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ABSTRACT: Molecular and biomolecular optobioelectronic systems that yield the amperometric transduction of
recorded optical signals are described. Phenoxynaphthacene quinone is assembled as a monolayer on an Au electrod
Photoisomerization of the monolayer between the redox-attares-quinone state and the redox-inactive ‘ana’-
quinone state provides a means to transduce electrochemically optical signals recorded by the monolayer. Coupling of
the redox-activeérans-quinone monolayer electrode to the secondary reductiowNfdibenzyl-4,4-bipyridinium,

BVZ2", provides a means to amplify the transduced current. As the redox potentialtcdris@uinone monolayer is

pH dependent, the electrocatalyzed monolayer-mediated reduction%f B\¢ontrolled by light and the pH. The
system represents an ‘AND’ gated molecular electronic assembly. A thiol nitrospiropyran monolayer was assembled
on an Au electrode. The functionalized electrode acts as photo-triggered ‘command interface’ that controls the
electrooxidation of dihydroxyphenylacetic acid (DPAA). The electrical properties of the monolayer are controlled by
the photoisomer state of the monolayer and the pH of the medium. The monolayer in the nitromerocyanine state exists
at pH 9.2 and 7.0 in zwitterionic or positively charged states, respectively. Electrooxidation of the negatively charged
substrate, DPPA, is enhanced only in the presence of the protonated nitromerocyanine monolayer electrode. This
permits the gated oxidation of the substrate by two complementary triggering signals, light and pH. A mixed
monolayer consisting of nitrospiropyran and thiolpyridine units assembled on an Au electrode is applied as a
photoisomerizable command surface for controlling the electrical contact of cytoclkr{@yéc) with the electrode.

In the nitrospiropyran—pyridine configuration electrical contact of €yand the electrode is attained by the
association of Cytc to pyridine promoter sites. Photoisomerization of the monolayer to the protonated
nitromerocyanine state results in the electrostatic repulsion ot @wgm the monolayer, and the electrical contact

of Cyt c with the electrode is blocked. Coupling of the electrically contacteddCymd nitrospiropyran—pyridine
monolayer electrode configuration to the cytochrome oxidase biocatalyzed reduction of oxygen provides a means to
amplify the transduced amperometric response. The photostimulated association and dissociatiotocdi@yfrom

the photoisomerizable monolayer were confirmed by microgravimetric, quartz crystal microbalance analyses. The
system mimics the function of the native vision procéssl998 John Wiley & Sons, Ltd.

KEYWORDS: molecular optoelectronics; bio-optoelectronics; photoisomerizable monolayers; functionalized
electrodes; photoactive monolayers; photochemical switch; optical switches; molecular electronic gates; cytochrome
c; cytochrome oxidase; protein monolayer interactions; quartz crystal microbalance; photochromic compounds; redox
switch

INTRODUCTION other signal-triggered/response chemical assembites.

To tailor ICA, the organization of molecular systems
Triggering of chemical functions by external signals and which are triggered by external signals such as optical,
subsequent physical transduction of the activated chemi-electrical, thermal, magnetic or pH, to a chemical
cal functionality represent the basic features of intelligent function, is essential. The transduction of the activated
chemical assemblies (ICA). ICA provide basic elements chemical functionality can proceed by electronic, optical,
to design sensory systems, information storage deviceschemical or spectroscopic outputs. Several basic features
molecular electronic systems, molecular machinery and characterize ICA:

tPresented at the 6th European Symposium on Organic Reactivity. (i) Activation and deactivation of the ICA should
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GATED MOLECULAR AND BIOMOLECULAR OPTCELECTRONICSYSTEMS

(i) Theresponseime of the signalsensoryunit andthe
transducingystenshouldberapidandrevealahigh
signal-to-noiseatio.

Amplified transductionof the recordedsignal and

the activatedchemicalfunctionality is advantageous

to yield sensitivel CA. This allowsthe activationof
thechemicalassembliewvith weakinputsignals and
the amplificationof recordednformation.

(iv) In various ICA, the capability for storageof the
recorded activating signal and the subsequent
retrieval and transductionof the storedinformation
at any time is requestedThe read-outof the stored
information followed by the erasureof the stored
datayield ICA of write—store—read—erasgapabil-
ities.

(v) Integrationof the chemicalsensoryandtransduction
elementof thelCA onasurfaces expectedo yield
solid-statedevicesat the molecularlevel.

(iii)

Schemel outlines schematicallythe operationof an
optoelectronic switch, a simple ICA. A molecular
componentA, is assembledn an electrodesupport.In
this state,the molecularfunction is redox-inactiveand
the systemis electrically mute. Photoisomerizationf A
to the molecularstateB yields a redox-activemolecular
interface, and the functionalized electrode transduces
amperometricallythe recorded optical signal. Under
conditions where the photoisomerizedstate B is ther-
mally stable,the recordedoptical signalcanbe readout
electricallyat any time. Providedthatthe functionalized
interface in state B stimulates the electrocatalyzed
reduction(or oxidation) of a substratg(S) to a product
(P),theinitial opticalactivationsignalis transduce@san
amplified electronic output due to the electrocatalytic
transformation. If the photosensitive functionalized
monolayerexhibitsreversiblephotoisomeriable proper-
ties, the back photoisomerizationof state B to A
regenerateshe mute, redox-inactive,interface.Hence,
the systemrepresentsan ICA of write—store—-read—erase

capabilities.
e- S (substrate)
hvy /
-
hv,
P (product)

Scheme 1. Monolayer assembled system providing an
optical switch between electrochemically inactive (A) and
electrochemically active (B) components. Component B
storing the information and existing in two redox states
(reduced and oxidized) can be used to read the information
amperometrically and lock the information by applying a
certain potential. The amperometric response can be
amplified by electrocatalytic reaction
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Photoisomerizableehemical systemsthat alter their
redox propertiesas a function of the photoisomerstate
allow the amperometridransductiorof recordedoptical
signals:®**Integrationof redox-activatecphotoisome-
rizable compoundswith electrodesupportsprovidesa
meansfor tailoring organizedmolecularassembliegor
the electronictransductionof recordedoptical signals.
For example,the different redox featuresof trans- and
cis-azobenzenwereusedto organizephotoisomerizable
azobenzenenonolayerson conductivesupportsfor the
amperometrictransductionof optical information re-
corded by the monolayer interface’>*® A different
approacho organizingmolecularoptoelectronicsystems
includesthe functionalizationof electrodeswith mole-
cular componentsthat control the associationor dis-
sociationof photoisomerizableedox-activecomponents
with the monolayer interface'’™*° For example, the
functionalizationof Au electrodesvith axanthenalyer-
donor monolayet’*® or with a -cyclodextrin receptor
monolayet® permittedthe photostimulatedormation or
dissociation of supramoleculardonor—acceptorcom-
plexesor host—guestomplexeshetweenphotoisomeriz-
ablesubstratesindthe respectivanonolayerinterfaces.

Photostimulatiorof biomolecularsystemsprovidesa
means to organize optobioelectronicsystems® The
designof integratedphotoswitchablesystemsbasedon
redox-activateeinzymesallowsthe electronicamplifica-
tion of photonicsignalsrecordedby the biomaterialvia
the bioelectrocatalyzedxidation (or reduction)of the
enzymesubstrateVariousmethodgo photostimulatehe
bioelectrocatalyticproperties of redox enzymeshave
been applied to organize optobioelectronic systems.
Chemical modification of redox enzymes.e.g. glucose
oxidase,with photoisomeriable units and immobiliza-
tion of the photoisomerizablbiocatalystsasmonolayers
onelectrodeyieldedphotoswitchablenzymeelectrodes
for the amperometridransductiorof photonicsignals®*
Reconstitutionof a flavoenzyme,e.g. glucoseoxidase
with a photoisomerizableFAD cofactor, led to a
photoswitchablesemi-syntheticenzyme®? Assemblyof
thereconstitutediocatalysionanelectrodegeneratedn
active bio-interface for the amplified electrochemical
transductionof optical signalsthat trigger the enzyme
monolayer Photoisomerizablenonolayersassembledn
electrodesupportswere usedas ‘command interfaces’
that controlthe electricalcontactof redoxenzymeswith
the electrodesurface®® In thesesystems,the photonic
signals trigger the physicochemicalpropertiesof the
monolayer,and thesecontrol the interactionsof redox
enzymesandtheresultingelectricalcontactbetweerthe
biocatalysts and the electrode. A further means to
photostimulatehe bioelectrocatalytipropertieof redox
enzymesincludesthe applicationof photoisomerizable
electron mediators for electrical contacting of the
biocatalystredoxcenterandthe electrode?”

This paper addressesrecent developmentsin the
organizatiorof molecularandbiomoleculadCA. Several
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Scheme 2. Photoisomerizable phenoxynaphthacenequi-
none derivatives

systemghataccomplisttheelectrochemicatiransduction
of optical signalstriggering chemicalfunctionalitiesare
describedThe relation of optically stimulatedchemical
assembliego solid-stateelectronic devicesis empha-
sized.

A PHENOXYNAPHTHACENE QUINONE
MONOLAYER ASSEMBLED ON A GOLD
ELECTRODE: A MOLECULAR
OPTOELECTRONIC SYSTEM?®

Phenoxynaphtl@ene quinone (1a) exhibits reversible
photoisomerizabl@roperties.Irradiation of 1a between
305 and 320nm, yields the rearrangedana’-quinone

0.1 HEPES, pH 7.3

+EDC

S

Uv
o = I—
7 —
Autds NNH—C{H@ VIS Au

S

"trans''-quinone-electrode

derivative,1b. Furtherirradiationof 1b with visible light
above 430nm, regenerateghe quinone substratela
(Scheme). Thetrans-quinonelaandthe‘ana’-quinone,
1b are expectedto exhibit different redox featuresand
thus optical signalsrecordedby this molecularsystem
could be transmitted electrochemically.Nevertheless,
neither 1a nor 1b reveals defined diffusional redox
responses.This limitation is resolved, however, by
chemicalfunctionalizationof an Au electrodewith the
phenoxynaphthacenguinone substrate.The quinone-
functionalizedelectrodeyields an integratedmolecular
electronicsystemfor the cyclic amperometridransduc-
tion of recordedoptical signals. Scheme3 showsthe
methodto assemblehe quinoneon the Au support.A
primary cystamine monolayer was assembledon the
electrode and 4-carboxymethyl phenoxynaphthancene
guinone (2a) was coupledto the monolayerinterface
using 1-ethyl-3-(3-dimethyleninopropyl)carbodiimide
(EDC) as coupling reagent.Figure 1, curve a, shows
the cyclic voltammogramof the resulting monolayer
electrode.The electricalresponsas irreversibleandill-
defined. This is consistentwith other observationsof
irreversibleelectricalresponsesf non-denselypackedr-
conjugatedsystemsandparticularlyquinonemonolayers.
Presumablythe non-denselypackedn-conjugatedqui-
none interacts with the electrode surface, yielding
differentorientationf theredox-activequinonerelative
to thesurface Thedifferentquinoneorientationgesultin
differentinterfacialelectrontransferrate constantanda

HS-(CHy)13-CHj

_—_.___..._>
ethanol

"ana''-quinone-electrode

Scheme 3. Assembly of the phenoxynaphthacenequinone-C,SH mixed monolayer on an Au electrode and its

photoisomerization
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Figure 1. Cyclic voltammograms of (a) 2a monolayer-
modified Au electrode, (b) 2a monolayer-modified Au
electrode after treatment with an ethanolic solution of
Cy4H29SH (5 x 1073 M) for 30 min, and (c) 2b monolayer-
modified Au electrode obtained by photoisomerization of
the 2a monolayer-modified Au electrode treated with
C14H29SH (305-320 nm). All experiments were performed
in 0.01 M phosphate buffer and 0.1 M Na,SO4 (pH 7.0);
potential scan rate, 50 mV s~

10 T T T T

I1/1A

0 2 4 6 8 1012
i pH
I I 1 I I

-1 -0.8 -0.6 -0.4 -0.2
E / V vs. SCE

Figure 2. Cyclic voltammograms of the 2a—C;4SH mixed
monolayer Au electrode at different pH values: (a) 10.82, (b)
8.93, () 7.27, (d) 6.48, (e) 3.32 and (f) 1.93. Background,
0.05 M Britton—Robinson buffer titrated to the required pH
value directly in the cell; potential scan rate, 50 mV s~
Inset: £° vs pH dependence

poorly definedredox responsenf the monolayer.Treat-
ment of the quinone-functimalized electrode with
tetradecylthiol(C,,SH) resultsin the electricalresponse
shownin Fig. 1, curve(b). A quasi-reversibleedoxwave
of the quinoneunits, E° = —0.62V vs SCEat pH 7.0, is
observed.Figure 2 showsthe changesin the quinone
redoxpotentialatvariouspH valuesA linearrelationship
(slope=56.2mV pH™t; Fig. 2, inset)is observedwithin
thepH range2.0-10.5jmplying thattheredoxprocesof
thephenoxynaphthacemgiinonemonolayercorresponds
to a two-electronand two-protontransformationprodu-
cing the corresponding hydroquinone. Coulometric
analysis of the reduction (or oxidation) wave of the
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Figure 3 Cyclic voltammograms of (a) Ks[Fe(CN)g]
(1x10™ M) at a bare Au electrode, (b) Ks[Fe(CN)g]
(1 x 1073 M) at a 2a-C;,SH mixed monolayer Au electrode
and (c) a 2a-C44SH mixed monolayer Au electrode in the
absence of Ks[Fe(CN)g]. Background, 0.01 M phosphate
buffer1and 0.1 M NaySO,4 (pH 7.5); potential scan rate, 50
mV s~

Figure 4. Cyclic variations of peak currents of the 2a-2b—
Cy4SH mixed monolayer Au electrode upon reversible
transformation of the quinone from the trans-state (2a) to
the ‘ana’-state (2b), respectively. Peak currents are derived
by subtraction of the capacitive current from the observed
peak currents

quinone monolayer indicates a surface coverage of
2 x 1072 mol cm~? of the redox-activecomponent.
Thetransformatiorof anill-defined redoxresponsef
an Au surface-confinededoxspeciego quasi-reversible
electrochemicalbehavior upon treatmentwith a long-
chain, hydrophobic, alkanethiol has been established
before.Long-chainthiols self-assemblen Au surfaces
andyield denselypackedwo-dimensionabrrays.As the
phenoxynaphthacerginonemonolayerexistsin a non-
denseconfiguration,the alkanethiolsassociatewith the
Au surface defects or pinholes. The co-associated
alkanethiolturns the monolayerinto a denselypacked
array,andthequinoneunitsarestretchednto arigidified
structurethatrevealsjuasi-reversibleedoxfeaturesThe
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Scheme 4. Photoswitchable electrocatalytic reduction of N,N'-dibenzyl-4,4"-bipyridinium salt, BV>* (3), at the phenoxy-
naphthacene quinone-C14SH mixed monolayer electrode interface

peakcurrentof the phenoxynaphthacenguinoneredox
wave is directly proportional to the scan rate (v),
consistentvith the behaviorof a surface-confinededox
component.The densely packed nature of the alka-
nethiol-quinone4nctionalizedmonolayeris supported
by thefact thatthe electrodesupportis insulatedtowards
interfacial electrontransfer. Figure 3 showsthe cyclic
voltammogranof anFe(CN)®~ electrolytesolutionata
bare Au electrode, curve a, and at the alkanethiol—
quinonemonolayerelectrode curveb. While Fe(CN)>~
exhibitsareversibleredoxwaveat the bareelectrodejts
reductionis entirely blockedat the quinone—alkanethiol
mixed-monolayefunctionalizedelectrode.The electri-
cal contactbetweerthe solubilizedredoxspeciesandthe
electrodeis blocked by the non-conductive,densely
packed, hydrophobic monolayer associatedwith the
electrode.Note that in the system,the redox response
of Fe(CN)>~ is examinedn apotentialwindowatwhich
the monolayeris electrochemicajt inactive. The cyclic
voltammogramof the 2a-C;sSH monolayer-modified
electroddn theabsencef Fe(CN)>~ is shownin Fig. 3,
curve c. Expansionof the potentialwindow (curve a at
potentials <—0.6 V) could facilitate electrocatalyzed
reduction (or oxidation) of solution solubilized redox
speciegseebelow).

Photoisomerization of the alkanethiol-phenoxy-
naphthacenequinone monolayer between 305 and
320nmresultsin anelectrodewith theelectricalresponse

0 1998JohnWiley & Sons,Ltd.

shownin Fig. 1, curvec. Theredoxwavecharacterizing
theelectrodes depletedandonly thebackgroundcurrent
of the electrolytesolutionis observedHencethe ‘ana’-
guinonemonolayeiis redox-inactivewithin this potential
range Furtherirradiationof the‘ana’-quinonemonolayer
above 430nm regeneratesthe phenoxynaphthacene
guinonemonolayerandits characteristicedoxresponse
is reactivated. By cyclic photoisomerizationof the
monolayer betweenthe quinone and ‘ana’ states,the
electrical response®f the functionalizedelectrodeare
switched on and off, respectively(Fig. 4). Hence the
phenoxynaphthacenguinone monolayerelectrodeacts
asan active interfacefor the amperometridransduction
of optical signals recorded by the functionalized
conductivesupport.

ELECTRICAL AMPLIFICATION AND DESIGN OF
A MOLECULAR ‘AND’ GATE BY THE
PHENOXYNAPHTHACENE QUINONE
MONOLAYER ELECTRODE

The system exhibits several elements of an ICA,

including the optical recording,the information storage
andtheelectronic.electricaltransductiorof therecorded
input. The system however lacksthe importantfeature
of amplification of the recorded signal. The redox
potentialof the phenoxynaphthamequinonemonolayer
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Scheme 5. Light-triggered and pH-controlled electrocataly-
tic processes at phenoxynaphthacene quinone—C4,4SH mixed
monolayer electrode

I/pA

o 1 2 3 4 5 6
cycle number

-0.9 -0.8 -0.7 -0.6 -0.5 -0.4
E /V vs. SCE

Figure 5. Cyclic voltammograms of the 2a—or 2b-C;4SH
mixed monolayer Au electrode: (a) trans-state (2a) vs back-
ground solution only (pH 9.2); (b) trans-state (2a) in the
presence of N,N’-dibenzyl-4,4'-bipyridinium salt, BVZ* (3)
(1 x 1073 M) (pH 9.2); (¢) ‘ana’-state (2bg in the presence of
N,N'-dibenzyl-4,4"-bipyridinium salt, BV4™ (3) (1 x 1072 m)
(pH 9.2); (d) trans-state (2a) in the presence of N,N'-dibenzyl-
4,4"-bipyridinium salt, BV?" (3) (1 x1073m) (pH 5.0).
Background, 0.01 M phosphate buffer (pH 9.2 or 5.0) and
0.1M Na,SOy4; potential scan rate, 5 mV s~'. Inset: cyclic
variations of the electrocatalytic currents upon reversible
photochemical transformation of the quinone from the 2a
state to the 2b state and back. Electrocatalytic currents
correspond to the current difference of the system in the
presence and absence of the substrate

atpH 7.0is E° = —0.62V vs SCE.Thisredoxpotentialis

pH-controlledandat lower pH valuesthe redoxpotential
of themonolayeiis shiftedpositively.Forexampleat pH

5.0 the redox potential of the quinoneis shifted to

E>=-0.51 V vs SCE. In the presenceof a redox
substratdn the electrolytesolution, exhibiting a reduc-
tion potentialthat is more positive than the monolayer
redox potential, vectorial electrontransferat the mono-
layer interfacewill proceed(Scheme4). As the direct
electricalcontactof the redoxprobeandthe electrodeis

blockedby the denselypackedmonolayer,the quinone-
mediatedreduction of the redox probe representsan

electrocatalytiqpprocessandprovidesa meango amplify

the electricalfeaturesof the monolayerinterface?®

0 1998JohnWiley & Sons,Ltd.
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The amplification of the electrochemicatesponseof
the phenoxynaphthacerguinonemonolayerwas exam-
ined by the application of N,N'-dibenzyl-4,4-bipyridi-
nium salt, BV=" (3), asa redoxprobein the electrolyte
solution,(Schemet). Theredoxpotentialof BV>" is pH
independent,E° =—-0.58 V vs SCE. Therefore, the
mediatedreductionof BV?" by the quinonemonolayer
canbe controlledby the pH of the electrolytesolutionas
detailedin Scheme5. At pH 7.5, the phenoxynaphtha-
cenequinonemonolayeris thermodynamicayl capable
of electrocatalyzingthe reduction of BV?", whereas
acidification of the electrolyte solution to pH 5.0
generatesa redox-active monolayerthat is unable to
catalyzethe reductionof BV2*. Thatis, the reductionof
BV2" by the phenoxynaphthacenaonolayerelectrode
can be blocked by two different signal inputs: (i)
photoisomerizationof the monolayer to the ‘ana’-
guinone state and (ii) acidification of the electrolyte
solutionto pH 5.0. Figure5 showsthe cyclic voltammo-
gram of the phenoxynaphthacenguinone monolayer
electrodeatpH 7.5withoutaddedBV*" to theelectrolyte
solution (curve a) and in the presenceof addedBV*"
(curveb). Addition of BV2" resultsin anelectrocatalytic

Transduced

current
- — — —

()
w|f—O®
—®

Scheme 7. Photochemically controlled electrochemical
oxidation (or reduction) of positively and negatively charged
electroactive probes at a photoisomerizable monolayer-
modified electrode
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Scheme 8. Assembly and photoisomerization of a nitrospiropyran (5) monolayer. Charge-controlled electrochemical oxidation

of DPAA (4) at the photoisomerizable interface

cathodiccurrentat the redox potential characteristicof
thequinonemonolayerTheseresultsclearlyindicatethat
the quinonemonolayeractsas electrocatalyticinterface
for the mediated,vectorial reductionof BV2". Photo-
isomerizatiorof the monolayemetweer305and320nm
to the ‘ana’-quinonestatewith addedBV?" resultsin the
electrochemicalesponseshownin Fig. 5, curve c. No
electrical responseis observed, implying that the
electrocatalyzedeductionof BV?" is blocked and the
monolayeritself is redox-inactive Photoisomerizatioof
the ‘ana’-quinonemonolayerto the phenoxynaphthacene
guinoneconfigurationrabove430nm restoreghe electro-
catalyzedreduction of BV?" to the respectiveradical
cation, BV*. By the cyclic photoisomerizatiorof the
monolayer betweenthe phenoxynaphthacengquinone
and ‘ana’-quinonestates,reversibleamplified ampero-
metric transductiornof the photonicsignalsthat activate
the monolayerelectrodeis accomplishedFig. 5, inset).
The electrochemicalesponseof the photoisomerizable
monolayerlectroddn thepresencef BV>" atpH 5.0is
displayedin Fig. 5, curve d. The phenoxynaphthacene
quinone electrodeby itself showsa positively shifted
cyclic voltammogram Addition of BV" doesnot yield
any electrocatalyzedreduction of BV?" (curve d),
implying that at this pH the quinone monolayerdoes
not mediatethe reductionof BV?". Photoisomerization
of the monolayerto the ‘ana’-quinonestateblocks the
electricalresponsef the electrodeitself.

The systemfor the amplified amperometridransduc-
tion of optical signalsrecordedby the photoisomerizable
quinone monolayer electrode, and BV?" acting as

0 1998JohnWiley & Sons,Ltd.

electron sink, mimics functions of a logic ‘AND’
electronicgate (Schemeb). Suchan electroniccircuit is
activated only upon the simultaneousinput of two
electronicgatingsignals.Thesimilaritiesof thefunctions
of the monolayerelectrodeto suchan‘AND’ electronic
gate are easily visualizedby initiating the photostimu-
lated electrobiocatalyzedeductionof BV, using the
‘ana’-quinonemonolayerelectrodeat pH 5.0. Applica-
tion of apotentialcorrespondingo E° = —0.62V vs SCE
to theelectrodedoesnotyield thereductionof BVZ", and
no electrocatalyticcathodiccurrentis observed Light-
inducedisomerizationof the monolayerto the naphtha-
cene quinone state does not stimulate the electrocata-
lyzed reductionof BV?" sincethe pH of the mediumis
acidic. Photoisomerizationto the quinone state and
adjustmenbf the pH to 7.5 switch on the two gatesand
electrocatalyzedeductionof BV?" proceedsOpening
any of thesegatesblocksthe reductionof BV2" andthe
transducedimperometricsignal.

A NITROSPIROPYRAN MONOLAYER-
FUNCTIONALIZED ELECTRODE: A COMMAND
SURFACE FOR CONTROLLING INTERFACIAL
ELECTRON TRANSFER

A different approachto transduceelectrochemically
photonic signals recordedby a photosensitivemono-
layer-functionalizectlectrodenvolvestheapplicationof
a photoisomerizablenonolayerelectrodeasa command
surfacefor the controlled interfacial electron transfer
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Figure 6. Cyclic voltammograms at the photoisomerizable 5
monolayer-modified Au electrode in the presence of
5 x 10”4 M DPAA: (a) in the presence of SP-state monolayer
produced by illumination (>495 nm) and (b) in the presence
of MRH™ state monolayer produced by irradiation (320-350
nm). Background electrolyte, 0.02 M phosphate buffer (pH
7.0); potential scan rate, 200 mV s '. Inset: reversible
transduction of anodic currents by the photoisomerizable
monolayer electrode, extracted from cyclic voltammograms
of DPAA at £=470 mV vs SCE: (@) SP state; (M) MRH™ state

(Scheme7). The photoisomerizablemonolayer asso-
ciated with the electrodeundergoedight-induced iso-

merization betweena neutraland a positively charged
state.A negativelychargedredox probe,R™, is usedto

transduceelectrically the photochemicateactionoccur-
ring at the monolayerinterface.In the neutralstate,no

electricalinteractionbetweerthe electrodeandtheredox
probe exists. The electrical responseis diffusion

controlledandeventuallyassociatedvith kinetic barriers.
Photoisomerizatin to the positively charged photoi-

somer monolayer state results in the electrostatic
attractionof the redox probe. The concentratiorof the

redox probe at the electrode surface improves its

electrical contact,and a high amperometriacesponseof

the electrodeis expected.

This approachwasmaterializedby the organizatiorof
anitrospiropyrarphotoisomerizablenonolayeronanAu
electrode and the application of the interface as a
photosensitive command surface for the controlled
interfacial oxidation of dihydroxyphenylaetic acid
(DPAA) (4)?’ to the respectiveo-quinone. The photo-
isomerizablemonolayerwas organizedby the immobi-
lization of mercaptobutylnitrospapyran (5) on an Au
electrode (Scheme 8). The monolayer-funtonalized
electrode exhibits reversible photoisomerizationand
UV irradiation of the neutralnitrospiropyranmonolayer
state between 320 and 350nm, yields, in aqueous
solution (pH 7.0), the protonated nitromerocyanine,
positively charged,monolayer,whereasillumination of
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Figure 7. Cyclic voltammograms at the 5 monolayer-
modified Au electrode after its irradiation (320-350 nm) in
the presence of 5 x 107*M DPAA: (a) pH 7.0; (b) pH 9.2.
Background electrolyte, 0.02 M phosphate buffer (pH 7.0 or
9.2); potential scan rate, 200 mV s~'. Inset: reversible
transduction of anodic currents as a function of pH,
elucidated from cyclic voltammograms of DPAA at £=300
mV vs SCE: (@) pH 7.0; (l) pH 9.2

the latter interface with visible light above 495nm
regeneratethe nitrospiropyrarmonolayerstate Electro-
static attractionof DPAA (4) to the positively charged,
protonatedchitromerocyaninds expectedo enhancehe
electrooxidationof the substrateowing to its concentra-
tion at the electrodesurface.Figure 6 showsthe light-
stimulatedelectricalresponsesf DPAA in the presence
of the photoisomerizablenonolayerelectrode With the
neutralnitrospiropyrarmonolayer aweakamperometric
responses observedcurve a) whereagphotoisomeriza-
tion of themonolayetto the protonatechitromerocyanine
yieldsanenhance@mperometricesponsécurveb). The
accelerated,irreversible oxidation of DPAA at the
positively chargedmonolayerinterfaceis attributedto
the electrostaticattractionof the electroactivesubstrate
by the functionalizedelectrode leadingto a high local
concentratiorof the redoxsubstrateat the interface.By
cyclic photoisomerizatiomf the monolayerbetweenthe
neutraland positively chargedstates,the amperometric
response®f the electrodeare switched betweenhigh
(‘On’) andlow (‘Off") values(seeinset,Fig. 6). Hence,
the photonic information recordedby the monolayer
generatesn active interfacefor controlling the electro-
chemical processesof chargedredox speciesat the
electrodeinterface. Oxidation of DPAA by the proto-
natednitromerocyanie monolayerelectrodeprovidesa
meansfor the amperometridransductionof the optical
signal that activatesthe respectiveisomer state of the
monolayer.

The protonationof the nitromerocyanme monolayer
interface is controlled by the pH of the electrolyte
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Scheme 9. pH-controlled electrochemical oxidation of DPAA
(4) at a nitrospiropyran, (5) monolayer photoisomerizable
electrode

solution. At pH > 8.6, the nitromerocyanineexistsin a
neutral, zwitterionic, state and thus the electrostatic
attractionof DPAA to the electrodesurfaceis perturbed.
Figure7 showsthe cyclic voltammogrars of DPAA (4)
in the presencef the nitromerocyaninatpH 7.0and9.2

(curvesa and b, respectively).Note that the ampero-
metricresponsef thenitromerocyaninenonolayerat pH
9.2 is low and shifted to more negative potentials
comparedwith the electrical responseof DPAA with
the nitromerocyaninemonolayerat pH 7.0. The ampero-
metric responseof the nitromerocyaninemonolayer-
electrodeat pH 9.2 is almostidentical to the ampero-
metric responseof DPAA in the presenceof the
nitrospiropyrarmonolayer-electrodat pH 7.0 (compare
curvea, Fig. 6 andcurveb, Fig. 7). Theseresultsimply
that the nitromerocyanine exists at pH 9.2 as a
zwitterionic, betainemonolayerthat doesnot attractthe
redoxprobeto theelectrodesurface The negativeshift of
theoxidationcurrentof DPAA on changinghepHt0 9.2
is consistentvith thefact thatelectrooxidatiorof 4 is pH
dependent,and its oxidation potential is negatively
shifted in basic aqueousenvironments.The feasibility
of controlling the electrical featuresof the monolayer
associatedvith the electrodeby two physicalinputs,i.e.
photonicand pH signals,allows us to designwith this
photoisomerizablanonolayera gated‘AND’ optoelec-
tronic system.The systemrestsin the nitrospiropyran
monolayerstate pH 9.2.In the presencef DPAA, alow
amperometriacesponseas observedas the redox probe
doesnotinteractwith themonolayer Photoisomerization
of the monolayerto the nitromerocyaninestatedoesnot
alter the magnitudeof the electricalresponsesincethe
monolayerexistsin a zwitterionic state.Acidification of
the electrolytesolutionto the protonatednonolayerstate

c-GMP
(neurotransmitter)

Scheme 10. Schematic functions of the vision process
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Scheme 11. Photochemically controlled electron transfer
communication of Cyt ¢ with the nitrospiropyran (5)
photoisomerizable monolayer electrode

resultsin the effective electrooxidationof DPAA anda
high current transduction.Alternatively, the high am-
perometricresponsecan be achievedby adjustingthe
electrolyte solution to pH 7.0 followed by photoiso-
merizationof the nitrospiropyranmonolayetto the nitro-

merocyaninemonolayer state. That is, the nitrospiro-
pyranmonolayerelectrodeat pH 7.0 is activatedfor the
electrochemicabxidation of DPAA only uponapplica-
tion of thetwo complementargignals:(i) transformation
of the pH from 9.2 to 7.0 (Scheme 9) and (ii)

photoisomerizationof the nitrospiropyran monolayer
stateto the nitromerocyanineonfiguration(Schemes).

A PYRIDINE-NITROSPIROPYRAN MIXED
MONOLAYER ELECTRODE: A COMMAND
INTERFACE FOR PHOTONIC CONTROL OF THE
ELECTRICAL CONTACT OF CYTOCHROME ¢
WITH THE ELECTRODE

Thevision processepresents biological optoelectronic

systemwherelight signalstranslatanto neuralresponses.

N
g N —C N NH,
S —QN
Au —
S @N

S\ NH, * ST—CN

Au 10% 90 %

water / ethanol=1: 5

Scheme10 shows schematicallythe featuresof the
natural process.The 11-<is retinal chromophoreem-
beddedin the protein, undergoedight-inducedisomer-
ization to the all-transchromophore.The structural
photoisomerizationof the chromophorestimulates a
configurationalchangein the surroundingprotein, that
leadsto the formation of a binding site for protein G.
Associationof protein G with the protein activatesan
enzymecascadethat generateghe neurotransmitteic-
GMP, which in turn activates the neural response.
Relaxation of the chromophoreto the 11<is state
dissociateproteinG andthe enzymecascadéhatyields
¢c-GMPis blocked.This evolutionarydevelopediologi-
cal optoelectronicsystemincludesseveralelementshat
need to be addressedin order to develop future
optobioelectronienimetic systems(i) Thechromophore
stimulatesa structuralchangen the surroundingprotein.
Thisis accompaniethy theformationof abindingsitefor
proteinG. Thatis, theproteinstructures triggeredby the
photoisomerizablechromophoreto yield a command
interfacefor the binding and dissociationof protein G.
(i) Activation of the enzyme cascadeby protein G
providesa meandor the biocatalyticamplificationof the
binding interactionsbetweenprotein G and the protein
associationsite. (iii) The systemrelaxesrapidly to its
original state, thereby restoring the optical sensor
assembly.

We have designedan artificial approachto tailor
systemghatmimic functionsof thenativevision process.
One of these systemsis basedon the hemoprotein
cytochromec (Cyt c), which participatesin a variety of
mediated electron transfer processesin biological
system&® The Fe(Il)/Fe(lll)-protoporphymi IX redox
centeris embeddedn a low molecularweight protein
assembly(MW, ~12300), and is electrically insulated
for direct electrical communication with electrode
surfaces.Application of special conductive supports,
e.g. glassycarbort® or an In,O5 electrode®® or surface
modificationof electrodeswith promoterunits*>~>3such
aspyridine 2***thiophené® orimidazole’’ werereported
to enhancehe electrical contactbetweenCyt ¢ andthe
electrodelt wassuggestethatassociatiorof Cyt c to the
promotersubstratalignstheproteinredoxcenterelative
to the electrode sothatshortelectrodetransferdistances
areattained For example Cyt ¢ wasfound® to bind to a
thiolpyridine monolayerassociateavith anAu electrode,

o 3 (MRH)*
HO-C~/"N g::

[0}
W + CH;
o~ NHC~"N, cn

&) OH _
N OH
0,N Aul}]Ss _C /@/
» = O,N
ethanol + EDC S_CN

Scheme 12. Organization of photoisomerizable nitrospiropyran—pyridine mixed monolayer electrode
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Figure 8. Cyclic voltammograms of Cyt ¢ (1 x 107%Mm)
recorded at a potential scan rate of 50 mV s~ in 0.1Mm
Na,SO4 and 0.01 M phosphate buffer (pH 7.0): (a) in the
presence of the SP—pyridine mixed monolayer electrode; (b)
in the presence of the MRH*—pyridine mixed monolayer
electrode. Inset: cyclic amperometric responses of Cyt ¢ in
the presence of the different photoisomer states of the
monolayer electrode

Af [/ Hz
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Figure 9. Time-dependent frequency changes of a pyridine—
nitrospiropyran-functionalized Au quartz crystal (9 MHz)
upon interaction with Cyt ¢ (@) 1x108m; (b)
1 x 107> M. Measurements performed in 0.1 M phosphate
buffer (pH 7.0)

Ka=8.5x 103M~*. The affinity interactionsexisting
betweerCyt c andapyridinemonolayerandthefactthat
Cyt c is a positively chargedprotein at neutral pH,
pl =10.0, were usedto organizean optobioelectronic
assemblySchemel1). A mixed monolayerconsistingof
thiolpyridineandnitrospiropyrarunitswasassembledn
an Au electrode Associationof Cyt ¢ with the pyridine
binding sites yields electrical communicationbetween
thehemoproteirandtheelectrode Photoisomerizatin of
the monolayerto the pyridine-protonatednerocyanine
mixed monolayerstate generatesa positively charged
interface. This perturbsthe associationof Cyt c to the
monolayerowing to electrostatiaepulsionof the protein
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Figure 10. Cyclic frequency changes of the nitrospiropyran—
pyridine photoisomerizable mixed monolayer functionalized
Au quartz crystal in the presence of Cyt c(1 x 10~%m) upon
reversible photoisomerization of the electrode between the
nitrospiropyran (SP) and protonated merocyanine (MRH™)
monolayer states. Measurements performed in 0.1 M phos-
phate buffer (pH 7.0)

from the pyridine sites.Schemel2 showsthe synthetic
methodfor assemblinghe thiolpyridine—nitraspiropyran
monolayer electrode. The primary step involved the
assemblyof the thiolatedpyridine and cystaminemixed
monolayerfollowed by covalentcouplingof N-carboxy-
ethylnitrospiropyran(5) to the monolayer.

Figure 8 shows the cyclic voltammogramsupon
photoisomerizationof the mixed monolayerelectrode
in the presencef Cyt c. In the presencef the pyridine—
nitrospiropyranaquasi-reversibleedoxwaveof Cyt c at
E°=+40.01 V vs SCE is observed(curve a). This
electrical responseis attributed to effective electrical
communicatiorbetweerthe hemesite andthe electrode,
owingto theaffinity bindingof Cyt c to thepyridinesites.
Photoisomerizatiorof the monolayerto the pyridine—
protonatechitromerocyanindlockstheelectricalcontact
betweerCyt c andtheelectrodgcurveb). Thisoriginates
from the electrostatic repulsion of Cyt ¢ from the
positively chargedmonolayerinterface. Cyclic photo-
isomerizationof the monolayerelectrodebetweenthe
nitrospiropyranand protonatednitromerocyaninestates
resultsin photoswitchablelectricalcontactbetweerthe
hemoproteirandthe electrode(Fig. 8, inset).Hencethe
photostimulatedstructural isomerizationof the mono-
layerinducesthebindinganddissociatiorof Cyt c to and
from theinterface processethatarebeingtransducedby
the amperometricresponse®f the modified electrode.
Thelight-controlledassociatioranddissociatiorof Cyt c
to andfrom the photoisomerizablenonolayemimic the
affinity interactionfunctionsexistingbetweenprotein G
andthe retinal proteinin the vision process.

Further support for the binding of Cyt ¢ to the
pyridine—nitrospirgpyranmonolayermndphotostimulated
associationand dissociationof the hemoproteinto and
from the monolayeris obtainedfrom microgravimetric
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Scheme 13. Coupling of photochemically controlled electrical interactions of Cyt c with the nitrospiropyran photoisomerizable
monolayer to the biocatalyzed reduction of O, by cytochrome oxidase (COx)

quartz crystal microbalancemeasurement® The reso-
nance frequency of piezoelectric quartz crystals is
controlled by, among various other parameters,the
crystalthicknesg(or its mass).A masschangeoccurring
on the quartz crystal inducesa frequencychange,Af,
expressedby the Sauerbreyequation?°

2

Af = (’\];pq)Am_ —CAm (1)

wherefy is the basicfrequencyof the crystal, pq is the
densityof quartzandN is the frequencyconstantof the
crystal. For quartz crystals of basic frequency corre-
spondingto 9 MHz, the value of C; is 1.83x 10 Hz
g *cm? Hencean increasein the crystalmass,i.e. by
associatiorof Cyt c with thecrystal,is expectedo yield a
decreasén the crystalfrequency whereasa decreasen
the crystalmassresultingfrom the dissociatiorof Cyt c,
shouldyield anincreasdn the crystalfrequency.
Quartz crystals (ca 9MHz) that include two Au
electrodesvereusedasthe interfacefor the microgravi-
metric analysisof the interactionsof Cyt ¢ with the
photoisomerizablanonolayer.The Au electrodeswere
modifiedwith a pyridine—nitr@gpiropyranmonolayer,as
outlined in Scheme12. Figure 9 shows the crystal
frequencychangen interactionwith different concen-
trationsof Cyt c in the bulk solution. The decreasén the
crystalfrequencyimplies anincreasdn the crystalmass
asaresultof the associatiorof Cyt ¢ with the pyridine
units of the monolayerassembly.The time-dependent
frequencychangesof the crystal upon interactionwith
Cyt ¢, representhekinetics of associatiorof Cyt ¢ with
the monolayer. The changein the crystal frequency
increasessthe bulk concentratiorof Cyt c is elevated.
The frequencychangeobservedat a bulk concentration
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of Cyt ¢ correspondingo 1 x 10 >m (Fig. 9, curve b)

representsthe saturation of the monolayer by the

hemoprotein.From the total frequencychangeof the

crystal, and using Eqn (1), we calculate the surface
coverageof Cyt ¢ on the Au electrodeto be 9 x 1012

mol cm 2. This experimentaburfacecoverageof the Au

supportby Cyt c is in agreementwith the theoretical
value of a randomly denselypackedCyt ¢ layer. The

diameterof the Cyt c moleculeis 0.38 x 10~ cm, which

translatego anareaprojectionof 1.13x 10 *3cn?, and
a surfacecoverageof a denselypackedmonolayerthat

correspondsto 1.47x 10 ** molcm™2. A randomly
densely packed protein monolayer of a protein was
estimatedo revealca 60% of the surfacecoverageof an

organized,aligned protein layer. Hencethe calculated
coverageof the randomlydenselypackedmonolayerby

Cytcis 9 x 10 *? avaluethatis in agreementvith the

experimentalsurface density. Control experimentsre-

vealedthat no frequencychangeof the crystal occurs
uponinteractionof the pyridine—protonatedherocyanine
monolayer-functionized crystal with Cyt c. These
results imply that Cyt c is not associatedwith this

photoisomer-statef the monolayer.

Thecyclic associatioranddissociatiorof Cyt ¢ to and
from the pyridine-photoisomerizale monolayercan be
followed by microgravimetric,quartz crystal microba-
lancetransduction(Fig. 10). Interactionof the pyridine—
nitrospiropyran monolayer-functionalizedcrystal with
Cyt c vyields a decreasein the crystal frequency.
Photoisomerizatiorof the monolayerto the protonated
nitromerocyaninefollowed by rinsing of the crystal
resultsin theoriginal basefrequencyof the crystalthatis
not affectedby the additionof Cyt c. Photoisomerization
of the monolayer to the nitrospiropyran state is
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Figure 11. Cyclic voltammograms of Cgt c (1 x 107* M) and
cytochrome oxidase (COx), (1 x 10 recorded at a
potential scan rate of 2 mV s 1 in 0.1 M NaZSO4 and 0.1 ™
phosphate buffer (pH 7.0): (a) in the presence of O, (air) and
the SP—pyridine mixed monolayer electrode; (b) in the
presence of O, (air) and the MRH*—pyridine mixed mono-
layer electrode; () in the absence of COx and in the presence
of O, (air) with the SP—pyridine monolayer electrode. Inset:
cyclic amperometric responses of the photoisomerizable
monolayer electrode in the presence of Cyt --COx-0,

accompaniedy a frequencydecreasehat indicatesthe
binding of the hemoproteinto the crystal interface.By

cyclic photoisomerizatiomf the monolayerbetweenthe
two states,the associationof Cyt ¢ with the pyridine—
nitrospiropyranmonolayerandthe dissociationof Cyt ¢

from the pyridine—protonatechitromerocyaninejs re-
versibly senseddy the piezoelectricsignal. It shouldbe
notedthatphotoisomerizatiomf the monolayerinterface
to the pyridine—nitrospirpyran state does not yield

similar frequencychangesAf, in the differentirradiation
cycles. This is attributed to experimentaldifficulties
associateavith the precisere-positioningof thecrystalin

the cell after eachillumination cycle that is performed
outsidethe cell.

AMPLIFIED AMPEROMETRIC TRANSDUCTION
OF OPTICAL SIGNALS RECORDED BY A
PYRIDINE-NITROSPIROPYRAN MONOLAYER
ELECTRODE IN THE PRESENCE OF
CYTOCHROME c-~CYTOCHROME OXIDASE

Photostimulatedssociatiorand dissociationof Cyt ¢ to
thepyridine—nitrospiropyanmixedmonolayemimic the
primary interactionsof protein G with rhodopsin.The
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Figure 12. Time-dependent frequency changes of the
nitrospiropyran—pyridine mixed monolayer Au quartz crystal
(AT-cut, 9 MH2) upon interaction with Cyt ¢ (1 x 10~ > M)
and COx (1 x1077M). Arrows indicate the time of
introduction of Cyt ¢ and COx, respectively. Measurements
were performed in 0.1 M phosphate buffer (pH 7.0). Cell
solution that included Cyt ¢ was replaced and the electrode
was washed with the phosphate buffer prior to the
introduction of COx

photoswitchableelectrical contact of Cyt ¢ with the
electrodetransduceshe photonicsignalrecordedby the
monolayer yet the transducedignalis not an amplified
output. To designthe amplificationelement,a catalytic
chemicaleventthat turns over the electrical contactof
Cyt ¢ with the electrodeis needed.As Cyt c actsas
electronmediatorin avariety of enzyme-catalyzetedox
transformation§?** such an amplification route seems
feasible. This will be describedhere with the photo-
switchable,Cyt c-mediated,electrobiocatalyzededuc-
tion of molecular oxygen using cytochrome oxidase,
COx. The pyridine—nitrospirpyranmonolayerelectrode
shownin Schemed wasusedasthe commandinterface
that controls the electrical contact with Cyt c. The
hemoproteinvasusedaselectronmediatorthat controls
the COx-biocatalyzedreduction of O, (Schene 13).
Figure 11 shows the cyclic voltammogramsof the
pyridine—nitrospirpyran monolayer electrode in the
presenceof Cyt c-COx—G (curve a). Control experi-
mentsrevealedhatno electrocatalyticathodiccurrentis
obtainedin theabsencef Cyt ¢, COx or oxygen.Hence
the high electrocatalyticcathodic current implies the
effective Cyt c-mediated reduction of O, by COx.
Photoisomerizatiorof the monolayerto the pyridine—
protonatednitromerocyaninestate resultsin the cyclic
voltammogranshownin Fig. 11, curve(b). Theelectrical
responsds completelyblocked,implying that perturba-
tion of the electrical contact betweenCyt ¢ and the
electrodeeliminatesthe COx-biocatalyzedeductionof
O.. Figure 11, compareghe electricalresponsef Cyt ¢
alone in the presenceof the pyridine—nitrospiropyran
monolayerlectrodgcurvec) to theamperometrioutput
observedn this systemuponadditionof COx—0,, (curve
a). Clearly, addition of the COx biocatalystand oxygen
amplifies the amperometricresponseof the functiona-
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lized electrode The pyridine—nitrospirpyranmonolayer
electrodefacilitatesthe electricalcontactbetweenCyt ¢
and the electrode by associationof Cyt ¢ with the
pyridine sites.Cyt c-mediatedelectrontransferto COx
inducesthe biocatalyzedreductionof O,. The electron
transfer from the hemoproteinto COx regenerates
oxidized Cyt c. As the electrode-associetl oxidized
Cyt cis furtherreducedthe electrontransferto a single
Cytclayeristurnedoverby thebiocatalyzedeductionof
0,. This yields an amplified amperometricesponseof
the electrode (Schemel13). Photoisomerizatiorof the
monolayerto the pyridine—protonatednerocyaninestate
resultsin the dissociationof Cyt ¢ from the monolayer
interface.ThisblockstheelectricalcontactbetweerCyt c
and the electrode and inhibits the COx-biocatalyzed
reductionof O, (Schemel3). By reversiblephotoisome-
rization of the monolayerbetweenthe pyridine—nitros-
piropyran and pyridine—protonatednitromerocyanine
states, cyclic amplified amperometrictransductionof
the optical signalsrecordedoy the monolayeris achieved
(inset, Fig. 11). The photostimulatedCyt c-mediated,
COx-bioelectrocatgzed reduction of oxygen in the
presenceof the photoisomerizablemonolayer mimics
the basic elementsof the vision process.The photo-
inducedassociatioranddissociatiorof Cyt c to andfrom
the monolayerduplicatesbinding and displacemeniof
protein G to andfrom the protein of the vision system.
The Cyt c-mediatedelectrontransferto COx, and the
activation of the biocatalyzedreductionof O, in the
presenceof the pyridine—nitrospiropyranmonolayer,
mimic the functions of protein G-activated enzyme
cascaden the vision process.

A furtheraspecthatshouldbe addressedelatesto the
protein—proteirinteractionsbetweenCyt ¢ and COx that
leadto themediatecelectrontransferandthereductionof
O,. Microgravimetric, quartz crystal microbalanceex-
periments revealed the formation of a Cyt c—COx
complex at the photoisomerizablemonolayer. The
pyridine—nitrospirpyran mixed monolayer was as-
sembledon Au electrodesssociatedvith a piezoelectric
quartzcrystal(9 MHz). Theelectrodenasinteractedwith
Cytc (1 x 10 *m) andadecreasef Af ~ —40Hz in the
crystal frequencywas observed(Fig. 12). The Cyt c-
functionalized monolayer was then interacted with
1x 10 "M COx, which yielded a further decreasen
the crystal frequencyof Af ~ —75Hz (Fig. 12). Using
Eqgn (1) andthe molecularweight of COx (ca 200000),
the surface coverage of the monolayer by COx
correspondso ca 5.8 x 10 **mol cm~2. Control experi-
mentsrevealedthat neitherCyt ¢ nor COx inducedany
frequencychangeof the crystal in the pyridine—proto-
natedmerocyaninestate Also, photoisomerizatiof the
pyridine—nitrospirpyran monolayer assembledon the
crystal with the Cyt c—COx complexto the pyridine—
nitromerocyaninestateresultsin the restorationof the
initial crystal frequency, indicating that the protein—
protein complex was dissociatedfrom the monolayer

0 1998JohnWiley & Sons,Ltd.

interface. Theseresultsclearly indicate that a complex
betweenCOxandCyt c is formedonthe basemonolayer
of pyridine—nitrospiropyranThis complex presumably
leadsto shortdistancedetweerthe hemecenterof Cyt c
andthe redoxsitesof COx. The electricalcontactof the
heme site and the electrode facilitates the electron
transferto COx within the complexassembly.

CONCLUSIONS AND PERSPECTIVES

This paperhas addressedhe chemical architectureof
two-dimensionabhotoisomeriable monolayerson con-
ductive supports. The photoisomerizablemonolayers
were applied as light-triggered‘commandsurfaces’for
controlling redox processe®f molecularand biomole-
cular substratesat the monolayerinterface. The photo-
switchable redox processesat the functionalized
electrodegedto theamperometri¢ransductiorof optical
signalsrecordedby themonolayer Couplingof thelight-
triggered redox reactionswith secondaryelectrocata-
lyzedchemicaltransformationgrovidesagenerameans
for the amplified amperometric transduction of the
photonicsignals.

Dual activation of functionalizedmonolayersby two
different physicochemicakignalsallows the design of
gated molecular and biomolecular electronic systems.
The presentaccounthasaddressedhe use of photonic
andpH input signalsthat control the redoxfeaturesand/
or the electricalpropertiesof the monolayersWith these
systems, gated ‘AND’ molecular logic gates were
tailored. Other moleculargatessuchas‘OR’, ‘OR’ and
‘AND’ could be designedby analogousapproaches.

The molecularand biomolecularoptoelectronicsys-
temsdescribecherearenano-structuretivo-dimensional
moleculararrays. The systemsare triggeredby optical
signals and transduceelectrically the recordedinput.
Significantadvancesave beenaccomplishedn recent
yearsin the micro-patterningpf surfaceswvith monolayer
assembliesAlso, nanoscalerradiation of microscopic
domainswas achievedby the applicationof near-field
scanningoptical microscopy(NSOM), and imaging of
the optically treated domainsis feasible by various
scanning probe microscopic techniques(AFM, STM,
etc.). It is a future challengingscientific effort to apply
thesetechniqueso manipulategphotosensitivenonolayer
arrays for densestorageof photonic information and
nanoscaleviring of molecularelectronicgates.

Acknowledgment

This researchwas supported by the Israel Science
Foundation.

JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11, 546-560(1998)



560

I. WILLNER, A. DORONAND E. KATZ

REFERENCES

1.

2.
3.

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.

20.

0 1998JohnWiley & Sons,Ltd.

F. L. Carter,R. E. SiatkowskyandH. Woltjien (Eds).Molecular
Electronic Devices Elsevier,Amsterdam(1988).

J.M. Lehn. Angew.Chem. Int. Ed. Engl. 27,90 (1988).

J. M. Lehn (Ed.). SupramolecularChemistry.VCH, Weinheim
(1995).

.M. R. Wasielewski,M. P. O'Neil, D. Gosztola,M. P. Niemczyk

andW. A. Svec.Pure Appl. Chem.64,1319(1995).

. P.Ball andL. Garwin.Nature(London)355,761(1992).
. L. FabbrizziandA. Poggi.Chem.Soc.Rev.24, 197 (1995).
. K. E. Drexel (Ed.). NanosystemsMolecular Machinery, Manu-

facturing and Computation Wiley, New York (1992).

. L. F. Lindoy. Nature (London)364,17 (1993).
. C. A. Mirkin andM. A. Ratner.Annu.Rev.Phys.Chem.43,719

(1992).

N. P.M. HuckandB. L. FerringaJ. Chem.Soc.,Chem.Commun.
1095(1995).

S. H. Kawai, S. L. Gilat andJ. M. Lehn. J. Chem.Soc.,Chem.
Communl1011(1994).

S. L. Gilat, S. H. Kawai andJ. M. Lehn. Chem.Eur. J. 1, 275
(1995).

S.H. Kawai, S.L. Gilat, R. PonsinendJ.M. Lehn.Chem Eur. J.
1,285(1995).

J. Daub,C. Fischer,J. SalbeckandK. Ulrich. Adv. Mater. 3, 366
(1990).

K. Morigaki, Z. Liu, K. Hashimotoand A. Fujishima.J. Phys.
Chem.99, 14771(1995).

Z. Liu, K. HashimotcandA. Fujishima.Nature(London)347,658
(1990).

K. T. Ranjit, S. Marx-Tibbon |. Ben-Dov, B. Willner and I.
Willner. Isr. J. Chem.36, 407 (1996).

S.Marx-Tibbon,l. Ben-Dovandl. Willner. J. Am.Chem Soc.118,
4717(1996).

M. Lahay, K. T. Ranjit, E. Katz andl. Willner. Chem.Commun.

259(1997).
I. Willner and S. Rubin. Angew.Chem.,Int. Ed. Engl. 35, 367
(1996).

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.
34.

35.

36.

37

39.

40.

41.

M. Lion-Dagan,E. Katz and . Willner. J. Am. Chem.Soc.116,
7913(1994).

I. Willner, R. Blonder,E. Katz, A. StockerandA. F. Bickmann.J.
Am.Chem.So0c.118,5310(1996).

I. Willner, A. Doron, E. Katz, S. Levi andA. J. Frank.Langmuir
12,946 (1996).

M. Lion-Dagan,S. Marx-Tibbon, E. Katz andl. Willner. Angew.
Chem.,Int. Ed. Engl. 34,1604 (1995).

A. Doron,E. Katz, M. Portnoyandl. Willner. Angew.Chem.,Int.
Ed. Engl. 35, 1535(1996).

A. Doron, M. Portnoy,M. Lion-Dagan,E. Katz andl. Willner. J.
Am.Chem.Soc.118,8937(1996).

A. Doron, E. Katz, G. Tao and |. Willner. Langmuir 13, 1783
(1997).

M. Lion-Dagan,E. Katz and I. Willner. J. Chem.Soc.,Chem.
Comnun. 2741(1994).

S.DongandQ. Chi. BioelectrochemBioenerg.29, 237 (1992).

I. Taniguchi,H. Kurihara, K. Yoshida,M. Tominagaand F. M.
Hawkridge.Denki Kagaku60, 1043(1992).

F.A. Armstrong,H. A. O. Hill andN. J.Walton.Q. Rev.Biophys.
18,261 (1986).

F.A. Armstrong,H. A. O. Hill andN. J. Walton.Acc.Chem.Res.
21,407 (1988).

J.E. FrewandH. A. O. Hill. Eur.J.Biochem.172,261(1988).
P.M. Allen, H. A. O. Hill andN. J.Walton.J. Electroanal.Chem.
178,69 (1984).

I. Taniguchi,K. ToyosawaH. YamaguchiandK. YasukouchiJ.
Chem.Soc.,Chem.Commun1032(1982).

X. Qu,T. Lu, S.Dong,C. ZhouandT. M. Cotton.Bioelectrochem.
Bioeneg. 34, 153(1994).

. G. Li, H. ChenandD. Zhu. Anal. Chim.Acta, 319,275 (1996).
38.

M. Lion-Dagan,l. Ben-Dov and I. Willner. Colloids Surf., B:
Biointerfaces 8, 251 (1997).

D. A. Buttry. in ElectroanalytcalChemistry editedby A. J. Bard,
Vol. 17, p. Marcel Dekker,New York (1991).

H. A. O. Hill, N. J. Waltonandl. J. Higgins. FEBSLett. 126,282
(1981).

A. E. G. Cass,G. Davis, H. A. O. Hill and D. J. Nancarrow.
Biochim.Biophys.Acta 828,51 (1985).

JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11, 546-560(1998)



