylium®®” ions can operate through the write-
lock-read-unlock-erase cycle illustrated in Figure 1c, and therefore they can be taken
as a basis for optical memory systems with multiple storage and nondestructive
readout capability.

The behavior of the 4"-methoxyflavilium ion can be described with reference to
Figure 16 (which refers to a solution at pH = 3.0), in which Ct, Cc, and AH" play the
roles of the generic species X, Y, and Z of Figure 1c (B2 is not shown because it is
always in equilibrium with Cc:

(i) a stable form (Ct=X) can be photochemically converted by irradiation with
365 nm light (write) into a form (Cc=Y) that can be reconverted back either
thermally or on optical reading;

(i) by means of a second stimulus (addition of acid, which can also be present
from the beginning without perturbing the behavior of the system), Cc=Y can
be converted into a kinetically inert form AH'=Z (lock);

(iii) the AH'=Z form exhibits a spectrum (Figure 3) clearly distinct from that of
Ct=X and is photochemically inactive, so it can be optically detected (read)
without being erased;

(iv) by addition of base, AH*=Z can be reconverted into Cc=Y (unlock);

(v) Cc=Y can be thermally or photochemically reconverted into the initial Ct=X
form (erase).

excited states
o
E hv' (AH )
erase |
hv hy" ‘
write Cc + B2 read |
/ X, |
/r \QH*‘ !
/ AN lock |
! OH N\, |
/A unlock "\ AWt |
/erase —
/
/
/
Ct /
X Y Z

Fig. 16: Schematic energy level diagram for the species
involved in the write-lock-read-unlock-erase cycle in the case of
the 4"-methoxyflavilium ion.*!
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*AH+ Fig. 17:  Write-lock-read-unlock-erase cycle
starting from the Ct form of the 4’-hydroxyflavy-
abs., 435 nm lium compound.l'”!
(read)
AH*
pH 4-7 pH 1
(unlock) (lock)
Ce Ce
heat;
light, 313 nm light, 365 nm
{erase) Ci {write)
pH 4-7

It should be noted that the locking time of the written information bit is not inde-
finite (at 25 °C and pH = 3.0, the halflife of the back-reaction from AH" to Ct is
about 8 days).

In the case of the 4-hydroxyflavylium ion,!"”) similar behavior is observed. It can
be described on the basis of the energy level diagram of Figure 12 or the simpler
scheme shown in Figure 17:

(i) at pH = 4-7, the stable or kinetically inert (depending on pH), colorless Ct
species can be photochemically converted (365 nm light) into the thermody-
namically unstable, but relatively inert, Cc form (write);

(i) by means of a second stimulus (addition of acid), Cc can be converted into
the kinetically inert or thermodynamically stable (depending on pH) AH"
form (lock). If the initial pH is 1, the Cc species autolocks as AH™ ;

(iii) the AH" species is photochemically inactive and shows an absorption spec-
trum clearly distinct from that of Ct, so it can be optically detected (read);

(iv) by addition of base, AH" can be reconverted into Cc (unlock);

(v) Cc can be reconverted to the initial Ct form by a thermal or a photochemical
reaction (erase).

10.8.2
Reading without Writing in a Write-lock-read-unlock-erase Cycle

An often overlooked difficulty with photochromic systems is that the starting form
(Ct in the above discussion) is the photoreactive one, so it cannot be read by absorp-
tion spectroscopy without overwriting it. With the 4’-hydroxyflavylium ion, this diffi-
culty can be overcome by starting from AH*, which at pH = 1 is the thermodynami-
cally stable form, and performing a write-lock-read-unlock-erase cycle as illustrated
in Figures 18 and 19."”! Since AH" is not photosensitive, it can be read by light
excitation (i.e., by recording its absorption spectrum) without overwriting. It can
then be unlocked by a pH-jump to 12, yielding the metastable Cc*~ form. At this
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AHY
60 /[ (pH=12)
E
kJmol-!
40
//‘ (pH—-7) \
20 \\ AHY
(pH—4)
L e T (pH D
~ (pH=12)
-20
40 Ct>
(pH=12)

Fig. 18: Energy level diagram for the species involved in experi-
ments carried out on the 4"-hydroxyflavylium compound in the
pH range 1-12.1'71

stage, it is possible to write the optical information, obtaining the stable (locked)
Ct*” form, which can then be read. When necessary, the information stored in Ct*
can be unlocked by a pH-jump, yielding Ct and can then be erased by light excita-
tion. The same performance can be obtained starting from Ct*~

;|-.ct3~

{ abs.. 435 nm
fluo., 615 nm

-}. {read)
pH heat;
funlo:k) light, 313 nm
{write, lock)
Ct
pH 12
hgh{;;;f:cﬁk Afpt/ (nlodk)
pi |

abs. 450 nm
fluo., 515 nm

{read) Fig. 19: Read-write-lock-read-unlock-erase cycle

) starting from the AH" form of the 4’-hydroxyfla-
*AH+ vylium compound.l'”!
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Fig. 20: Write-lock-read-unlock-
erase cycles for the unsubsti-
tuted flavylium ion.** For more
detail, see text.

Ct-
pH=1 1

pH=11

In the case of the unsubstituted flavylium cation,*?! as well as a cycle like that
schematized in Figure 17, it is also possible to perform a cycle based on the anionic
species present in basic media (Figure 20). This second cycle starts at pH = 11, with the
Ct” form. This, not being photosensitive, can be read without overwriting. Two different
paths can then be followed. The first one begins with a pH-jump to pH = 6, leading to Ct
and continuing as described above (shaded area in Figure 20). The second path starts
with a pH-jump from 11 to 0. This produces Ct, which can be photochemically written
(and locked, thanks to the low pH), giving AH". In this form, the information can be
stored permanently and read without erasing, since AH" is thermally and photochemi-
cally stable. When necessary, AH" can be unlocked by a pH-jump to 11 and thermally
erased to give back Ct". An advantage of this cycle lies in the possibility of reading the
system in both the initial (nonwritten) and final (written) states without overwriting or
erasing. Moreover, Ct™ is more stable than Ct, so that durability of the system could be
increased. A disadvantage lies in the fact that, in this cycle, autolocking (and auto-
unlocking) cannot occur, so that two pH changes per cycle are needed.**!

10.8.3
Micelle Effect on the Write-lock-read-unlock-erase Cycle

For the 4-hydroxyflavylium ion, the AH" form is stabilized by negatively charged
sodium dodecyl sulfate (SDS) micelles, whereas positively charged cetyltrimethylam-
monium bromide (CTAB) and neutral polyoxyethylene(10)-isooctylphenylether (Triton
X-100) micelles stabilize the uncharged (basic) forms.'® Besides affecting the molar
fraction distribution of the various species, the presence of micelles also influences their
interconversion rates. Addition of micelles can therefore be considered as a third exter-
nal stimulus (together with light excitation and pH-jump) capable of changing the state
of this multistate/multifunctional molecular level system. Particularly interesting is the
possibility of changing the autolock pH of a photochromic reaction by addition of
micelles. For example, starting from a Ct solution at pH = 5.5, as well as the previously
described write-lock-read-unlock-erase cycle, it is possible to design an alternative cycle
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# AH+
read
AHT
pH5.5 pH1
unlock lock
Ahv hv
erase write

SDS

Fig. 21: Write-lock-read-unlock-erase cycles for
the 4’-hydroxyflavylium ion, starting from the Ct
form at pH = 5.5. Left-hand side: light and pH-
jump inputs in the absence of micelles. This part
is equivalent to the cycle shown in Figure 16.
Right-hand side: light input at the autolocking
pH in the presence of SDS micelles.!"®

*AHT

read

Ce ——— > AH*

Ak hv
erase | | write

Ctc —— = Ct

based on addition of SDS micelles and exploitation of the autolocking and thermal eras-

ing processes of this system (Figure 21).

10.8.4

[18]

Permanent and Temporary Memories

The human brain displays shallow and deep memory processes.*” The network of
processes interconverting the various species of the 4’-hydroxyflavylium ion permits
the operation of different levels of memory.’”) Once the permanent (deep) AH*
form of memory has been obtained (write and lock, Figure 22), a jump to pH 12
results in the formation of a temporary (shallow) memory state Cc*~, spontaneous

kO

abs., 435 nm
flao., 6135 nm
{read)

deep
WEmory

pH 4-7
(reset)

Fig. 22:

Ct*

*Ce *AH*
heat: abslrfﬁjjnm abs., 435 nm
light, 213 nm 2. fluo., -chl'5 nim
{erase) C¢ pH 12 (read)
" dhallow . ;o decp
;:ﬂm;ﬁ AH" memory
pH 1
(lock)

light, 365 nm
(write)
+ Cc

A write-lock-read-unlock-erase cycle with two memory

levels, based on the 4’-hydroxyflavylium compound.l'”!
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slow erasure of which to give the deep Ct*” memory can be accelerated by light.
Reset can then be accomplished by means of a back pH-jump to pH 4.

10.8.5
Oscillating Absorbance Patterns

Another feature of the 4’-hydroxyflavylium ion should be pointed out.'”! Starting
from AH", alternation of pH-jump and light excitation causes oscillation patterns of
absorbance at different wavelengths, as shown in Figure 23. Such patterns may be
interesting for signal generation and information processing.*"!

L5

A
420 nm

1.0

AHY

v

0.0

0.8}

350nm |

04 |

0.0

0.50 AH* Ct AH*
283 nm

0.00

Fig. 23: Absorbance oscillations resulting from alternating
pH-jump and light excitation in a 3.3 x 10~ M aqueous solution
starting from the AH™ form of the 4’-hydroxyflavylium compound
atpH = 1.7
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10.8.6
Color-tap Effect

Because of the competition between the pH-dependent rate of the reaction leading
from the uncolored Cc form to the colored AH" and A species and the pH-indepen-
dent cis—trans back-isomerization, the amount of colored species formed upon light
excitation of the Ct solution depends on pH. In other words, the pH plays the role of
a tap for the color intensity generated by light excitation.*!! This also means that
this system can be viewed as a light-switchable pH indicator. The color-tap effect is
larger in the case of 4’,7-dihydroxyflavylium than in that of 7-hydroxyflavylium.

10.8.7
Logic Operations

From the point of view of logic operations,”>**% simple (bistable) photochromic
systems perform YES/NO functions. Multistate/multifunctional molecular level sys-
tems can be taken as bases for more complex logic operations. Chemical systems
capable of performing AND,”? OR,®? XOR,F*Y and XNORP*! logic operations, as
well as integration of logic functions and sequential operation of gates on the mole-
cular scale have recently been reported.”® (A complete survey of chemical systems
able to perform as logic gates is given in Chapter 11 in this volume, by A.P. de
Silva). With the 4’-hydroxyflavylium compound, light excitation and pH-jumps can
be viewed as inputs, and absorbance or fluorescence as outputs. Starting from the
non-emitting Ct species, and taking the emission of AH" at 515 nm as the output
signal, neither a jump to pH = 1 alone, nor light excitation alone are sufficient to
generate the output. When these two inputs are applied in series, however, the out-
put is obtained (AND logic function, Table 2).1'”!

For the 4”-hydroxyflavylium compound in the presence of micelles," starting from
Ct at pH 5.0 and taking the formation of the AH" absorption at 436 or 450 nm as an
output, the truth table for the effect of the three inputs (pH-jump to 1.0, addition of
SDS, light excitation) shows a peculiar pattern (Table 3) corresponding to an OR func-
tion, which is activated only in the presence of the third input (enabled OR).

[18]

Tab. 2: Truth table for the AND logic behavior of the 4’-hydroxyflavylium compound, starting from
Ctat pH =5.5.

Input 1° Input 2 Output®
0 0 0
1 0 0
0 1 0
1 1 1

[a] pH jump to pH 1.
[b] Light excitation at 365 nm.
[c] Absorbance at 435 nm or emission at 515 nm of the AH" form.
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Tab. 3: Truth table for the enabled OR logic behavior of the 4’-hydroxyflavylium compound,
starting from Ct at pH =5.5.

Input 1* Input 2 Input 3° Output’
1 0 0 0
0 1 0 0
1 1 0 0
0 0 0 0
1 0 1 1
0 1 1 1
1 1 1 1
0 0 1 0

[a] pH jump to pH 1.

[b] SDS micelle.

[c] Light excitation at 365 nm.

[d] Absorbance at 435 nm or emission at 515 nm of the AH" form.

An interesting system, based on the 4"-methoxyflavylium ion and capable of behaving
according to an XOR (eXclusive OR) logic has recently been reported.*” The system
consists of an aqueous solution containing the Ct form of the 4’-methoxyflavylium ion
(AH™), and the Co(CN)2~ complex ion (as a potassium salt). The absorption spectra of Ct
and Co(CN)¢~ are shown in Figure 24. For the current discussion, the most relevant
aspects of the thermal and photochemical reactions of these two compounds, which
have been studied in great detail in our laboratories,***”) are as follows. Excitation of Ct,
the thermodynamically stable form of the flavylium species in the pH range 3-7, by 365
nm light causes the trans—cis photoisomerization reaction discussed previously (quan-
tum yield: 0.04).5")

oH OCH3 OCH3 OCH;4
Solls APt ol S
P — AN o~ 2
2T = o
povre
Ct Cc AHT
200 - Co(CN)* AH* - 40
£ < —> | €x10?
M'em™ Mlem™
100 Ct - 20
% 7
1 1 1 1 1 0
250 350 450
A, nm

Fig. 24: Absorption spectra of Co(CN)&™ and of the Ct and
AH" forms of the 4’-methoxyflavylium compound in aqueous
solution.
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As we have seen above, if the solution is sufficiently acidic (pH < 4), the Cc iso-
mer is rapidly protonated, with conversion to the 4’-methoxyflavylium ion AH?,
which is kinetically stable under such pH conditions and exhibits an intense absorp-
tion band with a maximum at 434 nm (Figure 24) and an emission band with max-
imum at 530 nm (Figure 6). At higher pH values, however, protonation does not
occur and the Cc photoproduct is back-converted into Ct. As far as Co(CN)¢ is con-
cerned, excitation by 254 or 365 nm light in acidic or neutral aqueous solution
causes the dissociation of a CN™ ligand from the metal coordination sphere (quan-
tum yield = 0.31), with a consequent increase in pH:P”!

Co(CN)¢™ + H30" + hv — Co(CN)s(H,0)* + HCN 3)

When an acidic solution (pH = 3.6) containing 2.5 x 10~ m Ct and 2.0 x 107 m
Co(CN)g is irradiated at 365 nm, most of the incident light is absorbed by Ct
(Figure 23), which undergoes photoisomerization to Cc. Since the pH of the solu-
tion is sufficiently acidic, Cc is rapidly protonated (Equation 2), with the conse-
quent appearance of the absorption band with its maximum at 434 nm (Figure 24)
and of the emission band characteristic of the AH" species, with its maximum at
530 nm (Figure 6).

On continuing the irradiation, it can be observed that the absorption (Figure 25)
and emission bands increase in intensity, reach a maximum value, and then
decrease, finally disappearing completely. These results show that AH™ first forms
and then disappears with increasing irradiation time. The reason for the off-on-off
behavior of AH" under continuous light excitation relates to the effect of reaction 2
on reaction 1. As Ct is consumed by reaction 1, with formation of AH", an increas-
ing fraction of the incident light is absorbed by Co(CN)¢~, which undergoes reaction
2. Such a photoreaction causes an increase in the pH of the solution. This not only
prevents further formation of AH", which would imply protonation of the Cc mole-
cules that continue to be formed by light excitation of Ct, but also causes the back-
reaction to Cc (and, then, to Ct) of the previously formed AH" molecules. Clearly,
the examined solution performs like a threshold device as far as the input (light)/
output (spectroscopic properties of AH") relationship is concerned. Instead of a con-

L A, R
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434 nm 4

N R

03+ A
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A
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oA \ \ _ Aaa
0 1000 . 2000 3000
time, s

Fig. 25: Changes in absorbance at 434 nm with increasing
irradiation time upon continuous irradiation with 365 nm light
of solutions containing Co(CN)Z~ and the Ct form of the 4”-
methoxyflavylium compound.[20]
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tinuous light source, pulsed (flash) irradiation can be used. After input of only one
flash, a strong change in absorbance at 434 nm is observed, due to the formation of
AH". After 2 flashes, however, the change in absorbance practically disappears. In
other words, an output (434 nm absorption) can be obtained only when either input
1 (flash I) or input 2 (flash II) are used, whereas there is no output under the action
of none or both inputs. This shows (Table IV) that the system described behaves
according to an XOR (eXclusive OR) logic, under control of an intrinsic threshold
mechanism. It is noteworthy that the input and output signals are of the same nat-
ure (light).[*"

Tab. 4: Truth table for the XOR (eXclusive OR) logic behavior of the 4"-methoxyflavylium/
Co(CN)¥ system, starting from pH = 3.6.

Input 1° Input 2° Output®
0 0 0
1 0 1
0 1 1
1 1 0

[a] The two inputs are identical and consist of the amount of photons
necessary to achieve the absorbance value corresponding to the top
of the curve of Figure 25.

[b] Absorbance at 435 nm or emission at 515 nm of the AH" form.

10.8.8
Multiple Reaction Patterns

In the case of the unsubstituted flavylium cation, we have seen that it is possible to
follow different paths to obtain the same result (Figure 20). For the 4"-hydroxyflavy-
lium compound, the network of processes is even more intricate, and several species
are interconnected by multiple reaction patterns.'” For example, in order to go
from AH" to Ct, three different routes can be chosen, as represented pictorially in
Figure 26:

(i) jump to pH 12, with formation of Cc*", followed by excitation with 313 nm
light to obtain Ct*~, and by a jump to pH = 6;

(ii) jump to pH = 6 to form Cc; at this stage, one can choose between two sub-
routes: (iia) light excitation with 313 nm light, or (iib) jump to pH 12 to
merge into the preceding path that leads to Ct via Cc*” and Ct*.

Once Ct has been obtained, one can return to AH" by two different routes:

(iii) light excitation at 365 nm to obtain Cc and subsequent jump to pH = 1:

(iv) jump to pH =1 and subsequent light excitation at 365 nm.

Interestingly, in some cases, such as when starting from Ct at pH 6, the same
result (AH") is obtained regardless of the order in which light excitation (365 nm)
and pH-jump (pH = 1) take place. In other cases, however, this is not true. For exam-
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iii

iv

ChveD @HD

Fig. 26: The network of processes resulting from pH jumps
and light excitations interconnecting the AH* and Ct forms of
the 4"-hydroxyflavylium compound.'”!

ple (not shown in Figure 26), when starting from AH" at pH = 1, light excitation
followed by pH-jump to 12 leads to Cc*~, whereas when the two inputs are applied
in the reverse order, Ct*” results. Since Cc>~ and Ct*~ exhibit very different spectro-
scopic properties (for example, Ct*~ exhibits fluorescence whereas Cc*~ does not),
from the state of the system after the two inputs it is possible to establish the
sequence in which the two inputs were applied.

A network of processes governed by external inputs can be used as a model sys-
temP38% for understanding the chemical basis of complex biological sys-
tems. 10061

10.9
Conclusions

Synthetic flavylium compounds can exist in several forms (multistate), which can be
interconverted by more than one type of external stimulus (multifunctional). The
intricate network made up by their reactions, when examined from the viewpoints
of “molecular level devices” and “molecular level logic functions”, reveals that these
systems exhibit very interesting properties.

In our brain, neurons store, exchange, and retrieve information by means of
extremely complicated chemical processes.**®! Synthetic multistate/multifunc-
tional systems may play the role of models in initial attempts to understand the che-
mical basis of complex biological processes.*”! It is not at all clear whether “wet”



10.9 Conclusions

artificial systems can find real applications, for example in molecular scale compu-
ters.*3) However, the study of molecular or supramolecular species capable of
existing in different forms that can be interconverted by external stimuli is a topic of
great interest, since it introduces new concepts in the field of chemistry and stimu-
lates the ingenuity of research workers engaged in the “bottom up” approach to
nanotechnology.
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Molecular Logic Systems

A. Prasanna de Silva, Nathan D. McClenaghan, and Colin P. McCoy

1.1
Introduction

Luminescence is one of the few techniques commonly available to the molecular
scientist that retains its potency as smaller and smaller populations are addressed,
right down to the single molecule limit.l"?! The ease with which luminescence can
be quenched® is a useful starting point for designing molecule-based optical
switches. When the quenching mechanism is known, it is possible to arrange for
the removal of quenching. The simplest switches are operated by a single, usually
chemical, stimulus. Systems which respond to a given combination of multiple sti-
muli open the way to more complex switches — logic gates®®® — at the molecular
scale. In this short chapter, we focus on one guiding principle for the design of
molecular scale logic systems, based mainly on chemical (usually ionic) inputs and
optical (usually luminescent) output. For a wider perspective, the interested reader
is referred to companion reviews.!!%!!

Green plant photosynthesis, which feeds the world, runs on photoinduced elec-
tron transfer (PET).l"! This principle was developed in chemical contexts by Albert
Weller over three decades ago,"*! and became adapted for use in fluorescent switch-
ing contexts in the late 1970s and early 1980s.'"**') A general design principle

emerged soon afterwards.*”)

11.2
YES Logic

The finite (usually nanoseconds or longer) lifetime of an electronically excited state
is long enough to permit three-dimensional diffusional encounters between it and
other species. The resulting quenching becomes even more efficient when the
quencher unit is covalently held in the proximity of the fluorophore. Such modular
‘lumophore-spacer-receptor’ systems allow for easy development in a variety of for-
mats,?* as later sections will illustrate. PET can easily be arranged in such situations
if proper attention is paid to thermodynamic requirements. In other words, the
fluorescence output is switched ‘off’ if the guest input is absent (Figure 1).
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‘Off” state

LUMOPHORE

SPACER | RECEPTOR ()

hv
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LUMOPHORE | SPACER RECEPTOR@

A\
A)abs \ hl)lum

Fig. 1: Design principle of YES logic gates with luminescence
output and chemical input according to photoinduced electron
transfer (PET) concepts.

The arrival of the input guest species can be arranged to block this PET channel
by making the thermodynamics unfavorable. At the simplest level, this switching of
the thermodynamic conditions can be electrostatic in origin. A more complex situa-
tion can exploit a strategically placed hydrogen bond to bind a crucial lone electron
pair. Another can exploit a guest-induced conformational switch to attenuate electro-
activity. Now, the luminescence output is switched ‘on’ when the guest input is pre-
sent (Figure 1). Thus, quenchable/recoverable luminescent systems allows us a sim-
ple access into YES logic (Figure 2). The conventional symbols used in electronics
for this and other logic gates will also be shown alongside the truth tables in each
instance.

We note in passing that a large number of YES logic gates are already available in
the literature relating to PET-based sensors.*” One example would be the anthra-
cene-appended azacrown ether 1,*") which responds to a K* input by increasing its
fluorescence quantum yield 47-fold. An even larger number of YES logic systems
can be discerned within the literature of general fluorescent sensors and reagents
concerned with a variety of mechanisms and designs.***!



11.3 NOT Logic

Fig. 22 A YES logic gate and its corresponding truth table.

13
NOT Logic

The directness of the thermodynamic analysis for PET allows us simply to reverse
the above argument when required. This takes the first step in generalizing the PET
switching principle. It can be arranged for the PET channel to be unfavorable when
the guest input is absent, but for PET to become permitted if the guest input is pre-
sent (Figure 3). Bright luminescence is observed only when the guest is absent from
the receptor site. This leads easily to NOT logic (Figure 4). The A*-pyrazoline deriva-
tive 2, with an attached pyridyl unit,*" illustrates this situation. PET is encouraged
only when the pyridine unit is protonated, to give the electron-deficient pyridinium
group. The proton input is considered low (digital 0) at a concentration of 10~ M or
less, and high (digital 1) at 10~ m or more.

, NOT
‘On’ state
LUMOPHORE | SPACER | REcEPTOR ()
hUabs hUlum
>
‘Off* state
Tor ©
LUMOPHORE | SPACER | RECEPTOR
/ -
hUabs

Fig. 3: Design principle of NOT logic gates with luminescence
output and chemical input according to photoinduced electron
transfer (PET) concepts.

Fig. 40 A NOT logic gate and its corresponding truth table.
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2

Another way of designing NOT logic gates is to arrange PET involving the input
guest species (Figure 3). Examples from the supramolecular era can be illustrated
from publications by Czarnik and Fabbrizzi, with 3%233 and 4,543 respectively.

4

Fabbrizzi’s 5% is unusual in using a nonmetallic, redox-active guest with a metal
center serving as the receptor. An anionic nitrobenzoate guest is held by coordina-
tion of the carboxylate to the free apical position in Zn**. The electron-deficient
nitrobenzoate engages in PET with the anthracene fluorophore to switch the fluores-
cence ‘OFF’.

D’Souza’s 6°”) achieves a similar end-result of NOT logic with no metal-centred
interactions at all. In this case, the hydrogen bonding and m-m stacking interactions
are sufficient to cause association of 6 and benzoquinone. Classical examples of
NOT logic can be found in the analytical chemistry literaturel* if we broaden our
search to look for the phenomenon rather a particular mechanism. For instance the
fluorescence of 71*¥ is extinguished upon arrival of Hg?".
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1.4
AND Logic

The modular ‘lumophore-spacer-receptor’ systems illustrated in the previous sec-
tions are clearly designed to handle one input (though see later under OR gates).
Addition of extra receptors via suitable spacers to maintain modularity would be a
rational approach to logic systems which handle two or more inputs. In fact, the
development of molecular scale logic as a subject would require this step, since the
single-input systems are already seeing service as straightforward sensors which
monitor the presence/absence of a chosen chemical species by means of a lumines-

cence signal }925%7]

CN

8

The first case of a molecular scale logic gate designed for that very purpose was
the AND gate 8, which can be viewed as a ‘lumophore-spacer;-receptor;-spacer,-
receptor,’ system.[*” It displayed the property that two possible PET channels from
the two receptors needed to be suppressed if a strong fluorescence output was to be
obtained. This was arranged by providing the two guest species that these two recep-
tors were selectively looking for. The amine unit required H" (input;) whereas the
benzocrown ether moiety required Na* (input,). This satisfied AND logic (Figure 5).
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L L | o

l —
1 AND o 0 0 0
I, 0 1 0
1 0 0
1 1 1

Fig. 5:  An AND logic gate and its corresponding truth table.

Czarnik!*!! adapted a partially protonated polyamine receptor to serve as a recep-
tor with a PET channel that was blocked upon arrival of an HPOj anion, as seen in
complex 9. Although not discussed in a logical context, with protons and HPOJ ser-
ving as inputs, a large fluorescence switching ‘ON’ can be seen in the presence of
both inputs, thus conferring an AND logic function upon the complex. While this is
fine operationally, it can be seen to be noncommutative at the molecular scale, as
binding of an HPOj anion can take place only upon binding protons. The overall
strategy for anion recognition can be seen to build upon an earlier example of co-
operative binding put forward by Lehn,*? discussed in Section 11.5.

The case of 10**! can be seen to exhibit AND logic behavior under appropriately
controlled pH conditions. Two receptor moieties can be identified in this molecule:
a boronic acid to bind saccharides and an azacrown ether for recognition of an
ammonium ion. Thus, a molecule of p-glucosamine possesses the necessary compo-
nents to enable switching ‘on’ of fluorescence (output 1) when the amine group is
protonated. Using a coding such that the unprotonated amine is one input and pro-
tons the other, in a concentration such that the p-glucosamine is able to be proto-
nated and hence bound, an AND action can be imposed on the molecule. The
proton concentration must not be high enough to protonate the nitrogen center in
the azacrown ether, of course. Thus, this example varies from the others in that no
binding is seen in the presence of only one input, but rather when both are pre-
sent.



11.4 AND Logic

Lo J

Compound 10 can also be employed as a fluorescent AND logic gate if we supply a
saccharide —glucose, say — and ammonium ions as the two inputs. This case again illus-
trates the point that fluorescent molecular logic gates serve immediately as sensors for
important biological parameters, a p-glucosamine concentration in this case.

The simple molecule 1-bromonaphthalene can also provide the basis for a sharp
AND logic action. The strong phosphorescence of naphthalenes derivatized with
heavy atoms and embedded in low temperature glasses has a history of fifty
years.*) However, this phosphorescence usually does not survive aerated fluid solu-
tions at room temperature. $-Cyclodextrin encapsulation goes a long way towards
overcoming this problem,**! but oxygen-insensitive phosphorescence remains a rar-
ity. Nocera’s solution was to encapsulate 1-bromonaphthalene inside the extended
cylinder of glucosyl B-cyclodextrin and to cap the complex with t-butanol.*! The fact
that these last two chemicals are both needed to create conditions for phosphores-
cence emission is quintessential AND logic action. The prospect of a simple test for
alcohol in breath makes this system particularly attractive.

In the discussion so far, the inputs employed have been all chemical. It is also
possible to combine light and chemical inputs. If light absorption is taken as the
output, such systems translate as chemically responsive photochromics.*”! Inouye
has extended his photochromic spiropyrans in this direction. Unlike many spiropyr-
ans, 111 produces little coloration upon ultraviolet irradiation. Strong coloration is
seen, however, if Li* is present during irradiation, thus representing AND logic with
Li" and ultraviolet light inputs, together with visible absorption as output. Other
dual mode transducers with electrochemical stimulation and light irradiation as
inputs are also known.[**=>3! Related systems in which the metal ion can be held by
the phenolate oxygen develop the colored ring-opened form in response either to
metal ion or to ultraviolet irradiation. In other words, they function as OR gates and
can be compared with the examples in Section 11.6.
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11

Pina, Maestri, and Balzani have exploited the photochromism of flavylium salts
in this way. These flavylium salts have the added advantage of fluorescence out-
put.5Y This case is discussed in more detail in Chapter 10 and in a companion
review.!'! Diederich®®! reports similar logic properties with 12, as depicted in Figure
6, similarly employing a mix of ionic and photonic inputs, but utilizing absorption
(500nm) as the output. This case has been interpreted as an AND logic gate, since
protonation (using CF;COOH) followed by 411nm irradiation clearly leads to 12b.
Overall this system is reversible as, following deprotonation of 12b with NEt;, the
system is thermally restored to 12a. An ideal AND operation should show commuta-
tion: i.e., in the case at hand, irradiation followed by protonation should give the
same end result. However, this is apparently not the case as a rapid thermal electro-
cyclization of the nonprotonated, ring-opened form 13 gives 12a.

H*and
—_—
411nm light

12a 12b
Fig. 6: An AND logic with 12 based on absorption output using proton and light inputs.
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11.5
NAND Logic

The NAND logic gate (Figure 7) enjoys a special place in the contemporary semicon-
ductor electronics industry, since most other logic gates can be constructed from
appropriate wiring of multiple units of this device. Of course, the present generation
of molecular scale logic systems cannot be physically integrated in a direct way,
because of their qualitatively different input and output types. Nevertheless, the very
fact that molecular scale NAND gates are already available demonstrates how the
‘wiring problem’ can be circumvented in favorable situations. This issue will be dis-
cussed in more detail in Section 11.7, which deals with NOR gates designed from
scratch while paying attention to integration issues. In the meantime, we illustrate
molecular systems producing end results that are certainly NAND logic action.

Tanaka and Iwata®® have described an interesting system (14) that displayed all
the hallmarks of a NAND logic gate at the molecular scale. The fluorescence of the
heteroaromatic unit is quenched only when Ba®* and SCN™ ions are simultaneously
present at suitably high concentrations. The fluorescence-quenching PET process
comes into action only when the electron-rich SCN™ is held near the fluorophore by
coordination to an available site on the crown-complexed Ba®* ion.

L L, | O

1
! NAND o 0 0 |1
I, 0 1 0
1 0 0
1 1 0

Fig. 7 A NAND logic gate and its corresponding truth table.
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As far back as 1984, Wolfbeis described the quenching of fluorescence of dibenzo-18-
crown-6 ether in the presence of K™ and I™ ions:”! this can now be viewed as NAND
logic behavior. It is likely that the oxidizable I” is ion-paired to the crown-bound K* in
much the same way as in the system involving 14, Ba**, and SCN™.

Lehn!*?! has reported a system in which a similar strategy is employed. Observed
fluorescence changes are small, so this action cannot be described as digital, but it is
significant. It is another early case in which a light emission response was obtained
thanks to a sequence of ionic inputs: H" and adenosine triphosphate (ATP), in that
order. In the current context, the decreasing fluorescence emission on binding pro-
tons and ATP makes 15 interpretable as a NAND logic gate. The fluorescence
decrease can be assigned to the - interaction between the aminoacridinium moi-
ety of 15 and the adenine component in ATP.

N:
Eo 5T,
NH, NH; H
o, O &
\\/OQ

15

Parker and Williams recently reported NAND logic action in the terbium complex
16.°% The delayed emission of the lanthanide ion is switched ‘off when H* and O, are
present simultaneously. Protonation of the phenanthridine side chain causes its triplet
excited state to approach the Tb(r11) *D, excited state energetically. This leads to equi-
libration of these two excited states and sharing of their properties. Thus, the metal-
centered state displays the O, sensitivity usually only found in organic triplets.
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11.6
OR Logic

Molecular OR gates, as currently implemented, should be relatively easily produced,
as all that is required is a set of nonselective receptors giving a positive optical
response upon binding. The less selective the receptor, the operationally better the
resulting OR action. It is important to note that in this instance this is going against
the flow of most chemistry, in which the impetus is toward receptors of ever increas-
ing selectivity. An inelegance in the strategy as currently implemented is perhaps
that a receptor is not being provided for each of the ionic inputs, but rather the dif-
ferent inputs compete for a single receptor site. From another point of view, how-
ever, this demonstrates atom economy within an operational molecular scale device.

F o
Q : el
& oCC

17 18

One of the earlier nonselective sensors of this type,*” subsequently interpreted as a
photoionic OR gate (Figure 8), was 17. Sufficient quantities of K* or Rb" elicited the
correct fluorescence output, with K* and Rb* giving almost equal fluorescence enhance-
ments. Only with neither input species present was the fluorescence seen to be switched
‘ofP. However, the first intentionally designed OR logic gates®” were 18 and 19, in
which Ca** and Mg”* produce essentially identical fluorescence enhancements. The
receptor employed in this instance is one put forward by London:'*"! compound 20.
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1 0 1
1 1 1

20

19

This receptor shows a remarkable selectivity for Mg®* over Ca®* under physiologi-
cal conditions and has found applications in '’F NMR probes and ratiometric fluor-
escent sensors based on wavelength shifts.!*” In high concentrations, however, both
Ca®* and Mg”* can be bound. The similarity of fluorescence enhancements with
both ions is the result of essentially identical conformational changes produced
upon complexation. Each ion-bound state effectively decouples the amine substitu-
ent from the oxybenzene unit, so that PET is similarly suppressed. This means that
the charge density difference between the two cations is of secondary importance in
these conformationally switchable systems.

Molecule 21 also serves an example of an interesting OR gate, because various
transition metal ions serve to switch fluorescence ‘ON’ by more or less similar
amounts.®** The surprise in this system is that transition metal ions are acting
here contrarily to their normal behavior. Transition metal ions have a history of
quenching fluorescence very efficiently by several mechanisms: heavy atom effects,
PET, electronic energy transfers, and paramagnetic effects. The authors of 21 appear
to have eliminated the possibility of artifacts arising from protonation originating
from the hydration shell of the highly charged transition metal ion.
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1.7
NOR Logic

As Figure 9 shows, NOR logic involves a particular combination of NOT and OR
operations. If we follow the electronic symbolography to its logical conclusion, this
would require the physical connection of the output from the OR gate into the input
of the NOT gate. Though not impossible in principle, such ‘wiring’ would be quite
difficult to achieve in systems with qualitatively different inputs and outputs. How-
ever, such issues can be sidestepped if we opt for functional rather than physical
integration. After all, the end result will be the same. Functional integration of NOT
and OR operations can be achieved by noting the requirement for a nonselective
receptor for the OR operation and for ion-induced fluorescence quenching for the
NOT operation. Therefore, the NOT logic function simply becomes the achievement
of fluorescence quenching through the occupation of a nonselective receptor by one
or other of two guest ions.

Two examples of molecular NOR logic gates can be seen in molecules 22 and
231! For 22, zinc ions and protons are coded as the inputs, and fluorescence is the

L L, |oO
I —
® 0 0 0 1
I, 0 1 0
1 0 0
11 0

Fig. 9: A NOR logic gate and its corresponding truth table.
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output. The mode of action is evident, as binding of either ion results in a positive
charge and induced planarization in the bipyridyl receptor. Planarization of a bipyr-
idyl makes it more reducible, as does a positive charge, and so good electron transfer
is ensured on ion binding.®**”) This electron transfer proceeds from the excited
state of the anthryl fluorophore and serves to disable the fluorescence emission.
This fluorescence quenching in the presence of one or both of the inputs, in suffi-
cient quantities, along with observed fluorescence emission in the absence of either,
can be seen to correspond to the NOR truth table in Figure 9.

N
A
~N Me
= =
=z | N N
. N
0 .

22

NOR gates can also be approached by utilization of switching mechanisms other
than PET, as highlighted by 23. In this instance, protons cause quenching by intro-
ducing a vibrational loss mechanism!®® through binding to the imine nitrogen of
the central heterocycle. This nonradiative loss mechanism is seen to be more effi-
cient than the radiative one. Additionally, Hg** binds to the 2,2:6",2"-terpyridyl-like
ligation site and creates a ligand to metal charge transfer (LMCT) excited state
which is non-emissive. The efficiency of these quenching processes is clearly illu-
strated in Figure 10. The LMCT state can be anticipated because of the facile one-
electron reducibility of Hg**. Non-emissive LMCT states have some similarities with

Blank

Hg?*

400 Wavelength [nm] 600

Fig. 10: NOR logic gate action of system 23. A family of
fluorescence spectra under various conditions is shown.

Ir is the fluorescence intensity. ‘Blank’ refers to the absence
of high levels of H* and Hg?".
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PET. The key difference is that PET requires clear separation between donor and
acceptor units, which is not the case in 23.

The pyrene-based fluorescence of 24°”) was recently demonstrated by Fages et al.
to be switched ‘OFF’ by Zn?*. Similar action of H* on this receptor can also be envi-
saged, thereby making the mode of action similar to 22.
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11.8
XOR Logic

XOR is a particularly interesting type of double-input logic, for two reasons. Firstly,
it achieves a high output only if the two inputs are digitally different: i.e., 1 and 0, or
0 and 1 (Figure 11). Secondly, it is a vital half of the half-adder, from which arith-
metic is performed in current computers and calculators. The other vital half is the
AND operation, which has a longer history of emulation at the molecular scale (Sec-
tion 11.4). So the achievement of molecular XOR logic is likely to cause a domino
effect in the movement towards molecular scale arithmetic.

The only reported example of this type of behavior comes from the work of Bal-
zani and Stoddart and their teams. It is based upon the threading/unthreading pro-
cesses of a pseudorotaxane (see Chapters 7 and 8),’” with concomitant fluorescence
output changes. The constituent components of the pseudorotaxane are a naphtho-
crown ether, 25, and a diazapyrenium dication, 26. On accommodation of the diaza-
pyrenium thread, a nonfluorescent complex is formed, abolishing the fluorescent
properties of the individual components. This corresponds to the first row of the
truth table as no inputs are present and no fluorescence output is observed. The
introduction of protons (in the form of CF3SO;3;H) causes an unthreading of the

L L |O

l1
o 0 0 | o0
I, 0 1 1
10 1
11 ] o

Fig. 11: An XOR logic gate and its corresponding truth table.
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complex formed. This is due to the poorly solvating CH;CN medium enabling a
protonation of the crown ether oxygens and facilitating the unthreading procedure,
displacing the diazapyrenium dication. Fluorescence is thus restored, corresponding
to the second row of the truth table. Fortunately, the protonated crown ether fluor-
esces in the same region as the unprotonated crown ether on its own. The second
input is BusN, which, when supplied on its own, binds rather strongly to the diaza-
pyrenium unit, displacing the naphthocrown ether. Hence, fluorescence from the
free naphthocrown ether can again be seen as the output. The fourth row of the
truth table is reached by providing equimolar amounts of CF;SO3H and Bu3N so
that neutralization takes place. This is equivalent to an ion-free situation, and so no
fluorescence output is observed.

S

CCC X0

a
(o p o @

he

11.9
XNOR Logic

The XNOR logic gate combines the NOT and XOR operations (Figure 12), both of
which have molecular scale counterparts. Nevertheless, only one example of this
type of behavior is known, and it comes from the same stable as the case in Section
11.8. Again it involves pseudorotaxane chemistry (see Chapters 7 and 8), produced
this time from components 27 and 28."!
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Fig. 12: An XNOR logic gate and its corresponding truth table.
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This complex displays a charge transfer (CT) absorption band, equivalent to an
output 1. The first input is considered to be a reduction potential large enough to
reduce the component 27 within the 27.28 complex. Upon reduction, the CT interac-
tion between the two components is sufficiently weakened such that unthreading
occurs, with concomitant loss of the absorption signature. This is taken as output 0.
Similarly, the second input can be considered to be the application of an oxidation
potential sufficient to oxidize component 28 within the 27.28 complex. Again an
unthreading process occurs, with the loss of the CT absorption. This is read as out-
put 0. The fourth row of the truth table must be imagined as the simultaneous appli-
cation of equal oxidation and reduction potentials, resulting in mutual annihilation:
i.e., a potential of 0. With no applied potential, no perturbation of the complex 27.28
occurs. Thus the CT absorption is seen to persist, and hence output 1, in a similar
fashion to that of the first row of the truth table. Viewed more generally, this is a
nice example of electrochromic effects within a supramolecular system being
exploited for a logic-centered end result.

11.10
INHIBIT Logic

The previous logic functions relied upon a minimum of one or two inputs. The
INHIBIT gate, in its usual manifestation, is the first of the gates under considera-
tion which relies upon a minimum of three inputs, and hence can be considered a
more complex gate. This is reflected in the difficulty of its implementation in a
molecular regime. Additionally, as the electronic symbol denotes, this operation
requires the appropriate connection of NOT and AND gates (Figure 13). This type of
integration is a major challenge to the further growth of molecular scale logic
devices.
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I, L, 1, o

I, ——

I,—— INHIBIT (o) 0 0 0 0

I, —O 0 1 0 0
1 0 o0 0
1 1 0 1
0 0 1 0
0 1 1 0
10 1 0
111 0

Fig. 13:  An INHIBIT gate with its corresponding truth table.

This type of integration of molecular logic functions has obviously been accom-
plished one way or another in the NOR, NAND, and XNOR cases discussed pre-
viously. However, predictive integration of modular logic devices is in its infancy. In
the case of NOR gates, integration was achieved functionally rather than physically,
avoiding the “wiring together” of NOT and OR devices, which would have proved
particularly challenging.

The development of the INHIBIT logic gate can be discussed in terms of a similar
process of functional and physical integration. As the electronic symbol shows, the
INHIBIT gate is a 3-input AND gate, with the output of a NOT gate serving as the
third input to the AND gate. Viewed from a different perspective, the third input
serves as a disable signal to the entire AND gate. Disabling is easily implementable
at the molecular scale after we note that luminescence quenching is such a process.
Therefore, a molecular scale AND gate is required, the luminescence of which can
be quenched overall upon provision of the third input while being preserved when
this third input is absent.!”!

The third input selected was molecular oxygen,; its paramagnetism allows it to be a
powerful quencher of room temperature phosphorescence in fluid solution.*> AND
logic behavior was arranged in a phosphorescent system, by using p-cyclodextrin as one
input and Ca®* as the second input. Room temperature phosphorescent systems such
as 29 suffer triplet-triplet annihilations, hence quenching their phosphorescence unless
the phosphors are sterically prevented from encountering one another.

o o
ovo 0%
I’U‘o— -oj‘ﬁ

N
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B-cyclodextrin and Ca?* without O,

With or without O,; 3-cyclodextr
Ca?* only or none.
B-cyclodextrin and Ca?* with O,

450 Wavelength [nm] 600

Fig. 14:  INHIBIT logic gate action of system 29. A family of
phosphorescence spectra under various conditions are shown.
Ip is the phosphorescence intensity.

[-Cyclodextrins achieve this steric protector role by acting as an optically transparent
“sleeve”, which envelops the 1-bromonaphthalene phosphor.”>”* Ca** serves as the sec-
ond input for the inhibit gate, as the PET process (from the tetracarboxylate receptor to
the 1-bromonaphthalene phosphor) engineered into 29 can be arrested on binding
Ca”*. Therefore it is only when Ca** and B-cyclodextrin are present in sufficiently high
concentrations and when molecular oxygen is absent that bright phosphorescence can
be observed, demonstrating the INHIBIT operation (Figure 14).

The use of phosphorescent systems in molecular scale logic devices opens up the
possibility of operating gates in a controlled sequence. A fluorescent gate and a
phosphorescent gate coexisting in solution can be interrogated at will by two differ-
ent strategies. The first is time-resolved observation following pulse excitation, such
that the fluorescence gate responds within nanoseconds and is lost during the
‘blind’ period of observation. The millisecond duration of the phosphorescence
allows it to be observed without any contamination by the fluorescence signal. Sec-
ondly, the phosphorescent gate can be disabled by addition of oxygen so that its out-
put remains silent, whereas the fluorescent gate loses very little efficiency (if any),
especially if short lived (picosecond) fluorophores are selected.

11.11
Enabled OR Logic

The enabled OR — another type of gate that requires a minimum of three inputs —
has just become available. Figure 15 shows the equivalent electronic representation,
with the appropriate connection of AND and OR gates. In this context we note that
the INHIBIT gate discussed in Section 11.10 also involves an enabling/disabling
input. One strand of Pina, Maestri, and Balzani’s novel exploitation of flavylium
derivative photochemistry was briefly mentioned in Section 11.4. This AND logic
system used protons and ultraviolet photons as the two inputs, to create a visible
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I —
0 0 0 0
IZ
0 1 0 0
1 0 o0 0
AND o 1 1 o0 0
I3
0 0 1 0
o 1 1 1
10 1 1

Fig. 15: An Enabled OR logic gate and corresponding truth table.

absorption output. Such a system (30) has been extended to produce a hitherto
undescribed three-input logic gate — the enabled OR.

OH OH

LK)

o]

30

The extension is simple but effective. Fluorescent sensors that migrate to interfa-
cial regions of detergent micelles can experience highly enhanced proton densities
in their vicinities as a result of electrostatic concentration.”>”®! Addition of nega-
tively charged sodium dodecyl sulfate (SDS) micelles raises formerly low proton
densities (bulk pH = 5.5) to the high levels necessary (local pH ~1) to switch the
molecular scale gate if ultraviolet photons are simultaneously present. Hence, the
AND truth table can now be expanded to give the enabled OR case. The ultraviolet
photons are naturally the enabling input I3, because the gate would not switch with-
out them. Protons serve as input I;, with the high level being bulk pH = 1 and the
low level being bulk pH = 5.5. SDS micelles serve as input I,. We close this section
by noting that this paper includes far more than the point relevant to our discus-
sion.

11.12
Conclusion

The preceding pages demonstrate that the input-output behavior of many molecular
systems can already be described in terms of fundamental logic operations. It has
also been suggested above that what is explicitly described is the tip of an iceberg
when one takes into account the rich literature on analytical reagents in various
domains. The identification and taxonomy of individual cases must be a natural
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early step in the development of any field of this type. In addition to this exploratory
step, an equally natural step of generalization and expansion of individual classes
must also occur early on. This is a design step. When these two steps are being
taken with growing confidence, we should be in a position to exploit what has been
learned to solve the problems of other disciplines. This is the step of application.
The fact that this sequence of steps has already been successfully taken on several
occasions in the sister field of luminescent sensors?®*>**! augurs well for the subject
of this chapter.
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12
Liquid Crystal Photonics: Opto-photochemical Effects in
Photoresponsive Liquid Crystals

Tomiki lkeda and Akihiko Kanazawa

12.1
Introduction

It is expected that we will soon have an information society, in which a huge amount
of information will be exchanged simultaneously all over the world. This is evi-
denced by trends in communication; its annual volume grows each year and is
expected to increase abruptly in the early part of the 21st century, due to construc-
tion of optical fiber networks not only in North America, Europe, and Asia, but also
in other areas of the world. Through optical fiber networks, it will be possible to
receive several hundreds of gibabits to several terabits of optical data per second,
and this tremendously large amount of optical data will have to be processed in a
short time. However, it is very difficult to achieve this with electron processes alone,
as has so far been done, because of limitations to the capability of electron processes
in information processing. It is necessary to develop a new system incorporating
photon processes (photonics), which display superior properties to electron pro-
cesses in three aspects, certainly advantageous for information processing. Time-
wise, fast processing of signals is possible both with photon processes and with elec-
tron processes. However, photons feature two additional domains crucial in photon
processes: the wavelength domain and the spatial domain. In the wavelength
domain, multiplex processing is achievable; in the spatial domain, two-dimensional
processing of information is possible. Furthermore, the photon process shows an
additional merit that also makes photon processes much more efficient: high signal
to noise (S/N) ratios. With these advantageous properties, multimedia based on
photon processes are expected to be the most promising technology in information
processing in the next generation.
Liquid crystals (LCs) exhibit some unique and invaluable properties:

1) self-organizing nature in a certain temperature range with fluidity and long-
range order;

2) cooperative effect: if a small portion of LCs change alignment, the remainder
will also change their alignment;

3) anisotropy in refractive index, which means birefringence;

4) alignment change produced by external fields at surfaces and interfaces.
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A large change in refractive index can be obtained by changing the alignment of
LCs. This property of LCs is very useful for optical data processing, because chan-
ging the refractive index of materials or devices by means of an external field is the
most effective way to control optical signals. The LC materials can be used not only
in LC displays (LCDs) but also in various photonic applications, such as optical sto-
rage, optical switching, optical display, and optical computing.

12.2
LC Alignment Change by Means of Photochemical Processes

12.2.1
Photochemical Phase Transitions in Guest/Host Systems

Thanks to cooperative effects, changes in alignment of whole LC systems can be effected
by only a small amount of trigger molecules capable of changing their molecular shape
on photoirradiation. Many photochromic compounds have been used as photoswitch-
able guest molecules, among them azobenzenes, stilbenes, spiropyrans, and fulgides.
Advantages of these photochromic compounds as trigger molecules are:

1) they undergo changes in molecular shape, which in most cases results in
changes in other properties of the molecules, such as polarity;

2) photochromic reactions are reversible and two isomers can usually be inter-
switched effectively with the aid of light of different wavelengths. Thus, the
alignment of LCs can be altered reversibly by these means;

3) photochromic reactions are in most cases very fast, occurring in a timescale
of picoseconds, which can give rise to very fast alignment changes in LCs.

The first example of induction of LC alignment changes arising from photochromic
reactions was reported by Sackmann in 1971. He discovered that the pitch of cholesteric
LCs could be changed on trans-cis photoisomerization of azobenzene moieties dispersed
in host cholesteric LCs, as evidenced by a change in the wavelength of reflected light.!"
Since this first report, many studies on photoinduced LC alignment change have been
performed (see also Chapter 5). Attention has mainly been directed towards:

¢ photochemically induced phase transitions of LCs: smectic (Sm) cholesteric
(Ch) phase transitions!®) and nematic (N) isotropic (I) phase transitions®*
induced by photoisomerization of azobenzenes dispersed in LCs; N-I phase
transitions induced by photochemical reaction of spiropyrans;®!

 change in pitch of Ch LCs caused by photoisomerization of fulgides;!®

¢ helix inversion in Ch LCs induced by photoisomerization of thiopyranylide-
nethioxanthenes.”!

Photochemically induced phase transition (photochemical phase transition) of LCs
in guest/host systems is interpreted as follows.® If a small population of photochro-
mic compounds such as azobenzene are dispersed in nematic LCs (NLCs), the
phase structure of the NLCs is susceptible to change induced by photochemical reac-
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tion of the photochromic guest molecules. The trans form of azobenzene is a rod-
like shape, which stabilizes the phase structure of NLCs. Its cis form isomer, how-
ever, is bent and tends to destabilize NLC phase structure. Accordingly, the N-I
phase transition temperature, Ty, of the cis-azobenzene/NLC mixture is much
lower than that of the trans-azobenzene/NLC mixture. This phenomenon is similar
to the depression of freezing point observed in the presence of a small amount of an
impurity. In this case, an impurity (cis form) is produced on photoirradiation.
Depression of freezing point is a colligative property of materials; the temperature
change does not depend on the structure of the impurity, only on its concentration.
The photochemically induced decrease in Ty;, however, depends strongly on the
structure of the impurity. For instance, 4-pentyl-4’-cyanobiphenyl (5CB) was used as
a host NLC, two types of azobenzenes were used as guest molecules, and the Tyis of
the mixtures were examined before and after photoirradiation-induced trans-cis
photoisomerization. It was found that a 4-butyl-4-methoxyazobenzene (BMAB)/
5CB mixture showed a much larger value of AT (= Ty (trans) — Ty (cis)) than an
unsubstituted azobenzene/5CB mixture did. If an NLC sample that contains an azo-
benzene guest is kept at a temperature between Ty (cis) and Ty (trans) and then
irradiated to induce trans-cis isomerization of the azobenzene guest molecules, the
N—I phase transition of the sample is induced isothermally. Suppose that, in its
initial state, the guest molecule is in the trans form. Before photoirradiation, the
temperature of the sample is below Ty (trans) and the sample is in an N phase. On
photoirradiation to induce trans-cis photoisomerization, the concentration of the cis
form in the sample increases, and the Ty of the mixture decreases concomitantly.
When the Ty; is lowered below the experimental temperature, an N—I phase transi-
tion takes place. Put another way, when the cis form concentration exceeds a thresh-
old value in the phase diagram of the cis-azobenzene/NLC system, the mixture will
be in an I phase at the temperature of irradiation. Since the trans-cis photoisomeriza-
tion is reversible, this process is also reversible; with cis to trans back-isomerization
(either photochemical or thermal), the initial N phase is restored. This is the
mechanism proposed for the photochemical phase transition of NLCs in the guest/
host systems. The photochemical phase transition of NLCs in the guest/host sys-
tems has been explored extensively, particular in terms of effects such as tempera-
ture of the sample, structure of guest molecules, concentration of the guest mole-

cules, and the structure of host LCs on photochemical phase transition behavior.!~
14]

12.2.2
Photochemical Phase Transitions in Guest/Polymer LC Systems

Polymer liquid crystals (PLCs) are high-performance materials that exhibit proper-
ties of both polymers and LCs. PLCs are currently regarded as a promising materials
for information processing, due to their film-forming nature and the high birefrin-
gence observed in ultrathin films of PLCs.

The first example of PLC photoresponse was reported by Wendorff et al., as holo-
graphic recording in PLCs. They successfully produced holograms in LC copolymers
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Fig. 1:  Structure of polymer liquid crystals involved in photochemically induced phase transition.

containing azobenzene moieties, by means of irradiation with two coherent beams
from an Ar* laser.">'® The first report of photochemically induced phase transition
in guest/PLC host systems was from the authors’ group.’”~*" In studies of the
BMAB/PLC mixture shown in Figure 1, it was found that on photoirradiation to
induce trans-cis isomerization of the guest BMAB molecule the system underwent
N—I phase transition, as in photochromic guest/low-molecular-weight (LMW) LC
systems. The dye-doped PLC systems were then extended to copolymer systems, on
which detailed studies were performed (Figure 1).'*
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Photochemical phase transition response time has been investigated in detail.
The response time is one of the crucial factors in the manipulation of light waves by
means of refractive index modulation by light-induced change in alignment of LCs.
For use in information processing, fast response is essential. Response times were
measured for N-I phase transitions in azobenzene/LMWLC systems.”>** A ther-
mostated sample composed of an azobenzene guest and an NLC host was placed
between a pair of crossed polarizers and irradiated with a YAG laser third harmonic
at 355 nm (10 ns fwhm) to bring about the trans-cis photoisomerization of the azo-
benzene guest molecules. Transmittance of a probe light at 633 nm from a He-Ne
laser was measured as a function of time. In the azobenzene/LMWLC systems, the
N-I phase transition, as verified by loss of birefringence of the LC sample, occurred
in 100 ms.1”*! The response time for azobenzene/PLC systems was also examined
and it was observed that the N-I phase transition took place in 50-200 ms in
azobenzene-doped PLCs?”*! and copolymer LCs containing side chain azobenzene
moieties.[*"]

123
Novel Approach to Alignment Change in LCs through Photochemical Processes

It is very difficult to obtain fast responses in guest/NLC host systems. As mentioned
above, most photochromic reactions are very fast, occurring on a timescale of pico-
seconds. Therefore, if ultrafast lasers with a pulse width of picoseconds or nano-
seconds are used as an excitation light source for the photochemical phase transition
of guest/host systems, photochemical reactions of the guest molecules can be com-
pleted in picoseconds or nanoseconds, and the Ty of the system can also be lowered
below the irradiation temperature in these timescales. This means that, immediately
after pulse irradiation, a nonequilibrium state appears which is thermodynamically
isotropic in its equilibrium state in the phase diagram but shows birefringence due
to nonrelaxation of mesogens. From this state, relaxation of mesogens takes place to
their equilibrium state: an I state. Change in refractive index of samples depends on
this relaxation process; the relaxation of mesogens is a rate-determining step in the
modulation refractive index. LCs possess a high viscosity, so that relaxation of align-
ment of LCs takes a relatively long time.

To obtain fast LC photoresponse, a new guest/host system was developed, in
which ferroelectric LCs (FLCs) were used as a host LC. FLCs exhibit spontaneous
polarization (Ps) and show microsecond responses to change in applied electric field
(flip of polarization) in a surface-stabilized state.*® If a flip of polarization of FLC
molecules in the surface-stabilized state can be induced by light in the presence of
an applied electric field, photoresponse in the microsecond time region might be
achievable.

A mixture of an azobenzene derivative and an FLC (Figure 2), in which the con-
centration of the azobenzene guest was 3 mol%, was prepared in the surface-stabi-
lized state in a very thin LC cell. Then the mixture was irradiated with light at
366 nm to cause trans-cis photoisomerization of the azobenzene guest molecule. It
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was found that a threshold electric field for the polarization flip (coercive force) of
FLC was changed on photoirradiation.””! FLC in the surface-stabilized state dis-
played hysteresis between applied electric field and polarization.* It was observed
that the hysteresis of the mixture with the azobenzene guest molecule in trans form
was different from that of the mixture with the azobenzene in cis form. It has
already been mentioned in Section 12.2.1 that, in the azobenzene guest/NLC mix-
tures, Tny (trans) is different from Typ (cis), and that this difference arises mainly
from the molecular shape of the guest molecule. In azobenzene guest/FLC host sys-
tems, a change in the threshold value for the polarization flip between the trans azo-
benzene mixture and that with a cis azobenzene is also similarly interpreted in
terms of change in the molecular shape of the guest molecule. When the azoben-
zene guest is in its trans form, the rod-shaped azobenzene molecules do not disorga-
nize the phase structure of the chiral smectic C (SmC*) phase of FLCs to any great
extent, and the mixture shows an electric field threshold value for the polarization
flip similar to that in the absence of guest molecule. However, when the azobenzene
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is in its cis form, the phase structure of the SmC* phase is significantly disorganized

on account of the bent shape of the guest molecules, and the threshold value for the

flip of polarization is much reduced. On the basis of these experimental observa-
tions, a new mode of FLC photoresponse (photochemical flip of polarization of FLC)

was proposed (Figure 2):127%8

(1) polarization of the FLC cell, containing a small population of azobenzene
guest molecules, is aligned in one direction by an electric field;

(2) an opposite electric field, sufficiently small as not to affect the initial direction
of polarization, is applied across the FLC cell;

(3) with this opposite electric field as a bias, the FLC cell is irradiated to cause
trans-cis photoisomerization of the azobenzene guest molecule, changing the
hysteresis of the cell;

(4) the threshold value for the flip of polarization of the FLC cell is reduced on
photoirradiation and becomes smaller than the bias voltage, which positively
induces the flip of polarization of the FLC molecules.

In other words, the bias voltage remains unchanged before and after photoirradia-
tion; however, the threshold value for the flip of polarization of FLC cell is reduced
through the trans-cis photoisomerization of the guest molecules. As a result, a polar-
ization flip is induced at irradiated sites, which leads to change in alignment of the
FLC molecules (photochemical flip of polarization of FLC). FLC molecules in a sur-
face-stabilized state show bistability of polarization in upward and downward direc-
tions with respect to the normal to the cell surface and hence two alignments of
FLC molecules are stabilized. Furthermore, these two states remain unchanged
even after the electric field is removed. Thanks to these properties of FLCs in the
surface-stabilized state, once the polarization flip is induced on photoirradiation, the
directions of polarization in the irradiated site and in the nonirradiated site are
opposite, and the alignment of FLC molecules differs between the two sites. These
changes in polarization and alignment of FLCs result in optical contrast between
the irradiated and unirradiated sites, and they remain unchanged (memory effect).
Time-resolved measurements of change in mesogen alignment due to polarization
flip in the azobenzene guest/FLC host mixtures were performed on pulse irradia-
tion. It was observed that the mixture composed of the azobenzene and FLC shown
in Figure 2 displayed the polarization flip in 500 us on pulse irradiation with the
YAG laser third harmonic (fwhm, 10 ns).””! This is the first example in which FLC
polarization flip was induced by photochemical reactions.*”’ Since this first report,
detailed studies have been performed on polarization flip in photochromic guest/
FLC host systems: notably the effects of structure of FLC hosts,?>*% structures of
photochromic guests,*!! temperature,®? bias voltage,*® and change in Ps.*?

Photochemical polarization flip was immediately extended to antiferroelectric
LCs (AFLCs), and it was found that in azobenzene guest/AFLC host systems, polar-
ization flip could be induced photochemically and effectively, as shown in Figure
3.33 Novel photochromic molecules to induce polarization flip effectively have been
explored, and molecular design on the basis of large Ps resulting from chiral cyclic
carbonates has been found to be quite effective. An azobenzene dopant containing a
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chiral cyclic carbonate was synthesized and used as a chiral dopant to induce the
SmC* phase (Figure 4). In this system, the photosensitive azobenzene acts as a
chiral dopant, which is essential if the dopant/host LC mixtures is to exhibit the
SmC* phase, and therefore the change in molecular shape of the dopant is expected
to affect the phase structure of the mixture significantly. It was observed that in this
system the flip of polarization was induced in 90 us on pulse irradiation.?* Further-
more, a very interesting photoresponsive molecule has been developed, possessing
both a photochromic nature and antiferroelectric properties (Figure 4). The photore-
sponsive property of this AFLC molecule has been extensively investigated.**’ Polar-
ization flip in AFLCs is very effective and reliable, and so devices based on this
mechanism have been keenly explored.’*®
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Fig. 4: Structure of azobenzene dopant and azobenzene antiferroelectric liquid crystal.
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Fig. 5: Spontaneous polarization as a function
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Thioindigo has two isomers, with parallel (cis form) and antiparallel (trans form)
arrangements of the carbonyl groups attached to the a-carbons of the double bond,;
the two isomers exhibit distinct dipole moments. The cis form has a high dipole
moment, due to the parallel arrangement of the carbonyl moiety, while in the trans
isomer antiparallel dipole moments associated with the carbonyl moieties are can-
celed out, producing a very small overall dipole moment. Another feature of thioin-
digo as a photoresponsive molecule is its small change in molecular shape on iso-
merization. Thus, thioindigo derivatives are distinguished as a novel class of guest
molecules in guest/FLC host systems, because they possess a “tunable dipole
moment” characteristic independent of significant change in the molecular
shape.’”*®! Optical modulation of Ps of FLCs has so far been achieved by employing
this unique feature of thioindigo. Photoirradiation (>505 nm) to cause trans-cis
photoisomerization resulted in 1.5-fold enhancement of the Ps, due to the increase
in dipole moment of the guest thioindigo molecules (Figure 5).

12.4
New Concept for Fast LC Response through the Agency of Photochemical Processes

As described above, the temperature range in which to induce photochemical phase
transition of NLCs in guest/host systems is limited. In the temperature ranges
above the Ty of trans-azobenzene/NLC mixtures and below the Ty of cis-azoben-
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zene/NLC mixtures, phase transitions cannot be induced even if trans-cis photo-
isomerization of guest molecules is effected. To make this temperature range for
photochemical phase transition wider, a new system has been developed in which
every mesogen is equipped with a photosensitive moiety. Through extensive studies
on photochemical alignment change of LCs in guest/host systems, in which a large
number of azobenzene derivatives have been used as guest molecules, it has been
found that some azobenzene derivatives exhibit LC phase character. Put another
way, the azobenzene moiety plays the roles both of a mesogen and of a photosensi-
tive molecule (Figure 6). For instance, BMAB exhibits an N phase between 35 °C
and 48 °C, and 4, 4’-dioctylazobenzene (8AB8) displays one around 100 °C. Further-
more, polyacrylate with side chain azobenzene moieties (PAGAB2 in Figure 6)
shows a very stable N phase between 45 °C, the glass transition temperature (Ig) of
this polymer, and 155 °C.

These azobenzene LCs display the liquid crystalline phase only when the azoben-
zene moiety is in the trans form, and no liquid crystalline phase at any temperature
when the azobenzene moiety is in the cis form. In these azobenzene LC system, it
was predicted that phase transition should be induced on essentially the same time-
scale as the photochemical reaction of the photoresponsive moiety in each mesogen,
if the photochemical reactions of a large number of mesogens were induced simul-
taneously by the use of a short laser pulse (Figure 7).%°! On the basis of such a new
concept, the photoresponse of azobenzene LCs with the laser pulse was examined,
and it was found that the N to I phase transition was induced in 200 us.?**% This
fast response, on the microsecond timescale, had been demonstrated for the first
time in NLCs. From the viewpoint of application of LCs to photonic devices, such a
fast response is quite encouraging.
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In general, the response time of PLCs is longer than that of LMWLCs, since in
the PLCs, mobility of mesogens is highly restricted by the main chain of the poly-
mer. In the photochemical phase transition behavior of azobenzene LCs, however,
there is no response difference between polymer and LMW samples. It is worth
mentioning that the polymer azobenzene LCs show a similar 200 us response even
below Tg.***% Figure 8 shows a typical result observed for PAGAB2. In the polymer
azobenzene LCs, the photochemical phase transition can be induced in an extremely
wide temperature range of over 150 °C. This advantageous photonic material feature
is specific to the azobenzene LCs, because in the guest/host systems the tempera-
ture range in which to induce photochemical phase transition is about 20 °C. A rela-
tionship between the structure of polymer azobenzene LCs and their photochemical
phase transition behavior has been explored extensively, to develop high-perfor-
mance photonic materials. It was found that the structure of the polymer backbone,
as well as the spacer of the side chain component, is a crucial factor for the photo-
response of PLCs.[*'~*4
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Fig. 8: Time-resolved measurements of the photochemical
phase transition of the polymer azobenzene liquid crystal.

Since the photochemical phase transition is accompanied by a large change in
refractive index, the polymer azobenzene LCs may be potential candidates for all-
optical switching materials and dynamic holographic materials. In these applica-
tions, it is necessary to rapidly induce not only the N-I phase transition, but also the
I-N phase transition (the recovery of the N phase). After photoirradiation of the
polymer azobenzene LC film (N-I phase transition), once irradiation has ceased, the
initial N phase can be restored thanks to thermal cis-trans back-isomerization, due to
the thermal instability of cis-azobenzenes. With the goal of accelerating the thermal
recovery of the LC phase, the mechanism of the I-N phase transition has been
investigated in detail. The recovery is composed of two processes: thermal cis-trans
back-isomerization of the azobenzene moieties and reorientation of the mesogenic
trans-azobenzenes, and it was found that cis-trans back-isomerization is a rate-deter-
mining process.*” On the basis of the results of the kinetic studies on the I-N
phase transition, polymer azobenzene LCs with both donor and acceptor moieties in
a molecule, characterized by very fast cis-trans thermal back-isomerization, have
been designed. With such donor-acceptor azobenzenes, a very fast recovery of the N
phase (800 ms) was achieved (Figure 9).*1 This response is faster than that of con-
ventional azobenzene LCs by one order of magnitude.

As another approach to fast I-N phase transition, the optical switching behavior
of LMW and polymer azobenzene LCs has been explored by means of reflection-

mode analysis (Figure 10).*”! On laser-pulse irradiation, it is possible to switch the
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Fig.9: Time-resolved measurements of the photochemical
phase transition of the “push-pull” polymer azobenzene liquid
crystal.

incident probe light reflected from the interface between the LC and the substrate,
as a result of modulation of reflectivity arising from photoinduced change in the
refractive index of the LC materials. In BMAB, the reflection-mode system gave a
response time of 100 ps, very similar to that observed in the usual transmission-
mode analysis, and a decay time of 1 ms, which was significantly shorter than that
obtained in the transmission-mode analysis (Figure 11).

Sample
Polarizer
Photomultiplier Probe light
— He-Ne laser
Pumping light
YAG laser 633 nm
355 nm, 10 ns

Fig. 10: Reflection-mode optical switching of azobenzene liquid crystals.
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The molar extinction coefficients of the azobenzene moieties are very large
(approximately 10%) at 355 nm, and hence pumping light is absorbed entirely at the
surface of the sample. Thus, trans-cis photoisomerization is also only induced near
the surface, and so the N-I phase transition occurs solely in the surface region, leav-
ing the bulk area intact as an N phase. In reflection-mode analysis, the probe light
can only penetrate the surface area, so if molecules in the cis form produced at the
surface by photoirradiation diffuse into the bulk phase, while simultaneously being
replaced by molecules in the trans form from the bulk phase, recovery of the initial
N phase can be achieved without involving the slow cis-trans back-isomerization pro-
cess. Since the diffusion and the reorientation processes are much faster than the
cis-trans back-isomerization process, optical switching in reflection-mode experi-
ments has thus become much faster (Figure 11).*! Such reflection-mode analysis
has another superior characteristic for optical switching. For the practical use of
optical switching devices containing organic dyes as a key component, there is a
very important prerequisite, which is stability. Optical switching in the ordinary
transmission mode generally exhibits low fatigue resistance. With the aim of achiev-
ing highly fatigue-resistant optical switching, detailed optical switching behavior of
azobenzene LCs was explored with the aid of reflection-mode analysis. The reflec-
tion-mode optical switching was found to be repeatable over 15,000 cycles, repre-
senting stability 10 times greater than that obtained with the transmission mode
switching.*”! This fact suggests that the optimization of this optical system for
photoresponsive LCs may be an effective approach to producing more stable optical
switching devices.

A unique feature of polymer azobenzene LCs as optical image storage materials has
been demonstrated. In nematic glasses (solid state azobenzene LC films retaining an N

':A} =1 .:C-:‘_f;_,
+ 355 nm (pulse, 10 ns) —_—=
N%maﬁc — e
= phase
"]
: 5
JE Pumping light
- Photoisomerization
Phase transition
0 2 4 5] 8 10 B) e
Time (ms) /(I ‘-._\.f;‘:;;,;
Isotropig [/ ATV S
phase
Diffusion
Reorientation
(C)
Nematic 152 ==
phase

Fig. 11:  Time-resolved measurements of reflection-mode
optical switching and the possible mechanism.
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Fig. 12: Optical image storage in the polymer
azobenzene liquid crystal.

Photomask Stored image

phase structure below Tg), only the N-I phase transition can be induced and the I-N
phase transition never occurs. Figure 12 shows photographs of a photomask and a bin-
ary test pattern recorded in azobenzene LC films by pulse irradiation at 355 nm.**)
Pulse irradiation was performed at room temperature below Tg, and it was found that
the irradiated site became isotropic as observed under exclusion of light by polarizing
microscope. The stored optical image has been kept stable over two years. In the poly-
mer films, it was observed that the thermal cis-trans back-isomerization took place in 24
h at room temperature. Although the trans form was recovered nearly completely, the
isotropic glass induced at the irradiated site below Tg still remained unchanged at room
temperature even after two years.*” These results imply that, below Tg, the orientation
of the mesogenic trans-azobenzenes had become disordered through the process of ther-
mal cis-trans back-isomerization. Even though the trans form was recovered thermally,
orientation of the mesogens could scarcely be attained in the absence of segmental
motion of the main chain of the polymer below Tg. Consequently, the polymer azoben-
zene LCs can be used as optical switching materials above Tg and as optical image sto-
rage materials below Tg.

In addition, more recently, an interesting approach to fast response of photorespon-
sive LCs has been reported. Crosslinked PLC networks containing azobenzene mole-
cules were prepared by polymerization of ternary mixtures of monofunctional and
difunctional LC monomers together with a LMW azobenzene LC, as shown in Figure

100

I Q Ko
| 355 nm - O—f g OCgH
3 o0 p— =7
—“""|'|I e s g o (+]
g 2 o
@ |.' — . :
9 GOt L .,J\- 1 o F H =
c T o o AL = O O iCH O
@ T, ; WA o
e —(H- 3 p 4 w_d
£ H’l." A gl o—(c ;IrO-{\\_{}’—‘}O
E 40t ASPBEA
E KIZSATHNS01 (cooling)
e
‘- 20 . '.‘—\}_
CaH—
S A NY | j0CHa
0 ! L 1 1 BHAB
0 100 200 300 400 500 KannNT7al

Channel

Fig. 13: Time-resolved measurements of changes in the
transmittance of the crosslinked polymer network. 1: 10 ns/ch;
2:50 ns/ch; 3: 1 us/ch.
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13, and their photoresponsive behavior was evaluated by monitoring changes in the
intensity of the probe light transmitted through a pair of crossed polarizers, with the
sample film showing birefringence between them, on pulse irradiation at 355 nm.[** As
can be seen in Figure 13, the response time and the decay time were 1 ps and 100 ps,
respectively. This very fast response seems to be attributable to the suppression of
motion of the mesogenic groups by crosslinking. Indeed, non-crosslinked PLC analogs
showed no such fast response. From intensive studies, it has been concluded that the
stabilization of an initial ordered state by crosslinking results in a fast order-disorder
transition, induced by slight changes in the orientational order of mesogens, and a fast
disorder-order transition, due to relaxation of the strain generated on irradiation by the
photoisomerization of the azobenzene molecules.

12.5
Photochemical Control of LC Alignment by Linearly Polarized Light

The nature of light may be simply represented as electromagnetic waves with oscil-
lating electric dipoles. The key idea in understanding the interaction of light with
molecules is that electrons may be set into motion by the oscillating electric field of
the light. The major force operating on the electrons of a molecule as a consequence
of a passing light wave is that due to the undulating electric field. Light absorption
to give excited molecules is subject to exclusive preconditions, including the coinci-
dence of the electric field vector of light with the direction of a transition moment of
the corresponding ground state chromophores.

In the case of the trans-azobenzene moiety, light is absorbed when the electric
field vector of radiation is not perpendicular to the transition moment of the azoben-
zene moiety. The trans form possesses m-mt* transition moments approximately par-
allel to the molecular long axis. Light is considered to be “linearly polarized” when it
contains waves that only fluctuate in one specific plane. Thus, it can be concluded
that the trans-azobenzene moieties exhibit angular-dependent absorption (photose-
lection) of linearly polarized light. Trans-azobenzene molecules with their transition
moment parallel to the polarization direction of light are activated to undergo trans-
cis isomerization, while molecules with their transition moment perpendicular to
the polarization direction are inactive towards isomerization. After each isomeriza-
tion cycle, the azobenzene moieties may have different orientations, because the
trans and cis isomers have different molecular shapes and the isomerization causes
a perturbation on the molecular environment. Once, after repetition of the trans-cis-
trans isomerization cycles, the azobenzene moieties have fallen perpendicular to the
polarization direction of the irradiation light, they become inactive. At the end of the
multicycles, there will be a net population of azobenzene groups aligned in the
direction perpendicular to the light polarization. Taking advantage of this photose-
lection of azobenzene moieties, the possibility of using a polymer system containing
azobenzene molecules as an optical recording medium was first advanced in 1983,
with azo dyes (methyl red and methyl orange) dispersed in a polymer matrix (poly-
(vinyl alcohol)).[*”) When the polymer system was irradiated with a linearly polarized
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laser beam at 488 nm (close to the absorption maximum of the moiety), the optical
transmittance for light polarized along the polarization direction of the writing light
increased and that for light perpendicular to the direction of the writing light
decreased. Optical dichroism, therefore, had been induced because of the anisotro-
pic rearrangement of trans-azobenzenes. However, this report has shown that the
induced anisotropy can only be maintained for a short time, even in the dark. This
shortcoming was overcome by Natansohn and co-workers, who developed amor-
phous azobenzene polymers, and also by other groups.”** By attaching the azo-
benzene moieties to polymer backbones through covalent bonds, stable birefrin-
gence was achieved in the amorphous polymers at ambient temperatures below Tg.
The induced alignment can be erased thermally and photochemically and reinduced
by irradiation with linearly polarized light.

Since these reports concerning non-LC systems, photoinduction of molecular
alignment has been extended to copolymer LC systems possessing both mesogens
and azobenzene moieties in the side chains. Several studies on photoinduced reor-
ientation behavior showed that non-photoactive mesogens were able to undergo
reorientation concomitantly with azobenzene moieties above Tg. This was explained
in terms of cooperative motion of adjacent groups, due to the similar shapes of the
rigid structures. On the other hand, different arguments were presented concerning
reorientation behavior below Tg. Anderle et al. reported that only reorientation of
azobenzene moieties was induced below Tg and the orientational direction of the
mesogens was unchanged.’> Wiesner et al.,®® in contrast, observed cooperative
motion of mesogens resulting from the reorientation of azobenzene moieties even
below Tg. Recent works on the photoinduced alignment behavior of side chain PLCs
have revealed that dipole-dipole interaction affecting cooperative motion is a more
important effect in the reorientation process.>*

Through evaluation of the photoinduced alignment properties of a variety of
PLCs with azobenzene moieties in their side chains, the important factors for the
reorientation process were found to be: azobenzene content,®”! enthalpy change dur-
ing the phase transition,*® morphology of the sample before irradiation,**" inten-
sity of linearly polarized light as an incident light,®" spacer length of the side
chain,®? and so on. On the other hand, structural effects of azobenzene moieties on
photoinduced alignment behavior were investigated systematically for a series of
side chain PLCs containing different azobenzene moieties, and interesting results
were obtained (Figure 14).*7%! With increasing strength of donor and acceptor at
the 4- and 4’-positions of the azobenzene groups, the possibility of alignment
change in PLCs possessing the same methacrylate backbone decreased, due to the
slightly increased enthalpic stability of the mesophase and the significantly reduced
concentration of cis-azobenzene (i.e., an increased cis-trans isomerization rate). How-
ever, high alignment efficiency was observed in ACB-ABAG6, a polyacrylate with
strong donor-acceptor pairs in the azobenzene moiety and exhibiting low meso-
phase stability, since both the rate of cis-trans isomerization and the mobility of
mesogens are favorable for alignment change. These results demonstrate that the
photoalignment behavior can be regulated by appropriate choice of azobenzene unit
or polymer backbone.
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Fig. 14:  Polymer liquid crystals con-

Q taining various azobenzene moieties.
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The azobenzene-containing polymer systems described above are capable of con-
trolling alignment direction in a two-dimensional fashion, by changing the direction
of polarization of the irradiation light. During the in-plane alignment process,
photoinduced biaxiality of azobenzene moieties was observed in liquid-crystalline
and amorphous polymer films, and also in Langmuir-Blodgett films.>*¢~%®! This
phenomenon was interpreted in terms of the realignment of the azobenzene moi-
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Fig. 15: Conoscopic observation of the align-
ment of azobenzene mesogens as a function of
change in incident angle. From A to F: before
irradiation, after irradiation at incident angles of
30°, 60°, 90°, 120°, and 150°, respectively.
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eties along the propagation direction of the irradiating light; in other words, the exis-
tence of out-of-plane alignment was demonstrated.®®” When the azobenzene moi-
eties are aligned with the molecular long axis along the propagation direction of the
irradiating light, photoisomerization hardly takes place, since the propagation direc-
tion of light is always perpendicular to its electric field vector. In the case of unpolar-
ized light, only the propagation direction is, in principle, perpendicular to the elec-
tric field vector of the unpolarized light. Thus, when unpolarized light is used, it is
expected that the azobenzene moieties become aligned only in the propagation
direction of the irradiating light. In fact, several studies have been reported on out-
of-plane alignment behavior on using unpolarized light.[**” Recently, an attractive
result was found in a polymer azobenzene LC, in which, by changing the incident
direction of the irradiation light, it was possible to bring about effective three-dimen-
sional manipulation of PLCs at room temperature, about 70 degrees below the Tg of
the polymer (Figure 15).7>”* This result is expected to open a new dimension for
high-density data storage, since information can be stored as a change in the three-
dimensional alignment direction of the azobenzene moieties. The stored informa-
tion may be read nondestructively with light outside the absorption band of the azo-
benzene moieties, as the difference in transmittance.

12.6
Manipulation of LC Alignment through Photoactive Surface Layers

Control over the alignment of LCs is important for their optical and optoelectrical
applications, such as in LCDs and LC spatial light modulators (LC-SLM), and homo-
geneous LC alignment is conventionally achieved by mechanical rubbing of a poly-
mer alignment layer coated on the substrates. Should it be possible to change che-
mical and/or physical properties of the surface layer of a substrate through an exter-
nal field, LC alignment might be controllable through changes in the surface
property of substrates. Recently, control of LC alignment by light has been a hot

Homeotropic Planar

4—'
Homogeneous Homogeneous
—

=
——
% Fig. 16: Photoalignment by “Command
Surface”.
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topic. Ichimura and co-workers employed azobenzene monolayers, formed on glass
substrates by silane coupling agents, and demonstrated the possibility of photoalign-
ing LCs by exploitation of photoactive surface layers. This basic concept of the photo-
alignment technique is illustrated in Figure 16. In the cell filled with an NLC con-
structed out of the surface-treated substrates, the NLC molecules display a homeo-
tropic alignment when the azobenzene immobilized on the substrates is the trans
form. Photoirradiation to induce trans-cis isomerization of the azobenzene moieties
enables repeatable changes of alignment from homeotropic to planar forms to be
performed. Such photoactive surface layers are called “command surfaces”.’”) A
similar photoalignment of LCs has also been reported for polymer films containing
azobenzene moieties, and the effects of structure and density of azobenzene mole-
cules on the photoalignment behavior have been explored systematically.”®””)

A closely related phenomenon induced by linearly polarized light was found inde-
pendently by Gibbons et al., who employed a polyimide (PI) film doped with azo-
benzene molecules as a dichroic dye and showed that the direction of homogeneous
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alignment of LC molecules can be established and altered using polarized light.[”®!
An NLC cell fabricated from a substrate coated with a dye/PI mixture and a sub-
strate coated only with PI, with the rubbing directions of both substrates mutually
parallel, was exposed to linearly polarized light of polarization parallel to the rubbing
direction. It was found that LC molecules at the irradiated dye-doped surface
became aligned perpendicular to the polarization of the light, whereas those at the
undoped PI surface remained parallel to the rubbing direction, resulting in a twisted
nematic structure in the irradiated region. The photoinduced alignment could sub-
sequently be erased or rewritten by altering the polarization of the light. Further-
more, unidirectional alignment of LCs has been also achieved with a variety of mate-
rials with photoactive surfaces, such as poly(vinyl alcohol) thin films containing a
hydrophilic azo dye,”” glass substrate modified by azobenzene monolayers (Figure
16),% polymer azobenzene films,”>#! and polyvinyl cinnamate with photodimeri-
zation properties.®” Such photoalignment techniques using linearly polarized light
are more favorable from the viewpoint of improvement of the performance of exist-
ing LC devices and development of novel LC devices with new functions, because
the photoalignment process is free from dust particles and static surface charges
generated in the conventional rubbing process.

A unique LC alignment technique based on a novel principle is represented by
dynamic and static control of LCs by means of photoresponsive PIs as an alignment
layer. The most significant characteristic of this system is the non-utilization of
photochemical reactions as a trigger to control alignment of LCs. Optical switching
of NLCs with a photosensitive PI containing benzophenone moieties as an align-
ment layer has been reported (Figure 17).%% LC cells with a gap of 5 um, in which
substrates were coated with PI films and then rubbed, were fabricated to evaluate
the optical response of 5CB. Figure 17 shows the change in the transmittance as a
function of applied voltage for the sample cell.

It is clear that the threshold voltages, at which change in the LC alignment takes
place, are quite different in the irradiated and unirradiated states. When a bias vol-
tage of 4.5 V was applied across the cell, it was found that photoirradiation at 366
nm resulted in an immediate change in transmittance (Figure 17). Since the trans-
mittance recovered when photoirradiation ceased, it was assumed that the optical
switching observed is based on an alignment change between a homogeneous state
and a homeotropic one. Although the switching mechanism is not well understood
at this stage, formation of intra- or intermolecular charge transfer complexes in the
surface area of PI films as a result of photoirradiation (i.e., a change in the polarity)
seems to participate in the optical switching. Furthermore, these photoresponsive
PI films have been also applied to photoalignment (nonrubbing alignment) techni-
ques for LC devices. As early as 1995, Hasegawa and co-workers achieved homoge-
neous alignment of NLCs by anisotropic photodegradation of PIs exposed to linearly
polarized UV light of short wavelength (254, 257, or 313 nm).* However, this
method was accompanied by chemical reaction, resulting in deterioration of the
thermal stability of PIs due to serious degradation of backbone structure. Recently,
aromatic Pls exposed to linearly polarized UV light of long wavelength (366 nm)
were reported to show high photoalignment efficiency without significant change in
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Fig. 18: Alignment behavior of 5CB by means of PI film exposed to linearly polarized UV light.

the chemical structure of the PIs.®*®”! To evaluate alignment ability, a PI film
formed on the glass substrate was irradiated with linearly polarized light at 366 nm,
an LC cell with a gap of 5 pm was assembled with two pieces of the exposed PI-
coated substrates, and then the cell was filled with 5CB. As can be seen in Figure 18,
the transmittance of probe light through crossed polarizers, with the unexposed cell
between them, displays no distinct angular dependence. With the exposed cell, in
contrast, transmittance maxima and minima appear regularly at every 90° interval.
It is obvious that unidirectional homogeneous alignment of 5CB is successfully
induced with the photoresponsive PI film. The degree of uniformity of LC align-
ment is strongly affected by the structure of PIs and it has been demonstrated that
an aromatic PI with a diphenyl ether diamine unit is a more favorable photoalign-
ment film in terms of photosensitivity and chemical stability.

12.7
Modulation of Light Waves in Polymer/LC Composite Films

The photoresponsive LC systems presented in the previous section enjoy a dominant
position in control of light by light; however, loss of optical efficiency in the LC
devices is unavoidable due to the use of a pair of crossed polarizers. This problem
can be overcome by modifying the morphology of materials. Polymer/LC composite
films, consisting of a polymer matrix and an LC component, can be converted from
a light-scattering state to a transparent state by application of an external electric
field. They remove the need for polarizers with LC devices and possess high proces-
sability and flexibility because of the absence of substrates coated with an alignment
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layer, so that these polymer/LC composite films are now at a stage of practical uti-
lity.58:89]

Although such polymer/LC composite films are usually prepared by emulsifica-
tion and phase separation techniques, the resulting composites have a variety of
morphological characteristics arising from differences in conditions and composi-
tions during sample preparation. The polymer/LC composite films are mainly clas-
sified into four types:

e nematic curvilinear aligned phase (NCAP) material, with an encapsulated LC
structure,”>?!

e polymer-dispersed liquid crystal (PDLC) material, with LC droplets dispersed
in a polymer matrix by means of polymerization-induced or solvent-induced
phase separation,®*%*!

¢ polymer network liquid crystal (PNLC) material, with micrometer scale LC
domains,” and

e polymer-stabilized liquid crystal (PSLC) material, with a small amount of
polymer network.!

Currently, to develop more highly functionalized LC devices, intensive studies are
being carried out on electrically controllable polymer/LC composite films with such
advantageous features as high electric field response, high contrast, and wide view-
ing angle, as well as reverse-mode and haze-free characteristics.[**~'%"

With respect to photonic application of the polymer/LC composite films, a projec-
tion light valve has been reported by Takizawa et al."®" This is an SLM, the function
of which is to display large images on a screen by projecting an image created on a
small valve. It is illustrated schematically in Figure 19. The PDLC-SLM consists
mainly of two components: one is a PDLC layer, which modulates the probe light,
and the other is a photoconductive layer (Bi;;SiO,4), which detects the stimulus
light. In the initial state, some voltage as bias is applied to the two layers. Upon
irradiation by the stimulus light, the resistance of the photoconductive layer
decreases. The voltage, therefore, becomes centered mainly on the PDLC layer. The
increase in the voltage across the PDLC layer brings about unidirectional alignment
of LC droplets. Consequently, the probe light reflected by the dielectric mirror can
be modulated according to the transformation between light-scattering state and
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transparent state in the PDLC layer. A high contrast ratio of 178 : 1, a response time
of 14 ms, and a decay time of 15 ms have been achieved.

Light addressing and optical image recording by means of polymer/LC composite
films displaying electric field frequency-dependent optical properties have been
reported by Kajiyama et al.'*? A composite film consisting of a side chain PLC with
a polysiloxane backbone and LMWLCs, shown in Figure 20, displays remarkable
light scattering characteristics on application of a low frequency electric field, while
becoming highly transparent on application of a high frequency electric field. This
composite system is inactive towards light as a stimulus, because the LC component
used has no photoresponsive character in itself. An azobenzene derivative was
added to the composite film as a photoresponsive molecule. The threshold fre-
quency, defined as the critical frequency at which the composite films change from
a transparent state to a turbid one, was demonstrated to be alterable using light irra-
diation as an external stimulus. The threshold frequency in the composites contain-
ing the trans-azobenzene, f., was smaller than that in the composites with cis-azo-
benzene, f; (Figure 20). The transmittance of the composites can be therefore
switched by stimulation in the presence of an electric field with frequency of fg, situ-
ated between f. and f.; as shown in Figure 20. Since both the transparent and the
turbid states of the composite films are memorized stably even after removal of elec-
tric fields, they can be applied to rewritable optical image recording media. In addi-
tion, a similar phenomenon can be induced by laser irradiation, resulting in the for-
mation of both positive and negative images from a thermal process.!">*!
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All-optically controllable polymer/LC composite films, driven by photon mode
processes in the absence of electric fields, have been achieved by means of photoche-
mical phase transitions. Kawanishi et al. prepared polymer/LC composite films with
a thickness of 2-3 um from a mixture of NLC and azobenzene derivatives dispersed
in an aqueous solution of poly(vinyl alcohol), using the solvent-induced phase
separation technique.['® Although the composite films showed very low transmit-
tance because of the opacity of the composite film, they became transparent on irra-
diation at 366 nm, as a result of the N-I phase transition in the LC droplets in the
polymer matrix, caused by trans-cis photoisomerization of the azobenzene mole-
cules. The recovery of the initial opaque state could be achieved by irradiation using
visible light, causing cis-trans back-isomerization of the azobenzenes. In this system,
the degree of change in transmittance was as low as 10-50 %. With the aim of con-
structing novel photoresponsive polymer/LC composite systems possessing superior
optical properties, a ternary mixture of bifunctional acrylate monomers, NLCs, and
azobenzene compounds was polymerized in a 10 um gap cell under a variety of con-
ditions, and optical properties of the resulting polymer networks were appraised sys-
tematically."%1%! It was found that the transmittance of these composites can be
modulated throughout the range from approximately 0 % to 100 % on photoirradia-
tion to induce photochemical phase transition (Figure 21). Furthermore, by choos-
ing network-forming materials and by tuning polymerization conditions, optical
image storage and reverse-mode switching could be also achieved.[*”1%%!
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A second harmonic generation (SHG) property also exists as a nonlinear optical
effect as a unique feature of polymer/LC composite films. For this SHG, the key
requirement is the presence of a noncentrosymmetric (polar) environment. In these
molecule-based systems, materials can possess the SHG activity only when the non-
centrosymmetric molecules are incorporated into a noncentrosymmetric macro-
scopic structure. Achievement of such a macroscopic ordering (i.e., dipolar align-
ment), however, is a formidable task, since the permanent electric dipoles of non-
centrosymmetric molecules tend to pair in opposite directions to give rise to a
centrosymmetric macroscopic structure. Although an NLC molecule itself usually
possesses dipole moments parallel to the molecular long axis, due to its noncentro-
symmetric molecular shape, no SHG can be observed in the N phases because of
cancellation of the dipolar vectors. The surfaces and interfaces of substances invari-
ably show a noncentrosymmetric nature, however. This implies that the SHG is gen-
erated from the surfaces or interfacial regions of substances. In polymer/LC compo-
site films, numerous interfaces are present, since micrometer-sized LC droplets are
dispersed in a polymer matrix. Through this structural characteristic, LCs lend
themselves to wavelength-controllable materials. Several studies have to date been
carried out on the SHG behavior of these composite films.***1*"

12.8
Holography as a Future Technology in Photonics

12.8.1
Distinct Image-recording and Image-displaying Techniques

Holography is an image-recording process essentially different from other pro-
cesses: both the phase and the amplitude of the light wave that intercepts the record-
ing medium are recorded. Holography’s most attractive feature is that it can record
and display a complete three-dimensional image of an object. In holography, the
phase and amplitude of light waves are modulated through periodic alternation of
various physical properties of the medium. Therefore, holography can be regarded
as a photonic application. Amplitude can be recorded by any of numerous photosen-
sitive materials; many of these materials, however, are insensitive to phase differ-
ences between various parts of the wave front. In 1948, to overcome this, Gabor
introduced the use of a background wave, generally referred to as the reference
beam.!"") Interference between the reference beam and the object beam (the wave
front reflected by the object, the image of which is to be recorded) converts phase
differences into amplitude differences, which can be recorded by photosensitive
materials. Gabor coined the name “holography”’, meaning the “whole record”, for
this technique because it contains all the information necessary to reconstruct the
object beam. The hologram can be “played back” by illumination with a beam of
coherent light identical to the reference beam (i.e., readout beam). On passing
through the hologram, this beam acquires the phase and amplitude modulations of
the object beam, reconstructing the wave front that originally came from the object,
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the image of which was recorded. For holography, a coherent light source is the pre-
requisite optical component. Laser, which was developed as early as around 1960, is
now readily available as a coherent light source. Thanks to progress in laser technol-
ogy, the greatest attention is being focused on the holographic process, since the
information packing density can be considerably increased by exploiting its unique
storage techniques in the form of interference patterns. Therefore, holography is
viewed as the most promising candidate for storage of high-density information, as
well as for recording three-dimensional objects. Moreover, holographic storage per-
mits information to be written and read simultaneously as parallel processes, result-
ing in a extremely high transmission rate.

Holograms are mainly classified into two types, according to the manner of
recording of the interference pattern.''*''3 The first is an amplitude-type holo-
gram. The interference pattern is recorded as a density variation in the recording
medium, and thus the amplitude of the illuminating wave is modulated. The other
is a phase-type hologram. The fringe pattern is recorded as a change in thickness or
refractive index, and accordingly the phase of the illuminating wave is modulated.
In terms of diffraction efficiency, it is well known that the theoretically calculated
diffraction efficiency of phase-type holograms is always higher than that of ampli-
tude-type holograms. Therefore, most studies on holography involve phase-type
holograms.

In early stages of research into holography, silver halide emulsions and dichro-
mated gelatin were widely used as a holographic materials. These materials, how-
ever, have certain drawbacks, such as the need for wet-process post-treatment, low
exposure sensitivity, and high-grain noise in the holograms. Organic materials,
especially polymer materials, for holographic recording have been under investiga-
tion for many years, thanks to their ease of molecular design and good mechanical
properties in comparison with inorganic materials.''*! Recent trends in holographic
recording materials include photorefractive materials,!**~'*®) thermoplastics,!'**"
photochromic compounds,**** and ordinary photopolymers.l'*>4%! All of these
materials can be used in phase-type holography, and all possess some advantages,
but also some limitations. For instance, photorefractive materials are erasable and
have unique nonlinear optical properties, but have only moderate diffraction effi-
ciency and relatively low stability of stored information. Thermoplastics have rela-
tively high exposure sensitivity and are erasable, but have only moderate diffraction
efficiency and high scattering noise. Photochromic compounds, meanwhile, have
high resolution and high exposure sensitivity and are erasable, but have relatively
low diffraction efficiency, while, finally, photopolymers have excellent diffraction
efficiency and noise properties, but are not erasable and require post-treatment. For
holographic recording, therefore, it is preferable that materials should simulta-
neously possess a number of specific characteristics, such as high diffraction effi-
ciency, high spatial resolution, and high S/N ratio. To construct phase-type holo-
grams with high diffraction efficiency, large modulation either of refractive index or
of thickness of recording materials is required. In application of the holographic
technique to active recording devices, holograms should be erasable and rewritable.
Furthermore, for dynamic holography, with which it would be possible to recon-
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struct 3-D moving objects, rapid response in the processes both of formation and of
wiping of the holograms would be needed in the materials.

12.8.2
LC Materials in Holography

As described above, LC materials possess large optical anisotropies, resulting from
self-assembly characteristics, and offer additional features such as an ability to
respond to applied external fields. These features are quite favorable from the per-
spective of producing rewritable phase-type holograms, as well as that of achieving
dynamic holography. In the past decade, with the goal of 2-D or 3-D image-record-
ing, many extensive studies have been performed on holographic gratings based on
modulation of refractive index, using LC materials that are variously
LMWLCs,781417158] ppL.Cs,[15%7167] and PLCs.[*>1¢16818% The holographic gratings
are essentially formed by means of photorefractive effects or photochromism. In
gratings based on photorefractive effects, Khoo et al. have obtained high diffraction
efficiencies of 30 % at low writing beam intensities of 40 uW/cm?* in LMWLC sys-
tems.[">? Ono and Kawatsuki have also shown that the periodic modulation of LC
alignment induced by the spatial charge distribution can result in relatively large
changes in refractive index (An= 3.6 x 107%) in LMWLC cells coated with photocon-
ductive layers."*® Furthermore, photorefractive rise times as short as 40 ms were
obtained in LMWLCs containing donor and acceptor molecules in which photoin-
duced electron transfer reactions occur effectively,’*® and photorefractive grating
memory effects were observed in PDLCs.!'®”!

On the other hand, photochromism-based grating formation has been achieved
in LC materials containing azobenzene derivatives as a photochromic elements. It is
expected that such systems should enable dynamic and/or effective control of grat-
ing formation, as the photoisomerization of azobenzene molecules produces very
fast changes in alignment of LCs, resulting in large changes in refractive index, as
mentioned above. In fact, dynamic holography has been achieved using dye-doped
NLCs."*"1*? Although the grating formation is largely due to the realignment of
LCs in the bright region in interference patterns, changes in refractive index arising
from N-I phase transitions also seem to participate in the grating formation."*!! In
LMWLCs, however, it is often difficult to obtain a holographic grating displaying
narrow fringe spacing (i.e., high resolution) and high stability, because of the high
mobility of LC molecules. It is easy to imagine that side chain PLCs may be one of
the most promising materials in holography, because they possess not only high
viscosity, due to their polymeric structure, but also superior LC properties, in which
flexible side chain spacers play a crucial role in decoupling the motion of the poly-
mer backbone from that of the aligned mesogens. Wendorff et al. have shown for
the first time that a holographic recording can be built into PLCs containing azoben-
zene moieties in the side chain as discussed above.'>'®1%¥717% This holographic
image storage appears to originate from periodically photoinduced LC alignment by
linearly polarized writing beams.
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Fig. 22: Switching behavior of the diffraction beam on turning on and off the writing beams.

Recently, formation of phase-type holograms by means of photochemical phase
transition has been attempted in side chain PLCs containing azobenzene moieties
at various temperatures at which sample films display LC phases or solid states
retaining an LC structure."*""'# A typical result with dynamic gratings is shown in
Figure 22.8182 The holographic diffraction in the N phase was observed repeat-
edly by turning on and off the writing beams. In this system, the formation and
disappearance of the grating, exhibiting a narrow fringe spacing of 1.4 um, were
achieved within about 150 ms and 190 ms, respectively. It is worth mentioning that
the magnitude of refractive index modulation reached the order of 102 Phase-type
gratings based on photochemical phase transitions have been also obtained in glassy
ordered films."™®*'8) A sinusoidal variation of the thickness of the films (surface-
relief structure) was confirmed to be generated through irradiation by two interfer-
ing beams: results similar to those obtained in azobenzene-containing amorphous
polymers and reported by Natansohn et al.'’**"'?®! The gratings recorded in the
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ordered sample, with a thickness of about 500 nm, showed a high diffraction effi-
ciency of approximately 28 %; however, the surface modulation was slight (33-53
nm). Through theoretical calculation of the degree of surface modulation, it was
found that the gratings cannot only be characterized as conventional surface relief
gratings. These results demonstrated that the large enhancement of diffraction effi-
ciency is mainly governed by spatial modulation of molecular alignment resulting
from alternate arrangement of N and I phases (Figure 23)."**'8! The grating forma-
tion, therefore, is associated with photochemical phase transitions in azobenzene-
containing PLCs. This system has also proved capable of holographic recording of
2-D or 3-D objects with high resolution.!®*
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Photoswitchable Polypeptides

Francesco Ciardelli and Osvaldo Pieroni

13.1
Introduction

13.1.1
Photoresponsive Polymers

Photoresponsive polymers are quite special polymers, able to respond to light and
dark conditions and thus giving rise to reversible variations in their structure and
conformation. These photoinduced structural changes may in turn be accompanied
by reversible changes in the physical and chemical properties of the polymeric mate-
rials.

Photoresponsive polymers can be obtained by introducing photochromic units,
such as azobenzene or spiropyran groups, into the macromolecules of polymeric
compounds. As described in Chapter 1 of this book, photochromic compounds
can exist in two different states, such as two isomeric structures that can be inter-
converted by means of a light stimulus, and the relative concentrations of which
depend on the wavelength of the incident light. For instance, in azobenzene com-
pounds, photochromism is due to trans-cis photoisomerization around the N=N
double bond, while in spiropyran compounds photochromism involves intercon-
version between the neutral spiro form and the zwitterionic merocyanine form
(Figure 1).

The occurrence of two different structures that can be interconverted through the
agency of an external light stimulus can be the basis of a molecular switch. More-
over, when photochromic molecules are incorporated into polymeric compounds,
their photoisomerization can affect the structure and the physical properties of the
attached macromolecules. Therefore, photochromic polymers may be highly pro-
mising materials for application in optical technologies, as well as in the design of
photoswitchable devices.

Some fine review articles dealing with various aspects of photochromic polymers
are reported in the literature,’~® and several photoresponse effects have been
described. These include light-induced conformational changes, photostimulated
variations of viscosity and solubility, photocontrol of membrane functions, and
photomechanical effects. Here we provide an overview of the photoresponse effects

399



400| 13 Photoswitchable Polypeptides

a)
O L
O

b)
o
® . 9,
X == (RS
R \ NO,
R
o 0
RS Ay
/] o —— o
0"~V 12 0
0 o)

X

i
Q

c)
d)

X

Fig. 1: Photochemical reactions responsible for photochromic
behaviour in a) azobenzene derivatives, b) spiropyran
compounds, c) fulgides, and d) triphenylmethane derivatives.

observed in the field of photochromic polypeptides. Other photoresponsive systems,
including several involving polymers, such as photosensitive liquid crystals and bio-
logical photosensors, are examined in separate chapters of this book.

13.1.2
Structure and Conformation of Polypeptides

Polypeptides and poly(a-amino acid)s are polymers of a-amino acids, with the che-
mical structure I:

L) L) L)
~NH—CH—CO—NH—CH—CO—NH—CH-CO—
R R R
I

Scheme 1 Chemical structure of polypeptides (1).
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They can be synthesized easily, up to a molecular weight of 10, by polymerization
of N-carboxy anhydride derivatives of amino acids. When the configuration of the
chiral carbon atoms is 1 for all the amino acid monomer units along the macromole-
cular chains, they can be considered simple synthetic analogues of proteins.

Polypeptides and poly(a-amino acid)s have a quite unique position amongst syn-
thetic polymers. The reason for this is that most common synthetic polymers have
very little long range order in solution and their properties are the products of statis-
tical random coil conformations. Polypeptides, in contrast, can adopt well defined,
ordered structures typical of those existing in proteins, such as a-helix and p-struc-
tures. Moreover, the ordered structures can undergo conformational changes to the
random coil state as cooperative transitions, analogous to the denaturation of pro-
teins.

The most widely known ordered structure in polypeptides is the a-helix. When
the repeating units are amino acid residues of L configuration, the a-helix is right-
handed: i.e., the chain backbone follows the pattern of the thread of a right-hand
screw. Each turn of the helix is made up of 3.6 residues, so the helix is nonintegral.
An exact repeat of the backbone structure occurs every 18 monomeric units. This
repeat corresponds to five turns of the helix, with a linear translation along the axis
of 27 A and a pitch of 5.4 A. The helix diameter, neglecting side chains, is about 6 A.

An important feature of the o-helix is the pattern of the hydrogen bonds. when
the o-helix is viewed with the N-terminus at the bottom and the C-terminus at the
top, all the carbonyl groups point upwards and all the N-H groups point downwards.
The spatial positions of the atoms are such that every C=0 group forms a hydrogen
bond with the N-H group four residues away, almost parallel to the axis of the helix.
A well defined, ordered structure can thus be formed and stabilized within a single
polypeptide chain without any intermolecular interactions being involved.

All side chains of 1-amino acid residues point away from the axis; thus the struc-
ture can accommodate almost any kind of flexible side chain, and it is not necessary
that the macromolecules have chemically identical repeating units. Since the chain
backbone is the same for all the amino acids, units with different side groups can be
accommodated within the same structure.

Another common ordered structure occurring in polypeptides is the B-structure.
The conformational angles of the B-structure are relatively close to the fully extended
conformation: the macromolecules therefore have an almost planar, zig-zag geome-
try. Their C=0 and N-H groups participate in hydrogen bonding, but these bonds
are all interstrand rather than intrastrand, and link two polypeptide chains, thus gen-
erating sheets. These sheets are puckered, with side chains above and below the
plane of the sheet; the side chains in adjacent macromolecules are parallel and suffi-
ciently close to stabilize the structure through hydrophobic interactions. Alternate
chains can be arranged either parallel or antiparallel to one another. In the parallel
B-structure, all the chains are aligned in the same direction; in the antiparallel (-
structure, alternate chains have opposite directions. The antiparallel case is more
common in synthetic polypeptides.
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13.1.3
Chiroptical Properties of Polypeptide Structures

The detection of ordered structures such as a-helix or B-structures, and quantitative
measurements of their populations, are essential aspects of structural investigation
in polypeptides. The most sensitive technique for such investigation is certainly cir-
cular dichroism (CD) spectroscopy, because the various structures are characterized
by typical and standard CD spectra.

13.1.3.1 CD Spectrum of the a-Helix

The right-handed a-helix formed by polypeptides of amino acids of 1-configuration
is surely the best characterized structure. It exhibits a highly distinctive CD spec-
trum (Figure 2).'"%'Y The general spectral features are two negative bands at 222
nm ([©] = -35,000) and 208 nm ([O] = —33,000), and a positive band at 190 nm ([O]
+70,000). The negative 222 nm band is due to the peptide n-* transition, while the
negative 208 nm and positive 190 nm bands result from exciton splitting of the pep-
tide sw-;t* transition. The CD spectra of a variety of different a-helical polypeptides
have been reported and a number of different solvents have been used.!'"! Although
there may be small differences in the exact amplitudes of extrema, the spectrum
shown in Figure 2 is highly characteristic of simple a-helical polypeptides. A theore-
tical CD curve calculated by Woody!'? for a-helical poly(i-alanine) was found to fit
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Fig. 2: Standard circular dichroism
_aok (CD) spectra of the most common poly-
. | . . ) peptide structures: 1) a-helix; 2) B-struc-
200 220 240 ture;

Ay nm 3) random coil.
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very well with the experimental spectrum. However, although differences in solvent
and amino acid residues do not generally affect qualitative features of the a-helix
CD spectrum, they may affect more subtle aspects, including the relative amplitudes
of the 222 and 208 nm bands. Significant variations have been observed for polypep-
tides in hexafluoro-2-propanol.'**

13.1.3.2  CD spectrum of the (3-Structure

Polypeptides adopting a B-structure exhibit CD spectra, the characteristic features of
which are a negative band at about 216 nm ([®] = —18,000) and a positive band of
comparable magnitude near 195 nm (Figure 2). However, the CD spectra of f3-struc-
tures show much more pronounced variations with solvent and amino acid residues
than those of the o-helix, both in amplitude and in the position of the bands. In the
presence of sodium dodecyl sulfate, the B-form of poly(r-lysine), though still a 8-
structure by infrared criteria, gives a 218 nm CD band only about half as large as
that in the absence of the surfactant.""

This variability may result from the limited CD characterization of the (-struc-
ture, which has proven to be more difficult than for the case of the a-helix. The
solubility of polypeptides in the (3-conformation is usually limited. In addition, the
B-structure is less well defined than the a-helix. Indeed, p-sheets can be found with
adjacent strands either parallel or antiparallel. Theoretical calculations have indi-
cated though that, on the basis of CD alone, it is difficult to distinguish between
parallel and antiparallel p-structures.™

13.1.3.3 CD Spectra of Random Coil Structures

The CD spectrum associated with a random coil structure is usually characterized
by an intense, negative band near 200 nm and a weak, positive band at about 220
nm (Figure 2). The described CD spectrum, however, may show large variations
both from one polypeptide to another and as function of temperature and solvent
composition.™ The spectra of proteins which have been denatured by urea or gua-
nidine hydrochloride do not show the positive band at 220 nm.I"® In contrast, a
negative shoulder of approximately the same intensity is seen at the same wave-
length for polypeptides containing ionic side chains, such as poly(r-glutamate) and
poly(1i-lysine) in concentrated solutions of salts. The variability of the CD spectra of
disordered polypeptides is not surprising if one considers that polypeptide chains
can adopt many different conformations: as conditions are varied or the sequence is
changed, the distribution of conformations is altered, and this leads to changes in
the magnitude of the 200 nm band and profound effects, even sign changes, in the
more sensitive band at 220 nm."”!

13.1.3.4 CD Spectra of Polypeptides with Chromophoric Side Chains

If the side chains have strongly chromophoric groups near the backbone, such as in
polymers of aromatic amino acids like poly(r-phenylalanine), poly(r-tyrosine), and
poly(t-tryptophan), the CD spectrum is strongly dependent on the side chains and is
totally different from the standard spectra of polypeptides lacking chromophoric
groups in the side chains. This is due to the interactions between amide and aro-
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matic transitions and to the presence of the CD contributions of the chromophoric
side chains in the peptide region, which strongly perturb the CD spectra.

This aspect must be carefully taken into account when strongly absorbing chro-
mophores, such as photochromic dyes, are attached to the side chains. In the case of
azobenzene-containing polypeptides, for instance, a correct assignment of the con-
formation on the basis of CD spectra can be complicated by the presence of overlap-
ping contributions of peptide and azo chromophores. In addition, the azobenzene
chromophore is characterized by different electric and magnetic transition moments
for the trans and the cis isomers. Thus, isomerization of the azo side chains could in
principle produce marked changes of CD spectra, independently of the actual con-
formation of the macromolecular backbone. Usually, aromatic substituents at car-
bon atoms beyond the y-carbon atom lead to negligible perturbations. For instance,
poly(y-benzyl-1-glutamate) and poly(N°®-carbobenzoxy-1-lysine) have normal a-helix
CD spectra, indicating that the aromatic groups in these polypeptides are suffi-
ciently remote from the backbone as to perturb the spectra to a negligible extent.!"]

13.2
Photomodaulation of Polypeptide Macromolecular Structure

13.2.1
UV Light-induced Conformational Transitions in Azobenzene-containing Polypeptides

13.2.1.1  p-Phenylazo-L-phenylalanine Polypeptides

In pioneering articles published in 1966 and 1967, Goodman et al. described a series

of polypeptides derived from p-phenylazo-1-phenylalanine and y-benzyl-1-glutamate

by polymerization of the corresponding N-carboxy anhydrides (Scheme 2).1'**"]
These polypeptides exhibited photochromic behavior associated with the photo-

isomerization of their azobenzene moieties, as discussed in Section 13.1 (Figure 1).

At room temperature, in the dark, azo groups exist in the more stable trans config-

=~ (NH—CH—CO )y (NH—CH—CO )y

CH, CH
o
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N

SN CH,

1T

Scheme 2 Chemical structure of polypeptides containing
p-phenylazo-L-phenylalanine and y-benzyl-L-glutamate residues

any.
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uration; irradiation results in isomerization to the cis isomer. The azo-polypeptides
were directly irradiated at 320 nm in a Cary 60 spectropolarimeter and the trans-cis
isomerization reaction was followed by recording changes in optical rotation. Under
these irradiation conditions, the extent of azo residue photoconversion from the
trans to the cis isomer was about 40-50%.

Studies were carried out in the helicogenic solvent dioxane and in the denaturing
solvent trifluoroacetic acid. In both solvents, irradiation caused changes in the opti-
cal rotatory dispersion (ORD) curves in the region of the absorption of the azo chro-
mophore (300-500 nm). Prior to irradiation, in dioxane, ORD spectra exhibited a
Cotton effect trough at 233 nm, consistent with a helical main chain structure for
the polypeptides. After irradiation at 320 nm, the Cotton effect at 233 nm remained
essentially unchanged. In trifluoroacetic acid, in contrast, ORD curves revealed no
Cotton effects, indicating that the backbone conformation was nonhelical for both
the trans- and the cis-azo-polypeptides. For these polypeptides, therefore, the change
in chiroptical properties at 300-500 nm had to have been the result of the trans-cis
isomerization of the azobenzene units — and not the consequence of photoinduced
variation of the macromolecular conformation.

13.2.1.2 Azobenzene-containing Poly(L-glutamic acid)

A detailed investigation of photochromism, conformation, and CD properties has
been carried out on poly(r-glutamic acid) containing azobenzene units in the side
chains (Scheme 3, Structure III). The polymers were obtained by treating high
molecular weight poly(r-glutamic acid) with p-aminoazobenzene in the presence of
dicyclohexylcarbodiimide (DCCI) and N-hydroxy-benzotriazole (HOBt).?**? Sam.-
ples containing various percentages of azo groups, up to 80 mol%, were obtained by
increasing the reaction temperature, reaction duration, and the molar excess of the
azo reagent. When the modification reaction was carried out in the presence only of

——(NH—C‘:HfCO )m———(NHfC‘:HfCO )~ ——~(NH7C‘:H—CO )m_(NH—C‘)H—CO )
ot ot o e
ot ot o o
c‘:o COOH CoO COOH
NH

éN)H
AN

N%N <N>
SO3” Nat
111 v

Scheme 3 Chemical structure of poly(L-glutamic acid) modified
with 4-amino-azobenzene (1), and 4-amino-azobenzene-4"-sul-
fonic acid sodium salt (IV).
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Fig. 3: Photochromic reactions of poly(L-glutamic acid)
containing azobenzene units in the side chains (I11).

DCCI, the modified polymers were found to contain considerable amounts of N-acy-
lureic groups originating from side reactions between DCCI and the y-carboxylic
acid functions. The formation of N-acylureic groups was completely suppressed
when the modification reactions were carried out in the presence of one equivalent
of hydroxy-benzotriazole.*'*%

The photochromic reactions are illustrated in Figure 3. At room temperature in
the dark, all the azo groups are in the trans configuration, which is planar and fully
conjugated. Irradiation at 350 nm produces isomerization to the cis isomer, which is
not planar and is less conjugated, for steric reasons. Indeed, the two benzene rings
are forced to occupy skewed planes. The back-reaction to the trans form is achieved
by irradiation at 450 nm or simply by keeping the samples in darkness.

As a consequence of the different electronic situations of the two isomers, photo-
isomerization is accompanied by strong variations in the absorption spectra (Figure
4). In particular, the trans-cis isomerization is characterized by a strong decrease in
the intense band at about 350 nm, associated with a 7-7t* transition, and a concomi-
tant intensification in the band at 450 nm, associated with the n-rt* transition of the
azo chromophore.*!!

The maximum degree of photoconversion to the cis isomer (85%) is achieved by irra-
diating at 350-370 nm, whereas the maximum yield of the back-reaction from the cis to
the trans isomer (80%) is achieved by irradiating at 450 nm. Using a 200 W lamp, irradia-
tion for 1 or 2 minutes is enough to achieve the photostationary state. The thermal decay
in the dark is much slower. At room temperature, it takes more than 200 hours to restore
the fully trans isomeric composition. The photochromic cycles are completely reversible
and can be repeated at will, without any apparent fatigue.*"*

In organic solvents such as trimethylphosphate or trifluoroethanol, the azo-mod-
ified polymers show the CD pattern of the a-helix structure, with the two typical
minima at 208 and 222 nm (Figure 5). In trimethylphosphate, the dark-adapted
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Fig. 4 Reversible light-induced
variation in the absorption
spectra of azo-modified poly
(L-glutamic acid) (1I).
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samples also exhibit an intense couplet of bands centered at 350 nm, corresponding
to the st-7t* transition of the azo chromophore in the trans configuration. This cou-
plet of bands, associated with dipole-dipole interactions between azo side chains
within the a-helix structure, is not observed in trifluoroethanol. Irradiation, and the
consequent trans—cis photoisomerization, completely abolishes the side chain CD
bands in the 250-450 nm region, but does not modify at all the CD spectra in the
peptide region (below 250 nm). This indicates that, in these solvents, light induces
the trans-cis isomerization of the azo side chains, but such isomerization does not
result in any variation of the main chain structure.*" The typical pattern of the -
helix and the lack of any change below 250 nm upon trans-cis isomerization provide
evidence that the azo chromophores do not give rise to any contribution to the CD
spectra in the peptide region.

Similar findings have been reported by Sisido et al. for various sequential poly-
peptides containing p-phenylazo-i-phenylalanine residues (II).**** Upon irradia-
tion, the polypeptides displayed a reversible change of optical rotation at 589 nm,
associated with the trans-cis photoisomerization of the azo units, even though the
photoisomerization of the side chains did not induce any change in the a-helical
main chain conformation. Sisido et. al. have proposed the photoreversible change of
optical rotation as an useful tool to achieve chiroptical photorecording, in which a
digital record written as a photoisomerized state (trans-cis), may be read out by
means of the change of optical rotation at a wavelength longer than the wavelength
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Fig.5: Poly(L-glutamic acid)
containing 56 mol% azobenzene
units in the side chains (Ill). CD
spectra in trimethylphosphate
before (continuous line) and
after (dashed line) irradiation at
360 nm. Below 250 nm, molar
ellipticity is based on the mean
residue weight; above 250 nm,
the ellipticity is referred to one
azo-Glu residue.
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used for the recording. This should avoid the possibility of the read-out process
destroying the original record.****

The conformational behavior can be quite different in aqueous solution. Below
pH 5, a sample of poly(r-glutamic acid) containing about 30 mol% azobenzene
units adopts a B-structure that is not affected by light. Above pH 7, the polypeptide
is random coil and the conformation is, once more, not affected by the photoisome-
rization of the azo side chains. However, at pH values in the range 5-7 (close to the
pK of the conformational transition), irradiation causes a remarkable diminishing of
the ordered structure, which is completely reversed in the dark.!***!

The mechanism of the photoresponse was explained as follows. The primary
event is the trans-cis photoisomerization of the azo side chains. However the simple
change in geometry of the azo units does not seem to be sufficient to induce appre-
ciable conformational changes in the macromolecules (indeed, no effect was
observed in organic solvents). The key factor responsible for the photoinduced con-
formational transition is likely to result from a polarity change in the environment
around the macromolecules, as a consequence of the differences in polarity and
hydrophobicity between the trans and cis azo isomers. In fact, the apparent pK value
for the ionization of the unmodified COOH groups is higher when the neighboring
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azo units are in the hydrophobic trans configuration (pK, = 6.8) than when they are
in the polar cis configuration (pK, = 6.3). As a result, the trans—cis photoisomeriza-
tion of the azo units is accompanied by a higher degree of dissociation of the neigh-
boring COOH side chains, thus increasing the ionic interactions among side chains
and causing the unfolding of the polypeptide.

Analogous polypeptides prepared by treatment of poly(r-glutamic acid) with 4-
amino-azobenzene-4"-sulfonic acid sodium salt (Scheme 3, Structure IV) exhibited
conformational and photoresponsive behavior depending on pH and azo content.**!
A polypeptide containing a very low proportion (1.9 %) of azobenzene sulfonate
units displayed a pH-dependent a-helix/coil transition, while a polypeptide contain-
ing 46 mol% azo units was random coil at any pH. Irradiation with UV light and
the consequent trans—cis isomerization of the azo units did not induce any confor-
mational changes for either polypeptide at any pH. In contrast, a polypeptide con-
taining 9.3 mol% azobenzene sulfonate units exhibited remarkable conformational
changes upon UV irradiation at appropriate pH values. At pH 4.3, irradiation pro-
duced a variation of the CD spectrum corresponding to a decline in the a-helical
structure from 96 to 45 %.

The effect was explained on the basis that the change in geometry of the azo moi-
eties, caused by their trans-cis photoisomerization, might produce an increase in the
local charge density of the environment around the helical backbone, thus destabi-
lizing the ordered structure.”” Unfortunately, the photoinduced conformational
change was not reversible and the original structure could be not restored by irradia-
tion at A > 390 nm or upon dark-adaptation.

Cationic surfactants are known to affect the conformation of poly(r-glutamic
acid). This suggested that it might be possible to combine the isomerization of the
photochromic side chains with the surfactant effect to obtain an amplification of the
photoresponse./® This expectation was indeed substantiated upon irradiating 20%
azo-modified poly(r-glutamic acid) (III) in the presence of the surfactant dodecyl
ammonium chloride (DAC). CD spectra indicated that at pH 7.6, in the absence of
surfactant, the polymer is completely random coil and not affected by irradiation. At
the same pH, but in the presence of DAC below its critical micellar concentration,
both the dark-adapted and the irradiated samples are a-helical. In the presence of
surfactant at its critical micellar concentration, irradiation at 350 nm (trans—cis iso-
merization) induced an evident random coil—helix transition. The change was com-
pletely reversed when the sample was dark-adapted or irradiated at 450 nm
(cis—trans isomerization). So, in the presence of DAC micelles, it is possible to
photomodulate the polypeptide conformation by means of alternate exposure to
light and darkness, or irradiation at two suitable different wavelengths.[*®

The mechanism of the photoresponse was tentatively explained as follows. When azo
units are in the planar, apolar, trans configuration, they merge into the hydrophobic core
of the micelles, forcing the polypeptide chains to assume a coil conformation. Isomeri-
zation of the azo units to the skewed, polar, cis configuration inhibits hydrophobic inter-
actions and causes the azo units to retreat from of the micelles, thus allowing the poly-
peptide chains to adopt the a-helix structure favored in the absence of micelles. In other
words, the primary photochemical event is the trans-cis isomerization of the azobenzene
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units, but the driving force of the coil/helix transition might be the different location of
the macromolecules relative to the micelles.

An interesting analogous photoresponse effect has been reported for a partially
esterified poly(r-glutamate) containing 13 mol% of azobenzene units in the side
chains.*”) The polypeptide was incorporated into the bilayer membrane of vesicles
composed of distearyl dimethyl ammonium chloride. UV irradiation of the vesicles,
and the consequent trans-cis isomerization of the azo units, caused a transfer of the
polypeptide molecules from the hydrophobic interior to the hydrophilic surface of
the bilayer membrane. This synthetic system mimics some biological photorecep-
tors, such as frog retinal membrane photopigments, which shift their location
between the aqueous interface and the hydrocarbon core of the membrane, depend-
ing on whether the photopigment is experiencing irradiation or is in darkness.*®!

13.2.1.3  Azobenzene-containing Poly(L-lysine)

The introduction of azobenzene units into the side chains of poly(r-lysine) has been
achieved be means of various procedures and different azo reagents. The polymers
described initially contained azobenzene units linked to the lysine side chains by
means of an amide moiety®>! (Scheme 4, Structure V). More recently, Fissi et
al.? have described azo-modified poly(i-lysine) in which the azobenzene units are
linked to the Lys side chains by means of a sulfonamide function (Scheme 4, Struc-
ture VI). The two families of azo-modified poly(r-lysine) have been found to exhibit
completely different conformational and photoresponsive behavior.

Polymers with various contents (20-90 mol%) of azobenzoyl-1-lysine residues (V)
are soluble in hexafluoro-2-propanol (HFP), in which they exhibit very similar CD
spectra, independent of their azo content. The dark-adapted samples (azo groups in
trans configuration) display the a-helix CD pattern below 250 nm. Weak bands are
also present in the range of wavelengths between 250 and 500 nm, arising from

~=(NH—CH—CO )y~ (NH—CH—CO =~ HN—CH—COOH

(?H2)4 ((|3H2)4 (CI3H2)4
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Scheme 4 Chemical structures of poly(N°®-p-phenylazobenzoyl-
L-lysine) (V), poly(N°-p-phenylazobenzenesulfonyl-L-lysine) (VI),
and N®-p-phenylazobenzenesulfonyl-L-lysine (VII).
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dissymmetric perturbation of the azo chromophores by the polypeptide chains.
Alternating irradiation at 340 nm and 450 nm resulted in reversible changes in the
CD bands above 250 nm, but did not produce any modification of the CD spectra in
the peptide region (below 250 nm).*®) When using a poly(i-lysine) containing
97 mol% azo moieties, Yamamoto and Nishida observed a decrease in the peptide
region CD signal after long irradiation times (up to 4 hours) with a 400 W mercury
lamp at 360 nm, but the CD signal change was not reversible.*”’ It may be con-
cluded that, in HFP, light causes the trans-cis isomerization of the azo side chains,
and hence reversible variation in the CD spectra above 250 nm, but that such iso-
merization does not produce any changes in the conformation of the macromolecu-
lar backbone.

Poly(r-lysine) containing azobenzene units linked to the side chains by means of
a sulfonamide function (Scheme 4, Structure VI), was obtained by treating poly(r-
lysine) with p-phenylazobenzenesulfonyl chloride. The poly(a-amino acid) was mod-
ified quantitatively, conversion to the azo-lysine units of VI was effectively 100%.
The azo-modified polypeptide was soluble in HFP, in which it exhibited an intense
photochromism attributed to the trans-cis photoisomerization of the azobenzene
units. Like other sulfonated azobenzene compounds,?** azosulfonyl-modified poly-
mers of 1-lysine were found to be very stable in their cis form, and no thermal decay
was observed at room temperature over periods of times as long as several weeks.
Interconversion between the two forms at room temperature could only be effected
by irradiation at appropriate wavelengths. This behavior allowed the authors to pur-
ify the trans and cis forms of the model compound N*-azobenzenesulfonyl-r-lysine
(VII) by chromatography, and to measure the absorption spectra of the two pure
photoisomers.

Since the absorbance values of the pure trans and the pure cis isomers are known,
the trans-cis isomeric composition at the photostationary state can be determined on
the basis of the equations:

A, —A

trans isomer, % = ——% %100 (1)
Atmns - Acis

cisisomer, % = (1 — fy4ns) x 100 (2)

where A is the absorbance of the sample at the photostationary state, A, and
A are the absorbances of the pure trans and the pure cis isomers, respectively, and
firans and f; their molar fractions. In HFP, irradiation at 340 nm gave rise to the
maximum degree of trans—cis photoconversion, the isomeric composition at the
photostationary state containing 82% of the cis isomer. Irradiation at 417 nm pro-
duced the maximum yield for the opposite cis—trans back-reaction, the isomeric
composition at the photostationary state containing 85% of the trans isomer. The
photochromic cycles obtained by irradiating alternately at 340 and 417 nm were
completely reversible.*?

Poly(r-lysine) containing azobenzenesulfonyl groups in the side chains (VI) was
random coil in pure HFP, and the disordered conformation was not affected by

411



412

13 Photoswitchable Polypeptides

trans-cis photoisomerization of the azo side chains. However, when appropriate
amounts of cosolvents such as methanol (MeOH) or 1,2-dichloroethane (DCE) were
added to the HFP solution, the system was able to respond to light, giving rise to
reversible variations of the polypeptide conformation. Figure 6 shows the CD spectra
of poly(p-phenylazobenzensulfonyl-L-lysine) in HFP/MeOH, at various solvent com-
positions. In pure HFP, the CD spectra are typical of random coil polypeptides both
when the sample is irradiated at 340 nm (azo units in cis configuration) and when it
is irradiated at 417 nm (azo units in trans configuration). At methanol concentra-
tions higher than 15%, both samples exhibit the CD pattern of the a-helix. The
intensity of the 222 nm CD band corresponds to the value measured in HFP solu-
tion for poly(N°®-carbobenzoxy-1-lysine) ([©],,2 = —28,900), which can be assumed as
corresponding to 100% o-helix."') At methanol concentrations in the range between
2 and 15%, alternating illumination at 340 and 417 nm produces photoinduced
changes of the helical content, the extent of the photorespose depending on the sol-
vent composition. Photoinduced changes of helical structure of up to about 80% are
observed at 8-10% methanol concentrations.

If the intensity of the CD band at 222 nm, which can be considered a function of
the a-helix content, is plotted as a function of methanol concentration, it is observed
that addition of methanol induces a coil—a-helix transition in the macromolecular
conformation (Figure 7). However, the amount of methanol needed to induce the
conformational transition is different for the sample irradiated at 340 (cis azo units)
and that irradiated at 417 nm (trans azo units). Therefore, two separate curves are
observed for the two samples. At solvent compositions in the range between the two
curves, alternating irradiation at 340 and 417 nm gives rise to folding or unfolding
of the macromolecular chains. The photoresponse occurs only in a selected and nar-
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Fig. 6: CD spectra of poly(N®-p-phenylazobenzenesulfonyl-
L-lysine) (V1) in various HFP/MeOH solvent mixtures (v/v): a)
0%; b) 2%; c) 5%; d) 8%,; e) 15%. Continuous line: kept in the
dark or irradiated at 417 nm; dashed line: irradiated at 340 nm.
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MeOH, %

Fig. 7:  Poly(N®p-phenylazobenzenesulfonyl-L-lysine) (V1) in
HFP/MeOH solvent mixtures: ellipticity at 222 nm and o-helix
content percentage, as a function of methanol concentration, for
samples irradiated at 417 (continuous line) and at 340 nm
(dashed line).

row window of environment conditions, and therefore it can be defined as an exam-
ple of gated photoresponse.**>*!

The different conformational behavior of the azobenzoyl- and the azobenzenesul-
fonyl-r-lysine polymers was explained on the basis that the monomeric units VI
may interact with HFP differently than units V do (Scheme 4). The strongly proto-
nating solvent HFP (pK, = 9.30)%% is known to form electrostatic complexes with
various organic compounds, including amines and dimethylsulfoxide;®”) on the
other hand, sulfonamides are significantly protonated in acid media;*® so it may be
presumed that protonation and formation of electrostatic complexes can occur for
azobenzenesulfonyl-i-lysine residues, as well. In HFP therefore, polypeptides of
structure V can adopt the ordered a-helix structure, while polypeptides of structure
VI should be forced by the electrostatic interactions arising from complexation with
HFP to adopt a disordered conformation.

Of course, stability and formation of “HFP-azosulfonyl-Lys” complexes is less
favored on going from pure HFP to HFP/MeOH or HFP/DCE solvent mixtures. At
appropriate and critical solvent compositions, the formation of the electrostatic com-
plexes described above might be favored or inhibited by the electronic situation of
the azo moieties, which differs depending on whether they are in the apolar, conju-
gated trans form, or in the more polar, unconjugated cis form. In other words, the
trans-cis photoisomerization of the azo units, which is the primary photochemical
event, does not seem to be sufficient to induce appreciable variations of the back-
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bone conformations. Indeed, no photoinduced conformational change is observed
in pure HFP or at high MeOH concentrations. Under critical solvent conditions, the
trans-cis photoisomerization of the azosulfonyl units VI should cause the protona-
tion/deprotonation of the sulfonamide function, which should be the key factor
responsible for photoregulation of polypeptide conformation.*”

13.2.1.4 Azo-Modified Polypeptide Analogues of Poly(L-lysine)

Yamamoto et al. have investigated a series of photochromic polypeptides obtained by
introducing azobenzene units into the side chains of poly(a-amino acid) homolo-
gues of poly(r-lysine), such as poly(r-ornithine),?>** poly(r-a,y-diaminobutanoic
acid)*" and poly(1-a,B-diaminopropanoic acid)*? (Scheme 5, Structures VIIL, n= 1,
2, 3, and 4). This provided information about the photoresponse of azo-modified
polypeptides in which the photochromic units are attached to the macromolecules
through spacers of different lengths. The photochromic polymers were prepared by
modification of the poly(a-amino acid)s with p-phenylazobenzoic acid in the pre-
sence of water-soluble carbodiimide. They were all soluble in hexafluoro-2-propanol
(HFP), except for a sample of poly(r-ornithine) containing only a small proportion
of azo groups (3%), which was soluble in water.

Polymers of poly(r-ornithine) possessing varying contents of azobenzene groups,
from 20% up to almost 100% [Scheme 5, VIII (n= 3)], were found to be essentially
a-helical in HFP when the samples were kept in the dark. The CD spectra also
exhibited a couplet of bands centered at about 320 nm, attributed to electronic inter-
actions between the azo side chains in the trans configuration. Irradiation at 360 nm
and the consequent trans—cis photoisomerization, abolished the side chain CD
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CO

N\N

0
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== CO—CH—Chp-ChHp-CHp-CHy-NH-—
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co i:: N_NQ Scheme 5 Chemical structure of azo-modified

polypeptide analogs of poly(L-lysine), VIII (n =1,
IX 2,3, and 4) and IX.
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bands and caused a remarkable reduction in helix content to about half of the origi-
nal value. Irradiation at 460 nm caused a partial reverse photoconversion.*>*”

A sample of poly(r-ornithine) containing 48 mol% azo units was found to adopt
the o-helix structure in HFP/water = 1/1. In this solvent mixture, however, irradia-
tion at 360 nm followed by irradiation at 460 nm produced the trans-cis photoisome-
rization of the azo moieties, but did not induce any change of the backbone confor-
mation. When the surfactant sodium dodecyl sulfate was added to the HFP/water
solvent mixture, the CD spectrum displayed an intense side chain CD couplet and a
negative band at about 225 nm which was assigned to the presence of a B-structure.
The CD bands were almost completely abolished upon trans—cis photoisomeriza-
tion.

A polymer of [-a,y-diaminobutanoic acid almost quantitatively substituted with azo-
benzene units in the side chains [Scheme 5, VIII(n= 2)] was not completely soluble in
HFP when the sample was kept in the dark. The initial, slightly turbid solution became
clear on irradiation at 360 nm and the consequent photoconversion of the azo moieties
from their trans to the cis configuration (for photosolubility effects see Section 13.2.3).
The “cis” polymer was found to adopt an essentially random coil conformation. Exposure
to 460 nm light and the consequent back-isomerization of the azo units to about 70/30
trans-cis isomeric composition gave rise to a reversible photoinduced change from ran-
dom coil to a-helical structure (helix content, about 60%).1"!

The analogous polymer obtained from 1-0,B-diaminopropanoic acid [Scheme 5,
VIII(n = 1)] displayed photochromic behavior similar to that observed for the other
homologues. In this case, however, irradiation at 360 nm produced variations of the
CD spectra in the peptide region, and associated irreversible structural changes in
the macromolecules.*

A photochromic polymer containing azobenzene units has also been prepared by
modification of a naturally occurring microbial poly(e-r-lysine) (Scheme 5, Structure
IX), and investigated by means of absorption and circular dichroism spectroscopy.**!
The structure of this polymer, however, does not correspond to those of polypep-
tides, which are poly(amide)s of a-amino acids, and therefore the results cannot be
discussed in terms of the typical polypeptide structures (o-helix, B-structure, ran-
dom coil) and their standard CD spectra.

13.2.1.5 Photoinduced Helix-sense Reversal in Azobenzene-containing
Poly(L-aspartate)s

Poly(r-aspartate)s are able to adopt helical structures of both left-handed and right-
handed screw senses, the stability of the two helices depending on the chemical
structure of the ester group in the side chains.[**l Moreover, in poly(B-benzyl-1-aspar-
tate), the presence of substituents such as chloro, methyl, or nitro groups on the
benzyl ring results in helical polypeptides that may adopt either the left-handed or
right-handed sense, depending on the position of the substituent.l**) These results
suggest that the energy difference between the two helical forms is relatively small.
On the basis of these observations, Ueno et al. prepared a series of poly(r-aspartate)s
containing azobenzene units in the side chains (Scheme 6), and investigated the
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Scheme 6 Chemical structure of poly(B-L-aspartate)s with
various contents of para- (X) and meta-phenylazobenzyl (XI)
units in the side chains.

effect of photoisomerization and thermal isomerization of azo side chains on the
macromolecular structure.[**~*)

In 1,2-dichloroethane (DCE), polypeptides containing para-phenylazo-1-aspartyl
residues (Scheme 6, Structure X) exhibited CD spectra characterized by a positive
CD band at about 220 nm, indicative of the presence of a left-handed helical struc-
ture. When the azo content was less than 50 mol%, such bands were not affected by
irradiation at 320-390 nm. This behavior was found to be quite different for two
copolymers containing 59 and 81 mol%, respectively, of para-phenylazobenzyl-1-
aspartyl residues: before irradiation these too displayed a positive band at 220 nm,
but this became negative after irradiation. The change in sign provided evidence for
a reversal of the helix sense, induced by the trans-cis photoisomerization of the azo
units. Analogous polypeptides containing meta-phenylazobenzyl-1-aspartyl residues
(Scheme 6, Structure XI) did not exhibit reversal of the 220 nm band upon irradia-
tion, but merely a decrease in the intensity of the band, thus suggesting formation
of appreciable amount of random coil structure.*¢~*8

Large photoresponse effects could be observed in solvent mixtures, provided that
the irradiation was carried out at appropriate solvent compositions. A copolypeptide
composed of 33 mol% [B-benzyl-r-aspartate and 67 mol% para-phenylazo-1-aspartate
(X) was found to give different kinds of photoresponse, depending on the composi-
tion of the solvent in which irradiation was carried out. In dichloroethane (DCE)/
hexafluoropropanol (HFP) = 95/5, irradiation at 320-390 nm produced an increase
in right-handed helix content; in DCE/HFP = 54/26, a light-induced conformational
change from left-handed helix to random coil was observed; while, finally, reversal
of the helix sense occurred in DCE/HFP = 65/35.5%°"

Two polymers respectively containing 8 and 10 mol% of meta-phenylazo-1-aspartyl
residues (XI) were found to be left-handed helices in pure DCE, while existing as
right-handed helices in pure trimethylphosphate (TMP). The inversion of the helix
occurred at solvent compositions corresponding to 20-50% TMP concentration;
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however the dependence of the helix sense on TMP concentration was different for
the samples kept in the dark (azo units in trans configuration) and their irradiated
counterparts (azo units in cis configuration). Accordingly, remarkable effects on CD
spectra were observed when irradiation was carried out in the 20-50% TMP concen-
tration range. Particularly in mixed solvent containing 25-30% TMP, irradiation
produced an inversion of the CD band at 222 nm, indicating a drastic conforma-
tional change from left-handed to right-handed helix, even for polypeptides contain-
ing only small proportions of photochromic units.>*~>*

More recently, Ueno et al. have prepared and investigated a new series of copoly-
mers containing p-phenylazobenzyl-1-aspartate and n-octadecyl-r-aspartate residues
(Scheme 7, Structure XII).P>*% In the case of copolymers containing less than 50
mol% azo residues, the CD spectra at 25°C were consistent with the presence of
right-handed helical conformations, which were not affected by irradiation at 320
nm. In contrast, in the case of copolymers containing 68 and 89 mol% azobenzene
groups, irradiation caused the reversal of helix sense from the left-handed to the
right-handed form.

The conformations of these polypeptides were strongly dependent on tempera-
ture, so more remarkable photoresponse effects could be obtained if irradiation was
carried out at appropriate azo contents and temperature conditions. A copolymer
containing 47 mol% azo units, which was not affected by light at 25 °C, was found to
undergo a photoinduced helix reversal when irradiation was carried out at 60-70 °C.
The authors concluded that octadecyl side chains are likely to change the orienta-
tion of their array simultaneously with the photoinduced structural changes of
the main chains, so the system provides an example of environmental change
induced by light.

Investigation of light-induced conformational changes has also been extended to
solid films of azobenzene-containing poly(r-aspartate)s, but no conformational
change was induced by photoisomerization of the azobenzene units. This was prob-
ably due to the limited mobility of the polypeptide chains in the films.”!
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Scheme 8 Chemical structure of the

Ala—Ala—Gly—Gly—Pro—Asn—Ala—Ala photochromic cyclic peptide X111

XIIT

13.2.1.6  Other Photochromic Polypeptide Systems

Other photochromic polypeptide systems have been described, in which the ability
to photocontrol the specific conformation of polypeptides is an essential feature in
the design of biomaterials for devices that can be photoswitched.

Photoregulation of conformation has been reported to occur in the cyclic peptide
XIII, which incorporates an azobenzene moiety as an internal switch (Scheme 8).F®!
When the azobenzene linkage was in the trans configuration (samples kept in the
dark), the peptide exhibited an elongated, even though cyclic, configuration. When
the azo linkage was photoisomerized to the cis form (samples irradiated at 310—-410
nm), the peptide adopted a “B-turn” structure characterized by a strongly reduced
area of the cycle.

The azo-modified, elastin-like polypeptide XIV illustrated in Scheme 9 exhibits a
so-called “inverse temperature transition: that is, the compound gives cross-linked
gels that remain swollen in water at temperature below 25 °C but deswell and con-
tract upon a rise of temperature. The trans-cis photoisomerization of the azo units,
obtained through alternating irradiation at 350 and 450 nm, permits photomodula-
tion of the inverse temperature transition.” The result indicates that attachment of
a small proportion of azobenzene chromophores is sufficient to render inverse tem-
perature transition of elastin-like polypeptides photoresponsive, and provides a
route to protein-based polymeric materials capable of photomechanical transduc-
tion.
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Scheme 9 Chemical structure of the modified, elastin-like poly
(pentapeptide) XIV, found to exhibit photomodulated inverse
temperature transition. !
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13.2.2
Sunlight-induced Conformational Transitions in Spiropyran-containing Polypeptides

13.2.2.1 Spiropyran-modified Poly(L-glutamate)s

As mentioned in Section 13.1 (see Figure 1), photochromism of spiropyran com-
pounds involves two photoisomers, the neutral spiro form and the zwitterionic mer-
ocyanine form, characterized by large differences in geometry and polarity. Their
interconversion was consequently found to cause large structural changes in
attached macromolecules. In polypeptides containing azobenzene units, the genera-
tion of cis and trans isomers, and thus photoregulation of conformation, required
artificial UV light sources. Spiropyran compounds, in contrast, respond to visible
light, so their introduction into polypeptide macromolecules has allowed the obtain-
ment of photoresponsive polymers with macromolecular structures that can be
modulated upon exposure just to sunlight.

Poly(r-glutamate)s containing various molar percentages of spiropyran units in the
side chains (XV) have been prepared by treating poly(r-glutamic acid) with N-(2-hy-
droxyethyl)-spiropyran in the presence of dicyclohexylcarbodiimide and 4-pyrrolidino-
pyridine.®**% The structure and photochromic behavior of the modified polymers are
shown in Figure 8.

The polymers are soluble in hexafluoro-2-propanol (HFP), in which they exhibit
reverse photochromism: photochromic behavior opposite to that usually observed in
most common organic solvents (see Figure 1). At room temperature in the dark,
they give colored solutions, due to the presence of the merocyanine form. Irradia-
tion with visible light, or simple exposure to sunlight, causes the complete bleaching
of the solutions, because of formation of the colorless spiro form. The back-reaction
occurs in the dark and the original color is reversibly recovered. The reverse photo-
chromism is likely to be due to the very polar solvent HFP, which stabilizes the
charged merocyanine form more than it does the apolar spiro form.

Figure 9 shows the effect of light on the absorption spectra of a poly(r-glutamate)
containing 85 mol% photochromic units in the side chains. The spectrum of the

NO,
CHs e, CHs ch,
{ oD g 9
(C‘: Hz)> (('3H2)2
(@] o]
C:)O COOH (||)O COOH
(CHz)z (CHz), (CHz)2 (CHz)2
e NH—CH—CO—NH—CH—C O e NH—CH—CO—NH—CH—C O
XYV (spiropyran form) XYV (merocyanine form)

Fig. 8: Structure and reverse photochromic reactions
(in hexafluoro-2-propanol) of poly(L-glutamic acid) containing
spiropyran units in its side chains (XV).
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Fig.9: Absorption spectra of poly(L-glutamic acid) containing
85% spiropyran units, in HFP: 1) sample kept in the dark;
2) exposed to sunlight; dashed lines: intermediate spectra

during decay in the dark.

colored solution kept in the dark exhibits two intense bands at 500 and 370 nm, due
to the presence of the merocyanine species. Irradiation with visible light (500-550
nm) or exposure to sunlight cancels the intense band in the visible region and pro-
duces the spectrum corresponding to the spiro form, characterized by absorption
maxima at 355 and 272 nm. On dark-adaptation, the original spectrum is progres-
sively restored, the spectra monitored over time passing through an isobestic point
at 295 nm.

The photochemical reaction is very fast: indeed, exposure to sunlight for a few
seconds is enough to produce the full conversion of the merocyanine to the spiro
form. The back-reaction in the dark is much slower: it takes about 150-250 minutes
for the various polymers to regain half of the original absorbance./*>®" The photo-
chromic cycles seem to be completely reversible. It is likely that irradiation with low-
energy visible light (reverse photochromism) instead of high-energy UV light (nor-
mal photochromism) would limit unwanted photochemical side reactions and con-
sequent fatigue phenomena.

The structures of spiropyran-modified poly(r-glutamate)s are strongly affected by
light or dark conditions, as demonstrated by the CD spectra in Figure 10. Before
irradiation, the colored solutions show the CD spectrum of a random coil conforma-
tion. After exposure to sunlight, the colorless solutions display the typical CD pat-
tern of the a-helix, thus indicating that the isomerization of the side chains causes a
transition from coil to helix in the polypeptide chains. The photoinduced conforma-
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Fig. 10:  Effect of irradiation and dark-adaptation
on CD spectra of poly(L-glutamic acid) containing
85 mol% spiropyran units, in HFP: 1) Kept in the
dark; 2) exposed to sunlight; dashed lines: inter-
mediate spectra during decay in the dark over 8 h.

|
250

tional variations are fully reversible: on dark-adaptation, the helix content progres-
sively decreases and the original disordered conformation is restored.

On the basis of fluorescence measurements, the driving force responsible for the
photoinduced conformational change was attributed to interactions between the
photochromic side chains, which differ depending on whether they are in the zwit-
terionic merocyanine form or the apolar spiro form. In the dark, the merocyanine
units have a strong tendency to give dimeric species; as a result the macromolecules
are forced to adopt a disordered structure. When the side chains are photoisome-
rized to the spiro form, such dimers are destroyed, and the macromolecules assume
the helical structure.[®’!

Cooper et al. have investigated the kinetics of the helix-to-coil reaction in the dark
for a polypeptide containing 33 mol% spiropyran units. CD and FTIR were used,
together with molecular dynamics simulation.®>** The polypeptide was found to
undergo a slow transition according to the mechanism “helix / solvated-helix / coil“.
During the “helix / solvated-helix” step, approximately 25% of the a-helix hydrogen
bonding broke and new hydrogen bonds formed between the unmodified carboxylic
and the merocyanine groups. No changes in carboxylate hydrogen bonding were
observed during the “solvated-helix / coil” step and the breakup of the helix.!*?

13.2.2.2 Photoresponsiveness of Poly(spiropyran-L-glutamate) under Acidic
Conditions

Quite interesting photoresponsive behavior was observed when spiropyran-modified
poly(r-glutamate) was dissolved in HFP and a small amount of trifluoroacetic acid

421



422 |

13 Photoswitchable Polypeptides

L a) L 0) L ©) - d)
1 !
i |
ANIA!!
- 0 S 7
| ' { !
= ' by /
X Lol Lor
S ! ] !
= t ! ) /
-20F S P
[ ! !
| i 1 ! x
| ] 1 1 o
- Lo ! - ! - k)
1 ! | !
! ! | ,'
L | J
-40k Lo RNy L
I T T T N N | ! 'l T - -
210 230 210 230 210 230 210 230
A, nm
Fig. 11:  Poly(L-glutamic acid) incorporating of trifluoroacetic acid (TFA, c =5 x 107 g/ml).
MeOH: a) 0-5%; b) 10%; c) 20%; d) 40%. Con-

85 mol% spiropyran units in the side chains.
Effect of irradiation on CD spectra in various
HFP/MeOH solvent mixtures in the presence

tinuous line: dark-adapted; dashed line: irra-
diated samples.

(TFA, c=5x 10~* g/ml) added./*" In the presence of acid, photoisomerization of the
photochromic side chains did not result in any conformational change in the macro-
molecular main chains, and CD spectra showed that the macromolecules were ran-
dom coils both in the dark and after light exposure. However, when appropriate
amounts of methanol were added as a cosolvent, the system again responded to
light, giving random coil—a-helix transitions.
The effect of light on CD spectra at various solvent compositions, for a polymer con-
taining 85 mol% spiropyran units, is shown in Figure 11. When methanol concentra-
tion is below 5%, both the dark-adapted and the irradiated samples show the typical CD
pattern of disordered polypeptides. In HFP/MeOH = 90/10, the sample kept in the dark
is random coil, whereas the sample exposed to light displays the standard CD pattern of
the a-helix. The intensity of the bands indicates that under these conditions light causes
the full conversion from random coil to 100% a-helix. With increasing methanol con-

NO,

Photochromic reactions of spiropyrans under acidic conditions.

Fig. 12:
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centration, the dark-adapted sample also becomes partially helical, and finally, when the
proportion of methanol is higher than 40%, both the dark-adapted and the irradiated
samples are fully helical. It clearly appears that the photoinduced structural changes
depend on solvent composition, and thus that photoresponse can be modulated by com-
bined action of light and chemical environment.

The mechanism of photoresponse has been interpreted on the basis of the chemi-
cal reactions illustrated in Figure 12.1°"] In HFP acidified by addition of TFA, spiro-
pyran compounds are present as protonated merocyanine MeH". Exposure to light
converts the species MeH" into the ring-closed spiro species SpH". In the presence
of acid, therefore, the photochromic side chains are present as cationic species both
in the dark and in light. In both cases, the repulsive electrostatic interactions among
the charged side chains force the macromolecules to adopt an extended random coil
structure, and so no photoinduced conformational change resulting from photoi-
somerization is observed.

When appropriate amounts of methanol are added to the HFP solution, the proto-
nated dark-adapted species MeH™ is not altered, but the equilibrium between proto-
nated and unprotonated spiro units present in the irradiated solution is shifted
toward the neutral form. Under these conditions, the photochromic species in the
side chains are charged in the dark-adapted form but neutral in the light, so irradia-
tion induces o-helix formation, as it does in acid-free HFP. The formation of a-
helices even in the dark-adapted samples at high methanol concentrations may be
due to the same effect as observed with other poly(a-amino acid)s with ionic side
chains, such as poly(sodium r-glutamate)®” and poly(t-lysine hydrochloride),®!
which are random coils in water but becomes helical upon addition of excess metha-
nol. Such an effect seems to be due to the ability of methanol to favor “contact ion
pairs” between polymer charges and counterions, thus providing a shielding effect
among the charged side chains and stabilizing the helical structure.*>¢¢!

13.2.2.3 Spiropyran-modified Poly(L-lysine)
Polymers of 1-lysine containing spiropyran units in the side chains (XVI) (Figure
13) were found to show photochromic behavior in HFP analogous to that already

NG,
@ig{o oL
(C|3 Ho)2 light (C|3 Ho)o
CIO dark CI)O
NH r;u—b rl\lH NH3
(GH2)4 (CHz)4 (CHz)4 (CHa)s
- NH—CH—-CO—NH—CH—CO ~— ~~NH—CH—CO—NH—CH—C O~
XVI (merocyanine form) XVI (spiropyran form)

Fig. 13: Reverse photochromic reactions of spiropyran-modi-
fied poly(L-lysine) (XVI) in hexafluoro-2-propanol.
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Fig. 14:  Poly(L-lysine) containing 46 mol% spiropyran units (XVI).

Effect of irradiation on CD spectra in various HFP/NEt; solvent
mixtures. NEt;: a) 3%; b) 6%; c) 8%; d) 10%; €) 13% and f) 16%.
Continuous line: dark-adapted; dashed line: irradiated samples.

described for spiropyran-modified poly(r-glutamates). Conformational and photore-
sponsive behavior was quite different, however.[”%®!
In fact, while spiropyran-modified polymers of 1-glutamic acid undergo coil—»a-helix
transitions upon exposure to light, analogous 1-lysine polymers do not produce light-
induced conformational changes in pure HFP; their structure is always random coil,
whether the samples are kept in the dark or exposed to light. This different conforma-
tional behavior is likely to be due to the unmodified lysine side chains, which are prob-
ably protonated by the acidic HFP solvent. As a result, the macromolecules are essen-
tially polycations, which adopt extended coil conformations not affected by the photoi-
somerization of their photochromic units. However, when appropriate amounts of
triethylamine (NEts) are added to the HFP solutions, the system again shows a response

to light, giving coil—a-helix conformational changes./*”*®!

Figure 14 shows the effect of light on CD spectra of poly(r-lysine) modified with
46 mol% spiropyran side chains, in various HFP/NEt; solvent mixtures. When the
triethylamine concentration is lower than 3%, both the dark-adapted and the irra-
diated samples are essentially random coils. At NEt; concentrations higher than
16%, both the samples exhibit the CD pattern of the a-helix. At NEt; concentrations
in the range between 3% and 16%, alternate exposure to light or dark conditions
produces reversible variation of the helix content, the extent of the photorespose
depending on triethylamine concentration. The intensities of the CD bands corre-
spond to photoinduced variation of helical structure of up to about 60%.**%!

When the intensity of the 222 nm CD band, also a parameter of the helix content,
is plotted as a function of triethylamine concentration, it can be observed that
triethylamine induces a transition from coil to helix in the polypeptide chains (Fig-

ure 15). The most remarkable aspect is that the amount of NEt; needed to induce
the transition is different for the dark-adapted sample and the illuminated one. Two
separate curves are hence observed: exposure to light and darkness conditions at
solvent compositions in the range between the two curves produces reversible
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ok Fig. 15:  Poly(L-lysine) containing 46
mol% spiropyran units (XVI) in HFP/
NEt;. Variation of ellipticity at 222 nm as
a function of triethylamine concentration
for the sample kept in the dark (continu-
ous line) and after irradiation (dashed
line).

photoinduced conformational changes. The system described is an example of a
photoresponsive system displaying a gated photoresponse,****! in the sense that the
photoisomerization of the side chains is able to trigger the macromolecular chain
coil—>helix transition only in a narrow “window” of environmental conditions.

The role of triethylamine is not clear. One possible effect could be the removal of
protons from the unmodified amino side chains. Under these conditions the macro-
molecular conformation might be controlled by isomerization of the photochromic
groups, as occurs in poly(spiropyran-i-glutamate). Alternatively, the system might
behave like other polypeptides that are random coils in pure solvents such as
dimethyl sulfoxide or dichloroacetic acid, but become helical in a mixture of the two
solvents.[*”) The effect was attributed to the formation of a complex system between
the solvent components, somehow decreasing their ability to solvate the polypeptide
chain and therefore favoring the coil/a-helix transition. For the system of interest,
mixing of HFP and triethylamine was indeed found to be strongly exothermic, and
definite evidence for formation of a HFP - NEt; salt complex is reported in the litera-
ture.’”) Anyway, the concentration of salt complex, and therefore the amount of
triethylamine needed to allow the formation of the a-helix structure should be differ-
ent for the dark-adapted sample and for the irradiated one, thus explaining the
occurrence of two separate curves (Figure 15).

To determine the maximum range of correlation between side chain photochro-
mism and polypeptide conformation change, Cooper et al. modified the carboxylate
groups of succinylated poly(r-lysine) with a spiropyran to form the polypeptide
XVII, with the structure shown in Scheme 10.”% The extent of modification was
determined to be 35%. The length of the spacer group between the polypeptide a-
carbon atom and the dye molecule was 12 atoms, resulting in minimal polypeptide-
dye interaction. Study of the polypeptide demonstrated that the length of the spacer
group was a significant factor influencing possible photoinduced conformational
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changes. CD measurements carried out in hexafluoro-2-propanol/trifluoroethanol
solvent mixtures indicated that light-induced conformational changes occurred only
at a critical solvent composition, more specifically, near the midpoint of the solvent-
induced transition from helix to coil.””!

13.2.3
Photostimulated Aggregation-disaggregation Effects

Azo-modified polypeptides have been reported to undergo reversible aggregation-
disaggregation processes upon exposure to or shielding from light.”] Samples of
azo-modified poly(r-glutamic acid) (Scheme 3, Structure III) stored in the dark or
irradiated at 450 nm (azo units in trans configuration) showed variations of their CD
spectra on aging in trimethylphosphate/water solution. The CD time dependence
was characterized by progressive distortions of the a-helix pattern, typical of those
produced by formation of aggregates of polypeptide chains. Formation of aggregates
was also accompanied by a progressive increase in light-scattering intensity. Irradia-
tion at 360 nm (trans—cis isomerization) at any aging time resulted in the abolition
of light-scattering and the full restoration of the initial CD spectra, thus indicating
dissociation of the aggregates. The spectra reverted once more to the distorted forms
after irradiation at 450 nm or dark-adaptation of the samples, thus confirming the
reversibility of the process.”"!

Investigation of poly(r-glutamic acid) containing a high proportion of azobenzene
side chains (more than 80%) provided confirmation of photoinduced aggregation-
disaggregation processes, together with significant photosolubility effects.’>”*! The
dark-adapted polypeptide was soluble in hexafluoro-2-propanol (HFP), in which it
assumed the o-helix structure. Addition of a small amount of water (15% by
volume) to the HFP solution caused formation of aggregates, followed by the total
and quantitative precipitation of the polymer as a yellow material. Irradiation of this
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Fig. 16: Poly(L-glutamic acid) containing 85 mol % azobenzene
units (Ill). Change in solubility in HFP/water = 85/15 as a func-
tion of the trans-cis isomeric composition of the azo side chains.

suspension for a few seconds at 350 nm caused the complete dissolution of the poly-
mer, while irradiation of the solution at 450 nm once more induced polymer precipi-
tation. In this solvent mixture, therefore, the “precipitation-dissolution” cycles were
controllable by means of irradiation at the two different wavelengths.

Irradiation experiments carried out with light of various wavelengths permitted
the dependence of the polymer solubility on the cis/trans isomeric composition of
the azobenzene side chains to be measured.”* The results are illustrated in Figure
16. Polymer solubility as a function of azobenzene side chain cis/trans ratio is
described by a sharp sigmoidal curve: the polymer is completely insoluble when
more than 60% azo groups are in the trans configuration; in contrast, the maximum
degree of photosolubilization is achieved when more than 60% of azo groups are in
the cis configuration. The location of the midpoint of the transition corresponds to
50/50 trans-cis isomeric composition.

Similar photosolubility effects have been observed for azo-modified poly(r-
ornithine) [Scheme 5, VIII (n = 3)]*% and poly(r-a,B-diaminopropanoic acid)
[Scheme 5, VIII (n = 1)],1*”) monitoring transmittance at 650 nm as a function of
irradiation time. The initially turbid samples in HFP/water became clear upon irra-
diation at 360 nm as a consequence of the trans—cis isomerization. On new irradia-
tion at 460 nm, the clear solutions became turbid once more as a consequence of
the reverse cis—trans isomerization of the azo chromophores.
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These photoinduced variations in solubility could in principle be a consequence
of the higher polarity of the azobenzene group cis isomer, with respect to the trans
form. Indeed, the dipole moment in azobenzene has been reported to be 3.0-3.1 D
for the cis isomer, and 0.0-0.5 D for the trans isomer.”* If the higher polarity of the
cis isomer were the decisive factor causing the dissolution, polymer solubility should
gradually increase with increasing cis content. However, the variation in solubility as
a function of the trans-cis isomeric composition was described by a sharp sigmoidal
curve typical of a phase transition.l”? Therefore, the photosolubility effect was inter-
preted in terms of supramolecular association, through hydrophobic interactions
and stacking of azobenzene side chains. When azobenzene moieties are in the pla-
nar trans configuration, hydrophobic interactions and stacking between the azo
groups are favored, and so aggregation and precipitation occur. When the azo moi-
eties are photoisomerized into the skewed cis configuration, interactions and stack-
ing between azo groups are inhibited, so disaggregation of the macromolecules
takes place, and polymer dissolution occurs.

Photostimulated polymer precipitation and dissolution may find application in
photoresist technology.”*7¢
responsible for photoregulated processes in biology. It is interesting here to compare
the photostimulated aggregation changes described above with the photobehavior of
the natural photoreceptor phytochrome. This photochromic protein exists in two
forms — Pr (red absorbing phytochrome) and Pfr (far red absorbing phytochrome) —
which are interconvertible by light. In nonirradiated tissue, phytochrome present as
the inactive Pr form is uniformly distributed throughout the cytoplasm and the pig-
ment is soluble upon extraction in aqueous buffers. Photoconversion into the active
Pfr form (irradiation at 660 nm) results in a rapid association of the previously solu-
ble pigment and formation of a pelletable material localized on the membrane.
Reconversion into the Pr form (irradiation at 730 nm) results in the disaggregation

I It may be also relevant to some molecular mechanisms

and resolubilization of the pigment molecules.”””#!

13.3
Photoeffects in Molecular and Thin Films

13.3.1
Photomechanical Effects in Monolayers

Investigation of photoresponsive systems in the monolayer state formed at water/air
interfaces can provide information about photoinduced structural changes of indivi-
dual molecules, occurring in two-dimensional systems. Reversible photoinduced
changes in either surface pressure or surface area of the monolayers have been
observed. Therefore, these investigations are of increasing interest in the design of
nanostructured systems, and may also be important as energy conversion media,
from light to mechanical work. Here we report examples of photoresponsive thin
films obtained from polypeptide polymers.
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Fig. 17: Reversible surface pressure changes interface was first compressed to 7 mN m™',
in a monolayer of poly(L-lysine) containing then kept at constant area and illuminated
43 mol% p-phenylazobenzoyl units (Scheme 4, alternately with 365 nm (A;) and 450 nm (A ;)
structure V). The monolayer at the water/air radiation.

Poly(r-lysine) V, containing about 40 mol% of p-phenylazobenzoyl units, was
reported to form a stable monolayer at a water/air interface.””) When the polypeptide
monolayer was kept at a constant area, irradiation at 365 nm produced a decrease in the
surface pressure, which reversibly reverted to its original value upon irradiation at 450
nm (Figure 17). At constant pressure, alternating irradiation with 365 and 450 nm light
produced reversible changes in the surface area of the monolayer.

IR spectra of specimens prepared from monolayers using the folding frame
described by Malcolm®” were typical of oriented a-helices, with parallel dichroism
of the amide A (3300 cm™) and amide I (1652 cm™) bands, and perpendicular
dichroism in the amide II band (1545 cm™). The result was independent of whether
the specimen had been prepared from monolayers illuminated with 450 nm light
(azo units in trans configuration) or with 365 nm light (azo units in cis configura-
tion). This evidence suggests that the polymer does not undergo a conformational
change upon irradiation in the monolayer state. The photomechanical effects seem
simply to be due to trans-cis isomerization of the azobenzene groups, which occupy
different areas in the interface when in the different configurations. Moreover, the
cis form is significantly more polar than the trans form and should therefore be
more attracted to the water phase.

Menzel®" more recently described the properties and behavior of monolayers pre-
pared from azobenzene-containing poly(r-glutamate)s possessing the structures
XIX and XX (n= 2) shown in Scheme 11. These monolayers showed photomechani-
cal effects opposite to those described above for azo-modified poly(r-lysine)s. In fact,
they expanded when exposed to UV light (trans—cis isomerization), and shrank
when exposed to visible light (cis—trans isomerization). The expansion was found to
be smaller than expected from comparison of the monolayer isotherms obtained
from irradiated and nonirradiated solutions. This was attributed to the trans-cis
photoconversion of the azo units, which occurs with lower yields in monolayers
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Scheme 11 Chemical structure of “hairy rod”
poly(L-glutamate)s used to obtain photochromic monolayers
and Langmuir-Blodgett films B! #>-°1]

than in solution. The nature and extent of photomechanical effects depend strongly
on parameters such as subphase temperature and surface pressure, and is also very
sensitive to the structure of the polymers.

Higuchi et al.®? have prepared an interesting photoresponsive polypeptide con-
sisting of two a-helical chains of poly(r-glutamate) of My, = 11,000, linked by an azo-
benzene moiety (Scheme 12, XXI). Monolayers of the polypeptide were formed at

= (NH—CH—CO)7— —@—N— @NH— (CO—CH—NH) =

((I:H2 CHz)
COOCH; COOCH;
XXI
Scheme 12 Chemical structure of the polypeptide XXI,

consisting of two a-helical chains of poly(y-methyl-L-glutamate)
(M =11,000) linked by an azobenzene unit.?
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water/air interfaces and the photoresponsive behavior of the monolayer was investi-
gated. The trans—cis photoisomerization, and the consequent change in geometry
of the azobenzene chromophore, produced a bending of the main chain of the mole-
cule. As a result, a contraction in the area of the monolayer was observed. On the
basis of the decrease in the limiting area per molecule, it was estimated that the
bending angle between the two a-helical rods produced by irradiation with UV light
was about 140°.

Photomechanical effects have been also observed in monolayers obtained from
poly(r-glutamic acid) modified with carbocyanine® and spiropyran dyes.®* In the
latter case, irradiation at 254 nm produced changes in the molecular conformation,
which in turn caused photomodulation of the surface pressure and surface area of
the films. From all these examples, it appears that photoresponsive monolayers are
quite fascinating systems, which may eventually come to be regarded as “a machine
to transform light into mechanical energy”.*"

13.3.2
Photoresponsive LB and Thin Films

Langmuir-Blodgett (LB) films and polymeric liquid crystals have been intensively
investigated for applications in optical data storage and the design of photoswitch-
able devices. In these photoresponsive systems, azobenzene units are usually the
working units undergoing trans-cis photoisomerization, thus inducing reversible
molecular orientation processes.

A wide and in-depth study of LB films of photochromic polypeptides has been
carried out by Menzel et al.®>*! The authors prepared poly(i-glutamate)s bearing
azobenzene units in the side chains, with alkyl spacers as well as tails of different
lengths (Scheme 11). The polymers have a so-called “hairy rod” structure — that is, a
rigid, rod-like helical backbone with flexible side chains®® — and are characterized
by a molecular architecture appropriate so as to exhibit liquid-crystalline behavior
and surface activity. They can be spread at a water/air interface, to form monomole-
cular films which can be transferred to substrates using the Langmuir-Blodgett tech-
nique. The resulting films were found to be very stable and homogeneous, built up
of macromolecules arranged in layers, with the main chains preferentially oriented
in the dipping direction, and the photochromic azo side chains preferentially
oriented normal to the surface.[®*°"]

Irradiation with UV light (A = 360 nm) causes the photoisomerization of the azo-
benzene chromophores and a concomitant structural change within the LB films.
The preferred orientation of the main chains is retained, but the layered structure of
the azobenzene moieties between the layers of the stiff poly(r-glutamate) rods is
lost, as shown by X-ray reflectivity experiments and absorption spectroscopy. The
very good transfer properties and the structural alterations upon irradiation indicate
that the described LB films may be promising materials in optical switching and
image recording technologies.”"!

LB films of hairy-rod azo-poly(r-glutamate)s [Scheme 11, compounds XIX and XX
(n = 2 and 6)] have been used to prepare photoresponsive waveguides.”*! These
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waveguide LB films have a highly optically anisotropic structure when the azo moi-
eties are in the trans configuration, while exhibiting an essentially optically isotropic
structure when the azo molecules are in the cis configuration. Accordingly, it was
shown that the refractive index could be reversibly switched by irradiating the films
with light of appropriate wavelengths. A perfect “on/oft” switching of the optical
anisotropy was observed on irradiating alternately at 360 nm (trans—cis isomeriza-
tion) and 450 nm (cis—trans isomerization). The change in optical parameters
between the isotropic and anisotropic states was found to be of one order of magni-
tude.?!

Poly(r-glutamate)s with photochromic azobenzene side groups possessing the
structure illustrated in Scheme 11 were found to be thermotropic.”* They form LB
multilayer assemblies in which the rod-like macromolecules are oriented in the dip-
ping direction. The initial LB films have a well defined bilayer structure, in which
the rod-like azobenzene moieties are tilted toward the a-helical backbones and form
H-aggregates. Aggregation and orientational order of the azobenzene chromophores
were found to change upon irradiation and annealing. The lamellar order and in-
plane anisotropy of the chromophores were irreversibly lost on UV irradiation. New,
ordered structures with a more symmetrical distribution of the side chains around
the main chain helix, modified spacing, changed aggregation, and different in-plane
anisotropy were established after subsequent visible irradiation or annealing. The
system permits photochemical modification of aligned supramolecular structures in
liquid crystalline polymers.

Sekkat et al.””! have investigated the photobehavior under polarized light of spin-
coated films obtained from a hairy-rod poly(r-glutamate) with azobenzene in the
side chains (Scheme 11, compound XIX). It is known!®®*”) that, in the presence of a
linearly polarized pump light beam, azo molecules experience a cycle of photoi-
somerization reactions and align themselves perpendicularly to the pump beam
polarization direction. For the above polypeptide it was shown that, in the trans—cis
photoisomerization cycle, the created cis state is aligned perpendicularly to the polar-
ization of the pump beam.?”!

Thin films of photochromic polypeptides may have promise as possible nonlinear
optical materials.”®% In fact, the alignment of neighboring macromolecules of heli-
cal conformations produces a greater opportunity for noncentrosymmetric side
chain orientation; a requirement for nonlinear optical materials. The rod-like o-heli-
cal conformation of polypeptides is ideal for restraining the orientation of the dye
side groups, to a greater extent than in comparably modified synthetic polymers
such as poly(methacrylate)s.”® Another possible application is as holographic mate-
rials. Indeed, Cooper et al.’® have prepared spin-coated films from spiropyran-
modified poly(r-glutamic acid) (XV, Figure 8) and demonstrated the feasibility of
writing gratings onto the films.

The use of photochromic compounds for optical data storage has been proposed.
One of the unsolved problems for practical application is the development of techni-
ques that allow nondestructive reading; since the optical data are usually read at the
same wavelength as that used in the recording process, the data may fade during
the reading process. Sisido et al.'®""'® have proposed the use of photochromic
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polypeptide systems in which a record may be read by measuring the optical rota-
tion or the induced circular dichroism at a wavelength longer than the wavelength
used for recording, thus avoiding the read-out process destroying the original
record.

A photochromic dye consisting of an anthraquinone covalently linked to an azo-
benzene moiety was doped in cholesteric liquid-crystalline gels or thermotropic cho-
lesteric films prepared from a-helical polypeptides. The dye showed large induced
optical rotations and CD bands in the region of the absorption bands of the anthra-
quinone moiety, the magnitude of which changed reversibly with the trans-cis photo-
isomerization of the azobenzene moiety. Therefore, the photoisomeric state of the
photochromic group could be detected by the large induced anthraquinone dye CD
bands, which occur at much longer wavelengths than the wavelengths used to pro-
duce the azobenzene moiety’s trans-cis photoisomerization. This chiroptical system
thus provides a tool for a nondestructive read-out technique.'**~1%

13.4
Photoresponsive Polypeptide Membranes

Photochromic polymers have been used in order to develop artificial membranes
with particular physical properties and functions, such as permeability, conductivity,
and membrane potential, that can be switched on and off or otherwise controlled in
response to light.”1°>1%! More specifically, photochromic polypeptides have been
selected as useful materials due to their ability to undergo photoinduced structural
change.

Kinoshita et al.'*”'%! ysed poly(r-glutamic acid) containing 12-14 mol% azoben-
zene units in the side chains (Scheme 3, Structure III) to prepare membranes
obtained by coating a porous Millipore filter with a 0.2 % chloroform solution of III.
Irradiation at 350 nm was found to increase the membrane potential and cross-
membrane permeability. The photoinduced alterations of the membrane functions
were completely reversible and could be controlled by irradiation and dark-adapta-
tion, in correlation with the trans-cis photoisomerization of the azobenzene units.

The results were explained on the basis of the observation that the water content
of the membrane is increased on irradiation at 350 nm, most probably as a conse-
quence of the different polarities and hydrophobicities of the trans and the cis iso-
mers. The increase in the degree of hydration of the membrane should be then
probably be accompanied by an increase in the degree of dissociation of the unmodi-
fied COOH side chains, thus giving rise to an increase in the negative charge of the
membrane and enhancing the diffusion of ions. Actually, photoinduced variations
of membrane potential and conductivity were observed at an external solution pH of
6.2, but no effect was induced at pH 9.0, thus indicating the important role of the
equilibrium between COOH and COO™ groups in the photoresponse.

Analogous membranes have been prepared from poly(r-glutamic acid) containing
about 14 mol % azobenzene-sulfonate groups in the side chains (Scheme 3, Struc-
ture IV).*>1%% The polypeptide was adsorbed onto a porous support and the hydro-
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dynamic permeability of the membrane was investigated as a function of irradiation
and pH of the solution. It was found that irradiation with UV light induced mem-
brane permeability changes only at solution pH values in the range 3-7. The photo-
responsive behavior of the membrane was explained in terms of a photoinduced
transition from helix to coil in the polypeptide structure, caused by the trans—cis
isomerization of the azo chromophores. However, the permeability of a membrane
obtained from a polypeptide containing 46 mol% azobenzene-sulfonate units,
which was random coil in aqueous solution at all pH values, was not affected by
irradiation.!'*”!

Insoluble membranes have also been prepared from cross-linked samples of the
polypeptide IV."'% Irradiation of the membranes with UV light at pH values in the
range 5-9 induced large variations in hydration and membrane potential. CD mea-
surements showed that such variations were also accompanied by photoinduced
conformational changes corresponding to a decrease in a-helix content from 76% to
46%. It was suggested that the trans—cis isomerization of the azo chromophores
might result in a higher degree of dissociation of the unmodified COOH side
chains, which should be the key factor responsible for the photoresponse effects. In
fact, a shifting of the equilibrium from neutral COOH to ionic COO™ groups should
increase the electrostatic interactions between side chains, thus causing the unfold-
ing of the macromolecules and changing the charge distribution on the membrane.
Unfortunately, the photoinduced variations in hydration and membrane potential,
and also in macromolecular structure, were found to be nonreversible.[1%

Photoresponsive membranes have been also prepared from polypeptides chemi-
cally modified with triphenylmethane dyes."''™'** The photochromic behavior of
such compounds involves the ionization of the dye under UV irradiation conditions
to give the intensely colored triphenylmethyl cation; the cation thermally recom-
bines with the counteranion in the dark (Figure 1). Poly(r-glutamic acid) was treated
with pararosaniline to give a polymer containing about 10 mol% of dye groups in
the side chains [Scheme 13, Structure XXII (Y = —OH)]. The membrane obtained on
casting a dimethyl formamide solution of the polymer was no longer soluble, indi-
cating that a proportion of the dye molecules may act as a cross-linking agent during
the casting process
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Irradiation of the membrane with 250-380 nm light was found to produce photo-
induced conformational changes only at critical pH values of the aqueous solution
in which irradiation was carried out. In particular, a transition from a-helix to coil
was observed at weakly alkaline values (pH 8.6-9.1). The result has been interpreted
as follows. Irradiation causes the dissociation of the dye moieties with production of
OH™ ions, thus increasing the pH value in the membrane phase. This gives rise to a
higher degree of dissociation in the unmodified COOH groups (to COO"), thus
enhancing electrostatic interactions among the side chains and inducing the transi-
tion from helix to coil.''"

Experiments investigating permeation of substrates across the membrane showed
that irradiation with UV light at pH 8.6 induced an increase in permeability,
together with an increase in swelling of the membrane. Both permeability and
degree of swelling returned to their original values after 100 minutes in the dark.
The photoinduced swelling and permeability changes are consistent with the disso-
ciation of the COOH side chains and consequent increase in the hydrophilic nature
of the membrane, as discussed above.[1%113]

Large photoresponse effects have been observed in membranes prepared from
poly(z-glutamic acid) containing leucocyanide (triphenylmethyl cyanide) groups in
the side chains [Scheme 13, Structure XXII (Y = —CN)]."** For a membrane pre-
pared at pH 5.3 from a polymer containing 38 mol% of photochromic groups, expo-
sure to UV light induced large variations in the degree of swelling, membrane
potential, and the permeation coefficient of KCl through the membrane. All para-
meters and membrane functions returned to their original values when light was
removed and the membrane kept in the dark. These photoinduced changes in mem-
brane function are consistent with the photodissociation of the dye molecules and
formation of triphenylmethyl cations in the side chains of the macromolecules (Fig-
ure 1), and the consequent polarity change of the membrane.

Inoue et al."*>'® synthesized polyvinyl/polypeptide graft copolymers by attach-
ing branches of p-phenylazobenzyl/B-benzyl-i-aspartate (X) to poly(hydroxyethyl
methacrylate) and poly(butyl methacrylate), and then prepared the corresponding
membranes by casting dichloroethane solutions of the polymers. The membranes
were stable in trimethylphosphate.

It was observed that the permeability of various substrates across the membranes
was enhanced on irradiation with UV light and was suppressed on irradiation with
visible light. The photoinduced permeability changes were correlated with the
photoinduced and reversible conformational alterations of the polypeptide branches
grafted onto the hydrocarbon backbone of the macromolecules, as a consequence of
the trans-cis isomerization of the azobenzene units. In this case, the photoregulation
of permeability across the membrane was achieved by means of photoinduced con-
formational changes of the polypeptide chains, without any concomitant changes in
electrostatic charges in the macromolecules.'®)

A photoresponsive amphiphilic helical polypeptide (a helical polypeptide in
which all the polar residues are located on one side of the helical cylinder and all the
hydrophobic residues on the opposite side) was prepared by Higuchi et al., using a
simple and unique technique.'”"2! The polypeptide XXI was first placed at a
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Fig. 18: Schematicillustration of the prepara- chains in the monolayer state. Shaded and
tion and photoresponsive behavior of the unshaded surfaces represent locations of
polypeptide XXIII, consisting of two amphiphilic hydrophilic (COOH) and hydrophobic
helical rods linked by an azobenzene unit. (COOCH:;) side chains, respectively.

a) Selective saponification of COOCHj5 side

water/air interface and a monolayer formed; then NaOH was injected into the water
phase beneath the solid condensed monolayer. This resulted in selective saponifica-
tion of the ester methyl groups on the water side of the monolayer only, so that the
final polypeptide XXIII consisted of helical rods with COOH side chains on one side
(hydrophilic face) and COOCHj3; side chains on the other (hydrophobic face) (Figure
18).117-121]

The compound XXIII, consisting of two amphiphilic helical rods linked by an
azobenzene moiety, was found to form micelles and ordered aggregates in aqueous
solution in the dark, when the azo moiety is in the trans configuration. Photoisome-
rization of the azo linkage into the cis configuration, and the consequent bending in
the structure of the molecules, induced disaggregation and disruption of the
micelles.[''®119)

In nature, polypeptides with amphiphilic structures are known to form trans-
membrane channels formed by an assembly of several helices, so as to present their
polar faces inward and their apolar faces outward. In view of such behavior, the
photochromic amphiphilic polypeptide was incorporated into a cationic bilayer
membrane composed of dipalmitoyl phosphatidyl choline."*” Fluorescence and
microscopic measurements provided evidence that the polypeptide was able to form
bundles of helical molecules analogous to their natural counterparts, which acted as
transmembrane channels for K* ions. Irradiation, and the consequent trans—cis iso-
merization of the azobenzene link, caused a bending of the molecular structure and
a destabilization of the transmembrane bundles. Therefore, formation of ion perme-
able channels would be favored or inhibited depending on whether the azo moiety
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was in the trans or the cis configuration, thus enabling photoregulation of mem-
brane permeability.!'*

The investigation was then extended to a monolayer formed from dipalmitoyl
phosphatidyl choline and the same amphiphilic photochromic polypeptide
XXIIL'*! When the monolayer was kept in the dark, the polypeptide molecules
arranged themselves perpendicularly to the membrane (the water/air interface) and
formed a bundle of helices which could be observed by atomic force microscopy as a
transmembranous particle of about 4 nm in diameter. Irradiation with UV light and
the consequent trans—cis isomerization of the azobenzene moiety caused a bending
of the molecular main chain, which in turn produced a destabilization and dena-
turation of the bundle of helices in the monolayer. After removal of the light, the
polypeptide molecules reverted to their original bundle structure.!**"

13.5
Summary and Future Prospects

As discussed in Section 13.1, organic photochromic compounds such as azobenzene
and spiropyran derivatives can exist in two different states that can be reversibly
switched from one to another by means of a light stimulus of appropriate wave-
length. When such photochromic molecules are incorporated into macromolecular
compounds, the interconversion between the two photoisomers may induce struc-
tural changes in the attached macromolecules, which in turn may be accompanied
by changes in the physical and chemical properties of these materials. Accordingly,
the photochromic units actually work as photochemical molecular switches, and
photochromic polymers may provide the basis for constructing light-driven switch-
ing systems to control spectral properties, optical rotation, refraction index, viscosity,
membrane functions, and so forth.

It should be said, however, that the initial light signal associated with the photo-
isomerization of the photochromic moiety is usually a weak effect, and requires
“amplification” in order to construct photoswitchable devices. The greater the ampli-
fication factor, the greater is the sensitivity of the system. Substantial amplification
can be achieved when the primary photochemical reaction is coupled with a subse-
quent event that occurs after absorption of light.

From this point of view, polypeptides containing photochromic units in the side
chains are quite special polymers. They can exist in ordered or disordered conforma-
tions, and photoisomerization of their photochromic side chains can produce “order
= disorder” conformational changes. These photostimulated structural variations,
such as random coil = a-helix, take place as highly cooperative transitions; there-
fore photochromic polypeptides actually work as amplifiers and transducers of the
primary photochemical events occurring in the photosensitive side chains.

Similar behavior has been observed in polyisocyanates, which have been shown
to possess a helical structure. Unlike polypeptides, polyisocyanates have no stereo-
center in their backbone; they therefore form a racemic mixture of left-handed and
right-handed helices.!'””! Incorporation of chiral azobenzene dyes into the side
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chains allows an optical switch to be created, in which the equilibrium between the
left-handed and right-handed helices is controlled by photoisomerization of the
photochromic groups.!'?*'** Because of the high cooperativity along the main
chain,!"*>12%! the helical twist sense can be triggered by a small quantity of photo-
chromic units. In this case the helical structure also acts as an amplifying element
for the photochemical reactions in the side chains.*?%

Thus far, photoresponsive polymers have been intensively investigated and signif-
icant advances have been made on fundamental aspects and strategies. However, it
is fair to say that they have found only limited practical application.

A crucial point that must be addressed concerns the thermal stability and the
“fatigue” phenomenon observed in the chromophores. It is a fact that many photo-
chromic compounds are irreversibly degraded upon long exposure to light, thus lim-
iting their use for various applications. Major advances in the preparation and per-
formance of photochromic materials have been made in the past five years. Irie et
al."”) have recently developed new photochromic compounds, 1,2-diarylethenes,
which display photochromic behavior with unchanged intensity even after 10* “col-
oration = decoloration” cycles.

Even though photochromic polymers still require further research and, particu-
larly, technological advances for possible applications, they are likely to become
important in the future. A rapidly expanding field concerns the incorporation of
photochromic dyes into supramolecular assemblies. Combination of the architec-
ture of supramolecular aggregates or activity of biological systems with the photo-
behavior of organic dyes could provide new photoswitchable materials that could
find application in a wide variety of uses, ranging from molecular scale computing
to photochemical biosensors for medical application.
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