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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 electrode.
Photoisomerization of the monolayer between the redox-activetrans-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-activetrans-quinone monolayer electrode to the secondary reduction ofN,N'-dibenzyl-4,4'-bipyridinium,
BV2�, provides a means to amplify the transduced current. As the redox potential of thetrans-quinone monolayer is
pH dependent, the electrocatalyzed monolayer-mediated reduction of BV2� is controlled 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 cytochromec (Cyt c) with the electrode.
In the nitrospiropyran–pyridine configuration electrical contact of Cytc and 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 of Cytc from the monolayer, and the electrical contact
of Cyt c with the electrode is blocked. Coupling of the electrically contacted Cytc and 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 dissociation of Cytc to and from
the photoisomerizable monolayer were confirmed by microgravimetric, quartz crystal microbalance analyses. The
system mimics the function of the native vision process. 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

Triggering of chemical functions by external signals and
subsequent physical transduction of the activated chemi-
cal functionality represent the basic features of intelligent
chemical assemblies (ICA). ICA provide basic elements
to design sensory systems, information storage devices,
molecular electronic systems, molecular machinery and

other signal-triggered/response chemical assemblies.1–9

To tailor ICA, the organization of molecular systems
which are triggered by external signals such as optical,
electrical, thermal, magnetic or pH, to a chemical
function, is essential. The transduction of the activated
chemical functionality can proceed by electronic, optical,
chemical or spectroscopic outputs. Several basic features
characterize ICA:

(i) Activation and deactivation of the ICA should
proceed in a cyclic, signal-controlled manner. No
component of the ICA should be depleted upon
operation.
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(ii) Theresponsetime of thesignalsensoryunit andthe
transducingsystemshouldberapidandrevealahigh
signal-to-noiseratio.

(iii) Amplified transductionof the recordedsignal and
theactivatedchemicalfunctionality is advantageous
to yield sensitiveICA. This allows theactivationof
thechemicalassemblieswith weakinputsignals,and
theamplificationof recordedinformation.

(iv) In various ICA, the capability for storageof the
recorded activating signal and the subsequent
retrievalandtransductionof the storedinformation
at any time is requested.The read-outof the stored
information followed by the erasureof the stored
data yield ICA of write–store–read–erasecapabil-
ities.

(v) Integrationof thechemicalsensoryandtransduction
elementsof theICA onasurfaceis expectedto yield
solid-statedevicesat themolecularlevel.

Scheme1 outlinesschematicallythe operationof an
optoelectronic switch, a simple ICA. A molecular
component,A, is assembledon an electrodesupport.In
this state,the molecularfunction is redox-inactiveand
thesystemis electricallymute.Photoisomerizationof A
to the molecularstateB yields a redox-activemolecular
interface, and the functionalized electrode transduces
amperometrically the recorded optical signal. Under
conditionswhere the photoisomerizedstate B is ther-
mally stable,the recordedoptical signalcanbe readout
electricallyat any time. Providedthat the functionalized
interface in state B stimulates the electrocatalyzed
reduction(or oxidation) of a substrate(S) to a product
(P),theinitial opticalactivationsignalis transducedasan
amplified electronic output due to the electrocatalytic
transformation. If the photosensitive functionalized
monolayerexhibitsreversiblephotoisomerizableproper-
ties, the back photoisomerizationof state B to A
regeneratesthe mute, redox-inactive,interface.Hence,
the systemrepresentsan ICA of write–store–read–erase
capabilities.

Photoisomerizablechemical systemsthat alter their
redox propertiesas a function of the photoisomerstate
allow theamperometrictransductionof recordedoptical
signals.10–14 Integrationof redox-activatedphotoisome-
rizable compoundswith electrodesupportsprovidesa
meansfor tailoring organizedmolecularassembliesfor
the electronic transductionof recordedoptical signals.
For example,the different redox featuresof trans- and
cis-azobenzenewereusedto organizephotoisomerizable
azobenzenemonolayerson conductivesupportsfor the
amperometrictransductionof optical information re-
corded by the monolayer interface.15,16 A different
approachto organizingmolecularoptoelectronicsystems
includesthe functionalizationof electrodeswith mole-
cular componentsthat control the associationor dis-
sociationof photoisomerizableredox-activecomponents
with the monolayer interface.17–19 For example, the
functionalizationof Au electrodeswith axanthenedyep-
donor monolayer17,18 or with a b-cyclodextrin receptor
monolayer19 permittedthephotostimulatedformationor
dissociation of supramoleculardonor–acceptorcom-
plexesor host–guestcomplexesbetweenphotoisomeriz-
ablesubstratesandthe respectivemonolayerinterfaces.

Photostimulationof biomolecularsystemsprovidesa
means to organize optobioelectronicsystems.20 The
designof integratedphotoswitchablesystemsbasedon
redox-activatedenzymesallowstheelectronicamplifica-
tion of photonicsignalsrecordedby the biomaterialvia
the bioelectrocatalyzedoxidation (or reduction)of the
enzymesubstrate.Variousmethodsto photostimulatethe
bioelectrocatalyticproperties of redox enzymeshave
been applied to organize optobioelectronicsystems.
Chemicalmodification of redox enzymes,e.g. glucose
oxidase,with photoisomerizable units and immobiliza-
tion of thephotoisomerizablebiocatalystsasmonolayers
onelectrodesyieldedphotoswitchableenzymeelectrodes
for theamperometrictransductionof photonicsignals.21

Reconstitutionof a flavoenzyme,e.g. glucoseoxidase
with a photoisomerizableFAD cofactor, led to a
photoswitchablesemi-syntheticenzyme.22 Assemblyof
thereconstitutedbiocatalystonanelectrodegeneratedan
active bio-interface for the amplified electrochemical
transductionof optical signalsthat trigger the enzyme
monolayer.Photoisomerizablemonolayersassembledon
electrodesupportswere usedas ‘commandinterfaces’
thatcontrol theelectricalcontactof redoxenzymeswith
the electrodesurface.23 In thesesystems,the photonic
signals trigger the physicochemicalpropertiesof the
monolayer,and thesecontrol the interactionsof redox
enzymesandtheresultingelectricalcontactbetweenthe
biocatalysts and the electrode. A further means to
photostimulatethebioelectrocatalyticpropertiesof redox
enzymesincludesthe applicationof photoisomerizable
electron mediators for electrical contacting of the
biocatalystredoxcenterandtheelectrode.24

This paper addressesrecent developmentsin the
organizationof molecularandbiomolecularICA. Several

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
ampli®ed by electrocatalytic reaction
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systemsthataccomplishtheelectrochemicaltransduction
of optical signalstriggeringchemicalfunctionalitiesare
described.The relationof optically stimulatedchemical
assembliesto solid-stateelectronic devices is empha-
sized.

A PHENOXYNAPHTHACENE QUINONE
MONOLAYER ASSEMBLED ON A GOLD
ELECTRODE: A MOLECULAR
OPTOELECTRONIC SYSTEM25

Phenoxynaphthacene quinone (1a) exhibits reversible
photoisomerizableproperties.Irradiation of 1a between
305 and 320nm, yields the rearranged‘ana’-quinone

derivative,1b. Furtherirradiationof 1b with visible light
above 430nm, regeneratesthe quinone substrate1a
(Scheme2).Thetrans-quinone,1aandthe‘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
phenoxynaphthacenequinone substrate.The quinone-
functionalizedelectrodeyields an integratedmolecular
electronicsystemfor the cyclic amperometrictransduc-
tion of recordedoptical signals.Scheme3 shows the
methodto assemblethe quinoneon the Au support.A
primary cystaminemonolayer was assembledon the
electrode and 4-carboxymethyl phenoxynaphthancene
quinone (2a) was coupled to the monolayer interface
using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC) as coupling reagent.Figure 1, curve a, shows
the cyclic voltammogramof the resulting monolayer
electrode.The electricalresponseis irreversibleandill-
defined.This is consistentwith other observationsof
irreversibleelectricalresponsesof non-denselypackedp-
conjugatedsystemsandparticularlyquinonemonolayers.
Presumably,the non-denselypackedp-conjugatedqui-
none interacts with the electrode surface, yielding
differentorientationsof theredox-activequinonerelative
to thesurface.Thedifferentquinoneorientationsresultin
different interfacialelectrontransferrateconstantsanda

Scheme 2. Photoisomerizable phenoxynaphthacenequi-
none derivatives

Scheme 3. Assembly of the phenoxynaphthacenequinone±C14SH mixed monolayer on an Au electrode and its
photoisomerization
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poorly definedredox responseof the monolayer.Treat-
ment of the quinone-functionalized electrode with
tetradecylthiol(C14SH) resultsin the electricalresponse
shownin Fig.1, curve(b).A quasi-reversibleredoxwave
of thequinoneunits,E° =ÿ0.62V vs SCEat pH 7.0, is
observed.Figure 2 showsthe changesin the quinone
redoxpotentialatvariouspH values.A linearrelationship
(slope= 56.2mV pHÿ1; Fig. 2, inset)is observedwithin
thepH range2.0–10.5,implying thattheredoxprocessof
thephenoxynaphthacenequinonemonolayercorresponds
to a two-electronand two-protontransformationprodu-
cing the corresponding hydroquinone. Coulometric
analysis of the reduction (or oxidation) wave of the

quinone monolayer indicates a surface coverage of
2� 10ÿ10 mol cmÿ2 of the redox-activecomponent.

Thetransformationof anill-definedredoxresponseof
anAu surface-confinedredoxspeciesto quasi-reversible
electrochemicalbehavior upon treatmentwith a long-
chain, hydrophobic, alkanethiol has been established
before.Long-chainthiols self-assembleon Au surfaces
andyield denselypackedtwo-dimensionalarrays.As the
phenoxynaphthacenequinonemonolayerexistsin a non-
denseconfiguration,the alkanethiolsassociatewith the
Au surface defects or pinholes. The co-associated
alkanethiol turns the monolayerinto a denselypacked
array,andthequinoneunitsarestretchedinto a rigidified
structurethatrevealsquasi-reversibleredoxfeatures.The

Figure 1. Cyclic voltammograms of (a) 2a monolayer-
modi®ed Au electrode, (b) 2a monolayer-modi®ed Au
electrode after treatment with an ethanolic solution of
C14H29SH (5� 10ÿ3

M) for 30 min, and (c) 2b monolayer-
modi®ed Au electrode obtained by photoisomerization of
the 2a monolayer-modi®ed Au electrode treated with
C14H29SH (305±320 nm). All experiments were performed
in 0.01 M phosphate buffer and 0.1 M Na2SO4 (pH 7.0);
potential scan rate, 50 mV sÿ1

Figure 2. Cyclic voltammograms of the 2a±C14SH mixed
monolayer Au electrode at different pH values: (a) 10.82, (b)
8.93, (c) 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 sÿ1.
Inset: E° vs pH dependence

Figure 3. Cyclic voltammograms of (a) K3[Fe(CN)6]
(1� 10ÿ3

M) at a bare Au electrode, (b) K3[Fe(CN)6]
(1� 10ÿ3 M) at a 2a±C14SH mixed monolayer Au electrode
and (c) a 2a±C14SH mixed monolayer Au electrode in the
absence of K3[Fe(CN)6]. Background, 0.01 M phosphate
buffer and 0.1 M Na2SO4 (pH 7.5); potential scan rate, 50
mV sÿ1

Figure 4. Cyclic variations of peak currents of the 2a±2b±
C14SH 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
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peakcurrentof the phenoxynaphthacenequinoneredox
wave is directly proportional to the scan rate (v),
consistentwith thebehaviorof a surface-confinedredox
component.The densely packed nature of the alka-
nethiol–quinone-functionalizedmonolayeris supported
by thefact thattheelectrodesupportis insulatedtowards
interfacial electrontransfer.Figure 3 showsthe cyclic
voltammogramof anFe(CN)6

3ÿ electrolytesolutionat a
bare Au electrode,curve a, and at the alkanethiol–
quinonemonolayerelectrode,curveb. While Fe(CN)6

3ÿ

exhibitsa reversibleredoxwaveat thebareelectrode,its
reductionis entirely blockedat the quinone–alkanethiol
mixed-monolayer-functionalizedelectrode.The electri-
cal contactbetweenthesolubilizedredoxspeciesandthe
electrode is blocked by the non-conductive,densely
packed, hydrophobic monolayer associatedwith the
electrode.Note that in the system,the redox response
of Fe(CN)6

3ÿ is examinedin apotentialwindowatwhich
the monolayeris electrochemically inactive.The cyclic
voltammogramof the 2a–C18SH monolayer-modified
electrodein theabsenceof Fe(CN)6

3ÿ is shownin Fig. 3,
curvec. Expansionof the potentialwindow (curvea at
potentials<ÿ0.6 V) could facilitate electrocatalyzed
reduction (or oxidation) of solution solubilized redox
species(seebelow).

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

shownin Fig. 1, curvec. Theredoxwavecharacterizing
theelectrodeis depletedandonly thebackgroundcurrent
of the electrolytesolutionis observed.Hencethe ‘ana’-
quinonemonolayeris redox-inactivewithin thispotential
range.Furtherirradiationof the‘ana’-quinonemonolayer
above 430nm regeneratesthe phenoxynaphthacene
quinonemonolayer,andits characteristicredoxresponse
is reactivated. By cyclic photoisomerizationof the
monolayerbetweenthe quinone and ‘ana’ states,the
electrical responsesof the functionalizedelectrodeare
switched on and off, respectively(Fig. 4). Hence the
phenoxynaphthacenequinonemonolayerelectrodeacts
asan active interfacefor the amperometrictransduction
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,electricaltransductionof therecorded
input. The system,however,lacksthe importantfeature
of amplification of the recorded signal. The redox
potentialof thephenoxynaphthacenequinonemonolayer

Scheme 4. Photoswitchable electrocatalytic reduction of N,N'-dibenzyl-4,4'-bipyridinium salt, BV2� (3), at the phenoxy-
naphthacene quinone±C14SH mixed monolayer electrode interface

 1998JohnWiley & Sons,Ltd. JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11, 546–560(1998)

550 I. WILLNER, A. DORONAND E. KATZ



atpH 7.0is E° =ÿ0.62V vsSCE.This redoxpotentialis
pH-controlledandat lowerpH valuestheredoxpotential
of themonolayeris shiftedpositively.Forexample,atpH
5.0 the redox potential of the quinone is shifted to
E°' =ÿ0.51 V vs SCE. In the presenceof a redox
substratein the electrolytesolution,exhibiting a reduc-
tion potential that is more positive than the monolayer
redoxpotential,vectorial electrontransferat the mono-
layer interfacewill proceed(Scheme4). As the direct
electricalcontactof the redoxprobeandtheelectrodeis
blockedby the denselypackedmonolayer,the quinone-
mediatedreduction of the redox probe representsan
electrocatalyticprocessandprovidesa meansto amplify
theelectricalfeaturesof themonolayerinterface.26

The amplificationof the electrochemicalresponseof
the phenoxynaphthacenequinonemonolayerwasexam-
ined by the application of N,N'-dibenzyl-4,4'-bipyridi-
nium salt, BV2� (3), asa redoxprobein the electrolyte
solution,(Scheme4). Theredoxpotentialof BV2� is pH
independent,E° =ÿ0.58 V vs SCE. Therefore, the
mediatedreductionof BV2� by the quinonemonolayer
canbecontrolledby thepH of theelectrolytesolutionas
detailedin Scheme5. At pH 7.5, the phenoxynaphtha-
cenequinonemonolayeris thermodynamically capable
of electrocatalyzingthe reduction of BV2�, whereas
acidification of the electrolyte solution to pH 5.0
generatesa redox-activemonolayer that is unable to
catalyzethereductionof BV2�. That is, thereductionof
BV2� by the phenoxynaphthacenemonolayerelectrode
can be blocked by two different signal inputs: (i)
photoisomerizationof the monolayer to the ‘ana’-
quinone state and (ii) acidification of the electrolyte
solutionto pH 5.0.Figure5 showsthecyclic voltammo-
gram of the phenoxynaphthacenequinone monolayer
electrodeatpH 7.5withoutaddedBV2� to theelectrolyte
solution (curve a) and in the presenceof addedBV2�

(curveb). Addition of BV2� resultsin anelectrocatalytic

Scheme 5. Light-triggered and pH-controlled electrocataly-
tic processes at phenoxynaphthacene quinone±C14SH mixed
monolayer electrode

Figure 5. Cyclic voltammograms of the 2a±or 2b±C14SH
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, BV2� (3)
(1� 10ÿ3

M) (pH 9.2); (c) `ana'-state (2b) in the presence of
N,N '-dibenzyl-4,4'-bipyridinium salt, BV2� (3) (1� 10ÿ3

M)
(pH 9.2); (d) trans-state (2a) in the presence of N,N '-dibenzyl-
4,4'-bipyridinium salt, BV2� (3) (1� 10ÿ3

M) (pH 5.0).
Background, 0.01 M phosphate buffer (pH 9.2 or 5.0) and
0.1 M Na2SO4; potential scan rate, 5 mV sÿ1. 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

Scheme 6. `AND' gate electrical scheme

Scheme 7. Photochemically controlled electrochemical
oxidation (or reduction) of positively and negatively charged
electroactive probes at a photoisomerizable monolayer-
modi®ed electrode
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cathodiccurrentat the redox potentialcharacteristicof
thequinonemonolayer.Theseresultsclearlyindicatethat
the quinonemonolayeractsaselectrocatalyticinterface
for the mediated,vectorial reductionof BV2�. Photo-
isomerizationof themonolayerbetween305and320nm
to the‘ana’-quinonestatewith addedBV2� resultsin the
electrochemicalresponseshownin Fig. 5, curve c. No
electrical response is observed, implying that the
electrocatalyzedreductionof BV2� is blockedand the
monolayeritself is redox-inactive.Photoisomerizationof
the‘ana’-quinonemonolayerto thephenoxynaphthacene
quinoneconfigurationabove430nmrestorestheelectro-
catalyzedreduction of BV2� to the respectiveradical
cation, BV�.. By the cyclic photoisomerizationof the
monolayer between the phenoxynaphthacenequinone
and ‘ana’-quinonestates,reversibleamplified ampero-
metric transductionof the photonicsignalsthat activate
the monolayerelectrodeis accomplished(Fig. 5, inset).
The electrochemicalresponseof the photoisomerizable
monolayerelectrodein thepresenceof BV2� atpH 5.0is
displayedin Fig. 5, curve d. The phenoxynaphthacene
quinone electrodeby itself showsa positively shifted
cyclic voltammogram.Addition of BV2� doesnot yield
any electrocatalyzedreduction of BV2� (curve d),
implying that at this pH the quinonemonolayerdoes
not mediatethe reductionof BV2�. Photoisomerization
of the monolayerto the ‘ana’-quinonestateblocks the
electricalresponseof theelectrodeitself.

The systemfor the amplifiedamperometrictransduc-
tion of opticalsignalsrecordedby thephotoisomerizable
quinone monolayer electrode, and BV2� acting as

electron sink, mimics functions of a logic ‘AND’
electronicgate(Scheme6). Suchan electroniccircuit is
activated only upon the simultaneousinput of two
electronicgatingsignals.Thesimilaritiesof thefunctions
of the monolayerelectrodeto suchan ‘AND’ electronic
gateare easily visualizedby initiating the photostimu-
lated electrobiocatalyzedreductionof BV2�, using the
‘ana’-quinonemonolayerelectrodeat pH 5.0. Applica-
tion of apotentialcorrespondingto E° =ÿ0.62V vsSCE
to theelectrodedoesnotyield thereductionof BV2�, and
no electrocatalyticcathodiccurrent is observed.Light-
inducedisomerizationof the monolayerto the naphtha-
cenequinonestatedoesnot stimulate the electrocata-
lyzed reductionof BV2� sincethe pH of the mediumis
acidic. Photoisomerizationto the quinone state and
adjustmentof thepH to 7.5 switchon the two gatesand
electrocatalyzedreductionof BV2� proceeds.Opening
anyof thesegatesblocksthe reductionof BV2� andthe
transducedamperometricsignal.

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

A different approach to transduceelectrochemically
photonic signals recordedby a photosensitivemono-
layer-functionalizedelectrodeinvolvestheapplicationof
a photoisomerizablemonolayerelectrodeasa command
surface for the controlled interfacial electron transfer

Scheme 8. Assembly and photoisomerization of a nitrospiropyran (5) monolayer. Charge-controlled electrochemical oxidation
of DPAA (4) at the photoisomerizable interface
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(Scheme7). The photoisomerizablemonolayer asso-
ciated with the electrodeundergoeslight-induced iso-
merizationbetweena neutral and a positively charged
state.A negativelychargedredoxprobe,Rÿ, is usedto
transduceelectrically the photochemicalreactionoccur-
ring at the monolayerinterface.In the neutralstate,no
electricalinteractionbetweentheelectrodeandtheredox
probe exists. The electrical response is diffusion
controlledandeventuallyassociatedwith kineticbarriers.
Photoisomerization to the positively charged photoi-
somer monolayer state results in the electrostatic
attractionof the redox probe.The concentrationof the
redox probe at the electrode surface improves its
electricalcontact,anda high amperometricresponseof
theelectrodeis expected.

This approachwasmaterializedby theorganizationof
anitrospiropyranphotoisomerizablemonolayeronanAu
electrode and the application of the interface as a
photosensitive command surface for the controlled
interfacial oxidation of dihydroxyphenylacetic acid
(DPAA) (4)27 to the respectiveo-quinone.The photo-
isomerizablemonolayerwas organizedby the immobi-
lization of mercaptobutylnitrospiropyran (5) on an Au
electrode (Scheme 8). The monolayer-functionalized
electrode exhibits reversible photoisomerizationand
UV irradiationof the neutralnitrospiropyranmonolayer
state between 320 and 350nm, yields, in aqueous
solution (pH 7.0), the protonated nitromerocyanine,
positively charged,monolayer,whereasillumination of

the latter interface with visible light above 495nm
regeneratesthenitrospiropyranmonolayerstate.Electro-
static attractionof DPAA (4) to the positively charged,
protonatednitromerocyanineis expectedto enhancethe
electrooxidationof the substrateowing to its concentra-
tion at the electrodesurface.Figure 6 showsthe light-
stimulatedelectricalresponsesof DPAA in thepresence
of the photoisomerizablemonolayerelectrode.With the
neutralnitrospiropyranmonolayer,aweakamperometric
responseis observed(curvea) whereasphotoisomeriza-
tion of themonolayerto theprotonatednitromerocyanine
yieldsanenhancedamperometricresponse(curveb).The
accelerated,irreversible oxidation of DPAA at the
positively chargedmonolayerinterface is attributedto
the electrostaticattractionof the electroactivesubstrate
by the functionalizedelectrode,leadingto a high local
concentrationof the redoxsubstrateat the interface.By
cyclic photoisomerizationof themonolayerbetweenthe
neutraland positively chargedstates,the amperometric
responsesof the electrodeare switched betweenhigh
(‘On’) andlow (‘Off’) values(seeinset,Fig. 6). Hence,
the photonic information recordedby the monolayer
generatesan active interfacefor controlling the electro-
chemical processesof charged redox speciesat the
electrodeinterface.Oxidation of DPAA by the proto-
natednitromerocyanine monolayerelectrodeprovidesa
meansfor the amperometrictransductionof the optical
signal that activatesthe respectiveisomer stateof the
monolayer.

The protonationof the nitromerocyanine monolayer
interface is controlled by the pH of the electrolyte

Figure 6. Cyclic voltammograms at the photoisomerizable 5
monolayer-modi®ed Au electrode in the presence of
5� 10ÿ4

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 sÿ1. Inset: reversible
transduction of anodic currents by the photoisomerizable
monolayer electrode, extracted from cyclic voltammograms
of DPAA at E = 470 mV vs SCE: (*) SP state; (&) MRH� state

Figure 7. Cyclic voltammograms at the 5 monolayer-
modi®ed Au electrode after its irradiation (320±350 nm) in
the presence of 5� 10ÿ4

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 sÿ1. Inset: reversible
transduction of anodic currents as a function of pH,
elucidated from cyclic voltammograms of DPAA at E = 300
mV vs SCE: (*) pH 7.0; (&) pH 9.2
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solution.At pH> 8.6, the nitromerocyanineexists in a
neutral, zwitterionic, state and thus the electrostatic
attractionof DPAA to theelectrodesurfaceis perturbed.
Figure7 showsthe cyclic voltammograms of DPAA (4)
in thepresenceof thenitromerocyanineatpH 7.0and9.2

(curves a and b, respectively).Note that the ampero-
metricresponseof thenitromerocyaninemonolayeratpH
9.2 is low and shifted to more negative potentials
comparedwith the electrical responseof DPAA with
thenitromerocyaninemonolayerat pH 7.0.Theampero-
metric responseof the nitromerocyaninemonolayer-
electrodeat pH 9.2 is almost identical to the ampero-
metric responseof DPAA in the presenceof the
nitrospiropyranmonolayer-electrodeat 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.Thenegativeshift of
theoxidationcurrentof DPAA onchangingthepH to 9.2
is consistentwith thefact thatelectrooxidationof 4 is pH
dependent,and its oxidation potential is negatively
shifted in basic aqueousenvironments.The feasibility
of controlling the electrical featuresof the monolayer
associatedwith theelectrodeby two physicalinputs,i.e.
photonicand pH signals,allows us to designwith this
photoisomerizablemonolayera gated‘AND’ optoelec-
tronic system.The systemrests in the nitrospiropyran
monolayerstate,pH 9.2.In thepresenceof DPAA, a low
amperometricresponseis observed,as the redox probe
doesnot interactwith themonolayer.Photoisomerization
of the monolayerto the nitromerocyaninestatedoesnot
alter the magnitudeof the electricalresponse,sincethe
monolayerexistsin a zwitterionic state.Acidification of
theelectrolytesolutionto theprotonatedmonolayerstate

Scheme 9. pH-controlled electrochemical oxidation of DPAA
(4) at a nitrospiropyran, (5) monolayer photoisomerizable
electrode

Scheme 10. Schematic functions of the vision process
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resultsin the effective electrooxidationof DPAA anda
high current transduction.Alternatively, the high am-
perometricresponsecan be achievedby adjusting the
electrolyte solution to pH 7.0 followed by photoiso-
merizationof thenitrospiropyranmonolayerto thenitro-
merocyaninemonolayerstate. That is, the nitrospiro-
pyranmonolayerelectrodeat pH 7.0 is activatedfor the
electrochemicaloxidation of DPAA only uponapplica-
tion of thetwo complementarysignals:(i) transformation
of the pH from 9.2 to 7.0 (Scheme 9) and (ii)
photoisomerizationof the nitrospiropyran monolayer
stateto thenitromerocyanineconfiguration(Scheme8).

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

Thevision processrepresentsa biologicaloptoelectronic
systemwherelight signalstranslateinto neuralresponses.

Scheme10 shows schematically the features of the
natural process.The 11-cis retinal chromophoreem-
beddedin the protein, undergoeslight-inducedisomer-
ization to the all-trans-chromophore.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 generatesthe neurotransmitterc-
GMP, which in turn activates the neural response.
Relaxation of the chromophore to the 11-cis state
dissociatesproteinG andtheenzymecascadethatyields
c-GMPis blocked.This evolutionarydevelopedbiologi-
cal optoelectronicsystemincludesseveralelementsthat
need to be addressedin order to develop future
optobioelectronicmimeticsystems.(i) Thechromophore
stimulatesa structuralchangein thesurroundingprotein.
Thisis accompaniedby theformationof abindingsitefor
proteinG.Thatis, theproteinstructureis triggeredby the
photoisomerizablechromophoreto yield a command
interfacefor the binding and dissociationof protein G.
(ii) Activation of the enzyme cascadeby protein G
providesameansfor thebiocatalyticamplificationof 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
systemsthatmimic functionsof thenativevisionprocess.
One of these systemsis based on the hemoprotein
cytochromec (Cyt c), which participatesin a variety of
mediated electron transfer processes in biological
systems.28 The Fe(II)/Fe(III)-protoporphyrin IX redox
centeris embeddedin 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. glassycarbon29 or an In2O3 electrode,30 or surface
modificationof electrodeswith promoterunits31–33such
aspyridine,34,35thiophene36or imidazole37werereported
to enhancethe electricalcontactbetweenCyt c andthe
electrode.It wassuggestedthatassociationof Cyt c to the
promotersubstratealignstheproteinredoxcenterrelative
to theelectrode,sothatshortelectrodetransferdistances
areattained.For example,Cyt c wasfound38 to bind to a
thiolpyridinemonolayerassociatedwith anAu electrode,

Scheme 11. Photochemically controlled electron transfer
communication of Cyt c with the nitrospiropyran (5)
photoisomerizable monolayer electrode

Scheme 12. Organization of photoisomerizable nitrospiropyran±pyridine mixed monolayer electrode
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Ka = 8.5� 10ÿ3 Mÿ1. The affinity interactionsexisting
betweenCyt c andapyridinemonolayer,andthefact that
Cyt c is a positively chargedprotein at neutral pH,
pI = 10.0, were used to organizean optobioelectronic
assembly(Scheme11).A mixedmonolayerconsistingof
thiolpyridineandnitrospiropyranunitswasassembledon
an Au electrode.Associationof Cyt c with the pyridine
binding sites yields electrical communicationbetween
thehemoproteinandtheelectrode.Photoisomerizationof
the monolayerto the pyridine-protonatedmerocyanine
mixed monolayerstate generatesa positively charged
interface.This perturbsthe associationof Cyt c to the
monolayerowing to electrostaticrepulsionof theprotein

from the pyridine sites.Scheme12 showsthe synthetic
methodfor assemblingthethiolpyridine–nitrospiropyran
monolayer electrode.The primary step involved the
assemblyof the thiolatedpyridine andcystaminemixed
monolayerfollowed by covalentcouplingof N-carboxy-
ethylnitrospiropyran(5) to themonolayer.

Figure 8 shows the cyclic voltammogramsupon
photoisomerizationof the mixed monolayerelectrode
in thepresenceof Cyt c. In thepresenceof thepyridine–
nitrospiropyran,aquasi-reversibleredoxwaveof Cyt c at
E° =�0.01 V vs SCE is observed (curve a). This
electrical responseis attributed to effective electrical
communicationbetweenthehemesiteandtheelectrode,
owingto theaffinity bindingof Cyt c to thepyridinesites.
Photoisomerizationof the monolayerto the pyridine–
protonatednitromerocyanineblockstheelectricalcontact
betweenCyt c andtheelectrode(curveb).Thisoriginates
from the electrostatic repulsion of Cyt c from the
positively chargedmonolayer interface. Cyclic photo-
isomerizationof the monolayerelectrodebetweenthe
nitrospiropyranand protonatednitromerocyaninestates
resultsin photoswitchableelectricalcontactbetweenthe
hemoproteinandthe electrode(Fig. 8, inset).Hencethe
photostimulatedstructural isomerizationof the mono-
layerinducesthebindinganddissociationof Cyt c to and
from theinterface,processesthatarebeingtransducedby
the amperometricresponsesof the modified electrode.
Thelight-controlledassociationanddissociationof Cyt c
to andfrom thephotoisomerizablemonolayermimic the
affinity interactionfunctionsexistingbetweenproteinG
andthe retinal proteinin thevision process.

Further support for the binding of Cyt c to the
pyridine–nitrospiropyranmonolayerandphotostimulated
associationand dissociationof the hemoproteinto and
from the monolayeris obtainedfrom microgravimetric

Figure 8. Cyclic voltammograms of Cyt c (1� 10ÿ4
M)

recorded at a potential scan rate of 50 mV sÿ1 in 0.1 M

Na2SO4 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 c in
the presence of the different photoisomer states of the
monolayer electrode

Figure 9. Time-dependent frequency changes of a pyridine±
nitrospiropyran-functionalized Au quartz crystal (9 MHz)
upon interaction with Cyt c: (a) 1� 10ÿ8

M; (b)
1� 10ÿ5

M. Measurements performed in 0.1 M phosphate
buffer (pH 7.0)

Figure 10. Cyclic frequency changes of the nitrospiropyran±
pyridine photoisomerizable mixed monolayer functionalized
Au quartz crystal in the presence of Cyt c (1� 10ÿ4

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)

 1998JohnWiley & Sons,Ltd. JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11, 546–560(1998)

556 I. WILLNER, A. DORONAND E. KATZ



quartzcrystal microbalancemeasurements.38 The reso-
nance frequency of piezoelectric quartz crystals is
controlled by, among various other parameters,the
crystalthickness(or its mass).A masschangeoccurring
on the quartz crystal inducesa frequencychange,Df,
expressedby theSauerbreyequation:39

�f � ÿ
� f 2

0

N�q

�
�m� ÿCf �m �1�

where f0 is the basicfrequencyof the crystal,rq is the
densityof quartzandN is the frequencyconstantof the
crystal. For quartz crystals of basic frequency corre-
spondingto 9 MHz, the value of Cf is 1.83� 108 Hz
gÿ1 cm2. Hencean increasein the crystal mass,i.e. by
associationof Cyt c with thecrystal,is expectedto yield a
decreasein the crystal frequency,whereasa decreasein
thecrystalmass,resultingfrom thedissociationof Cyt c,
shouldyield an increasein thecrystalfrequency.

Quartz crystals (ca 9 MHz) that include two Au
electrodeswereusedasthe interfacefor themicrogravi-
metric analysisof the interactionsof Cyt c with the
photoisomerizablemonolayer.The Au electrodeswere
modifiedwith a pyridine–nitrospiropyranmonolayer,as
outlined in Scheme12. Figure 9 shows the crystal
frequencychangeson interactionwith different concen-
trationsof Cyt c in thebulk solution.Thedecreasein the
crystalfrequencyimpliesan increasein thecrystalmass
asa resultof the associationof Cyt c with the pyridine
units of the monolayerassembly.The time-dependent
frequencychangesof the crystal upon interactionwith
Cyt c, representthekineticsof associationof Cyt c with
the monolayer. The change in the crystal frequency
increasesasthe bulk concentrationof Cyt c is elevated.
The frequencychangeobservedat a bulk concentration

of Cyt c correspondingto 1� 10ÿ5 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 c on the Au electrodeto be 9� 10ÿ12

mol cmÿ2. This experimentalsurfacecoverageof theAu
supportby Cyt c is in agreementwith the theoretical
value of a randomly denselypackedCyt c layer. The
diameterof theCyt c moleculeis 0.38� 10ÿ6 cm,which
translatesto anareaprojectionof 1.13� 10ÿ13 cm2, and
a surfacecoverageof a denselypackedmonolayerthat
correspondsto 1.47� 10ÿ11 mol cmÿ2. A randomly
densely packed protein monolayer of a protein was
estimatedto revealca 60%of thesurfacecoverageof an
organized,aligned protein layer. Hencethe calculated
coverageof the randomlydenselypackedmonolayerby
Cyt c is 9� 10ÿ12, a valuethat is in agreementwith the
experimentalsurfacedensity. Control experimentsre-
vealedthat no frequencychangeof the crystal occurs
uponinteractionof thepyridine–protonatedmerocyanine
monolayer-functionalized crystal with Cyt c. These
results imply that Cyt c is not associatedwith this
photoisomer-stateof themonolayer.

Thecyclic associationanddissociationof Cyt c to and
from the pyridine-photoisomerizable monolayercan be
followed by microgravimetric,quartz crystal microba-
lancetransduction(Fig. 10). Interactionof thepyridine–
nitrospiropyran monolayer-functionalizedcrystal with
Cyt c yields a decreasein the crystal frequency.
Photoisomerizationof the monolayerto the protonated
nitromerocyaninefollowed by rinsing of the crystal
resultsin theoriginal basefrequencyof thecrystalthatis
not affectedby theadditionof Cyt c. Photoisomerization
of the monolayer to the nitrospiropyran state is

Scheme 13. Coupling of photochemically controlled electrical interactions of Cyt c with the nitrospiropyran photoisomerizable
monolayer to the biocatalyzed reduction of O2 by cytochrome oxidase (COx)

 1998JohnWiley & Sons,Ltd. JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11, 546–560(1998)

GATED MOLECULAR AND BIOMOLECULAR OPTOELECTRONICSYSTEMS 557



accompaniedby a frequencydecreasethat indicatesthe
binding of the hemoproteinto the crystal interface.By
cyclic photoisomerizationof themonolayerbetweenthe
two states,the associationof Cyt c with the pyridine–
nitrospiropyranmonolayerandthe dissociationof Cyt c
from the pyridine–protonatednitromerocyanine,is re-
versibly sensedby the piezoelectricsignal. It shouldbe
notedthatphotoisomerizationof themonolayerinterface
to the pyridine–nitrospiropyran state does not yield
similar frequencychanges,Df, in thedifferentirradiation
cycles. This is attributed to experimentaldifficulties
associatedwith theprecisere-positioningof thecrystalin
the cell after eachillumination cycle that is performed
outsidethecell.

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

Photostimulatedassociationanddissociationof Cyt c to
thepyridine–nitrospiropyranmixedmonolayermimic the
primary interactionsof protein G with rhodopsin.The

photoswitchableelectrical contact of Cyt c with the
electrodetransducesthephotonicsignalrecordedby the
monolayer,yet the transducedsignalis not an amplified
output.To designthe amplificationelement,a catalytic
chemicalevent that turns over the electrical contactof
Cyt c with the electrodeis needed.As Cyt c acts as
electronmediatorin avarietyof enzyme-catalyzedredox
transformations,40,41 suchan amplification route seems
feasible. This will be describedhere with the photo-
switchable,Cyt c-mediated,electrobiocatalyzedreduc-
tion of molecular oxygen using cytochromeoxidase,
COx. Thepyridine–nitrospiropyranmonolayerelectrode
shownin Scheme9 wasusedasthe commandinterface
that controls the electrical contact with Cyt c. The
hemoproteinwasusedaselectronmediatorthatcontrols
the COx-biocatalyzedreduction of O2 (Schene13).
Figure 11 shows the cyclic voltammogramsof the
pyridine–nitrospiropyran monolayer electrode in the
presenceof Cyt c–COx–O2 (curve a). Control experi-
mentsrevealedthatnoelectrocatalyticcathodiccurrentis
obtainedin theabsenceof Cyt c, COx or oxygen.Hence
the high electrocatalyticcathodic current implies the
effective Cyt c-mediated reduction of O2 by COx.
Photoisomerizationof the monolayerto the pyridine–
protonatednitromerocyaninestateresults in the cyclic
voltammogramshownin Fig.11,curve(b).Theelectrical
responseis completelyblocked,implying that perturba-
tion of the electrical contact betweenCyt c and the
electrodeeliminatesthe COx-biocatalyzedreductionof
O2. Figure11, comparestheelectricalresponseof Cyt c
alone in the presenceof the pyridine–nitrospiropyran
monolayerelectrode(curvec) to theamperometricoutput
observedin thissystemuponadditionof COx–O2, (curve
a). Clearly, additionof the COx biocatalystandoxygen
amplifies the amperometricresponseof the functiona-

Figure 11. Cyclic voltammograms of Cyt c (1� 10ÿ4
M) and

cytochrome oxidase (COx), (1� 10ÿ6
M), recorded at a

potential scan rate of 2 mV sÿ1 in 0.1 M Na2SO4 and 0.1 M

phosphate buffer (pH 7.0): (a) in the presence of O2 (air) and
the SP±pyridine mixed monolayer electrode; (b) in the
presence of O2 (air) and the MRH�±pyridine mixed mono-
layer electrode; (c) in the absence of COx and in the presence
of O2 (air) with the SP±pyridine monolayer electrode. Inset:
cyclic amperometric responses of the photoisomerizable
monolayer electrode in the presence of Cyt c±COx±O2

Figure 12. Time-dependent frequency changes of the
nitrospiropyran±pyridine mixed monolayer Au quartz crystal
(AT-cut, 9 MHz) upon interaction with Cyt c (1� 10ÿ5

M)
and COx (1� 10ÿ7

M). Arrows indicate the time of
introduction of Cyt c and COx, respectively. Measurements
were performed in 0.1 M phosphate buffer (pH 7.0). Cell
solution that included Cyt c was replaced and the electrode
was washed with the phosphate buffer prior to the
introduction of COx
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lized electrode.Thepyridine–nitrospiropyranmonolayer
electrodefacilitatesthe electricalcontactbetweenCyt c
and the electrode by associationof Cyt c with the
pyridine sites.Cyt c-mediatedelectrontransferto COx
inducesthe biocatalyzedreductionof O2. The electron
transfer from the hemoprotein to COx regenerates
oxidized Cyt c. As the electrode-associated oxidized
Cyt c is further reduced,theelectrontransferto a single
Cyt c layeris turnedoverby thebiocatalyzedreductionof
O2. This yields an amplified amperometricresponseof
the electrode(Scheme13). Photoisomerizationof the
monolayerto thepyridine–protonatedmerocyaninestate
resultsin the dissociationof Cyt c from the monolayer
interface.ThisblockstheelectricalcontactbetweenCyt c
and the electrode and inhibits the COx-biocatalyzed
reductionof O2 (Scheme13).By reversiblephotoisome-
rization of the monolayerbetweenthe pyridine–nitros-
piropyran and pyridine–protonatednitromerocyanine
states,cyclic amplified amperometrictransductionof
theopticalsignalsrecordedby themonolayeris achieved
(inset, Fig. 11). The photostimulated,Cyt c-mediated,
COx-bioelectrocatalyzed reduction of oxygen in the
presenceof the photoisomerizablemonolayer mimics
the basic elementsof the vision process.The photo-
inducedassociationanddissociationof Cyt c to andfrom
the monolayerduplicatesbinding and displacementof
proteinG to and from the proteinof the vision system.
The Cyt c-mediatedelectrontransfer to COx, and the
activation of the biocatalyzedreduction of O2 in the
presenceof the pyridine–nitrospiropyranmonolayer,
mimic the functions of protein G-activated enzyme
cascadein thevision process.

A furtheraspectthatshouldbeaddressedrelatesto the
protein–proteininteractionsbetweenCyt c andCOx that
leadto themediatedelectrontransferandthereductionof
O2. Microgravimetric, quartz crystal microbalanceex-
periments revealed the formation of a Cyt c–COx
complex at the photoisomerizablemonolayer. The
pyridine–nitrospiropyran mixed monolayer was as-
sembledonAu electrodesassociatedwith a piezoelectric
quartzcrystal(9 MHz). Theelectrodewasinteractedwith
Cyt c (1� 10ÿ4 M) andadecreaseof Df�ÿ40Hz in the
crystal frequencywas observed(Fig. 12). The Cyt c-
functionalized monolayer was then interacted with
1� 10ÿ7 M COx, which yielded a further decreasein
the crystal frequencyof Df�ÿ75Hz (Fig. 12). Using
Eqn (1) andthe molecularweight of COx (ca 200000),
the surface coverage of the monolayer by COx
correspondsto ca 5.8� 10ÿ13mol cmÿ2. Controlexperi-
mentsrevealedthat neitherCyt c nor COx inducedany
frequencychangeof the crystal in the pyridine–proto-
natedmerocyaninestate.Also, photoisomerizationof the
pyridine–nitrospiropyran monolayer assembledon the
crystal with the Cyt c–COx complex to the pyridine–
nitromerocyaninestateresultsin the restorationof the
initial crystal frequency, indicating that the protein–
protein complex was dissociatedfrom the monolayer

interface.Theseresultsclearly indicate that a complex
betweenCOxandCyt c is formedon thebasemonolayer
of pyridine–nitrospiropyran.This complex presumably
leadsto shortdistancesbetweenthehemecenterof Cyt c
andthe redoxsitesof COx. Theelectricalcontactof the
heme site and the electrode facilitates the electron
transferto COx within thecomplexassembly.

CONCLUSIONS AND PERSPECTIVES

This paperhas addressedthe chemicalarchitectureof
two-dimensionalphotoisomerizablemonolayerson con-
ductive supports. The photoisomerizablemonolayers
were appliedas light-triggered‘commandsurfaces’for
controlling redox processesof molecularand biomole-
cular substratesat the monolayerinterface.The photo-
switchable redox processes at the functionalized
electrodesledto theamperometrictransductionof optical
signalsrecordedby themonolayer.Couplingof thelight-
triggered redox reactionswith secondaryelectrocata-
lyzedchemicaltransformationsprovidesageneralmeans
for the amplified amperometric transduction of the
photonicsignals.

Dual activationof functionalizedmonolayersby two
different physicochemicalsignalsallows the designof
gated molecular and biomolecularelectronic systems.
The presentaccounthasaddressedthe useof photonic
andpH input signalsthatcontrol the redoxfeaturesand/
or theelectricalpropertiesof themonolayers.With these
systems, gated ‘AND’ molecular logic gates were
tailored.Othermoleculargatessuchas ‘OR’, ‘OR’ and
‘AND’ couldbedesignedby analogousapproaches.

The molecularand biomolecularoptoelectronicsys-
temsdescribedherearenano-structuredtwo-dimensional
moleculararrays.The systemsare triggeredby optical
signals and transduceelectrically the recordedinput.
Significantadvanceshavebeenaccomplishedin recent
yearsin themicro-patterningof surfaceswith monolayer
assemblies.Also, nanoscaleirradiation of microscopic
domainswas achievedby the applicationof near-field
scanningoptical microscopy(NSOM), and imaging of
the optically treated domains is feasible by various
scanningprobe microscopic techniques(AFM, STM,
etc.). It is a future challengingscientific effort to apply
thesetechniquesto manipulatephotosensitivemonolayer
arrays for densestorageof photonic information and
nanoscalewiring of molecularelectronicgates.

Acknowledgment

This researchwas supported by the Israel Science
Foundation.

 1998JohnWiley & Sons,Ltd. JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11, 546–560(1998)

GATED MOLECULAR AND BIOMOLECULAR OPTOELECTRONICSYSTEMS 559



REFERENCES

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

2. J. M. Lehn.Angew.Chem.,Int. Ed. Engl. 27, 90 (1988).
3. J. M. Lehn (Ed.). SupramolecularChemistry.VCH, Weinheim

(1995).
4. M. R. Wasielewski,M. P. O’Neil, D. Gosztola,M. P. Niemczyk

andW. A. Svec.PureAppl. Chem.64, 1319(1995).
5. P. Ball andL. Garwin.Nature(London)355,761(1992).
6. L. FabbrizziandA. Poggi.Chem.Soc.Rev.24, 197(1995).
7. K. E. Drexel (Ed.). Nanosystems:Molecular Machinery,Manu-

facturing andComputation.Wiley, New York (1992).
8. L. F. Lindoy. Nature(London)364,17 (1993).
9. C. A. Mirkin andM. A. Ratner.Annu.Rev.Phys.Chem.43, 719

(1992).
10. N. P.M. HuckandB. L. Ferringa.J. Chem.Soc.,Chem.Commun.

1095(1995).
11. S. H. Kawai, S. L. Gilat and J. M. Lehn. J. Chem.Soc.,Chem.

Commun.1011(1994).
12. S. L. Gilat, S. H. Kawai and J. M. Lehn. Chem.Eur. J. 1, 275

(1995).
13. S.H. Kawai,S.L. Gilat, R.PonsinetandJ.M. Lehn.Chem.Eur. J.

1, 285(1995).
14. J. Daub,C. Fischer,J. SalbeckandK. Ulrich. Adv.Mater. 3, 366

(1990).
15. K. Morigaki, Z. Liu, K. Hashimotoand A. Fujishima.J. Phys.

Chem.99, 14771(1995).
16. Z. Liu, K. HashimotoandA. Fujishima.Nature(London)347,658

(1990).
17. K. T. Ranjit, S. Marx-Tibbon, I. Ben-Dov, B. Willner and I.

Willner. Isr. J. Chem.36, 407(1996).
18. S.Marx-Tibbon,I. Ben-DovandI. Willner. J.Am.Chem.Soc.118,

4717(1996).
19. M. Lahav, K. T. Ranjit, E. Katz andI. Willner. Chem.Commun.

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

(1996).

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

22. I. Willner, R. Blonder,E. Katz,A. StockerandA. F. Bückmann.J.
Am.Chem.Soc.118,5310(1996).

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

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

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

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

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

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

29. S. DongandQ. Chi. Bioelectrochem.Bioenerg.29, 237(1992).
30. I. Taniguchi,H. Kurihara, K. Yoshida,M. Tominagaand F. M.

Hawkridge.Denki Kagaku60, 1043(1992).
31. F. A. Armstrong,H. A. O. Hill andN. J.Walton.Q. Rev.Biophys.

18, 261(1986).
32. F. A. Armstrong,H. A. O. Hill andN. J.Walton.Acc.Chem.Res.

21, 407(1988).
33. J. E. FrewandH. A. O. Hill. Eur. J. Biochem.172,261(1988).
34. P.M. Allen, H. A. O. Hill andN. J.Walton.J. Electroanal.Chem.

178,69 (1984).
35. I. Taniguchi,K. Toyosawa,H. YamaguchiandK. Yasukouchi.J.

Chem.Soc.,Chem.Commun.1032(1982).
36. X. Qu,T. Lu, S.Dong,C.ZhouandT. M. Cotton.Bioelectrochem.

Bioenerg. 34, 153(1994).
37. G. Li, H. ChenandD. Zhu. Anal. Chim.Acta, 319,275(1996).
38. M. Lion-Dagan, I. Ben-Dov and I. Willner. Colloids Surf., B:

Biointerfaces, 8, 251(1997).
39. D. A. Buttry. in ElectroanalytcalChemistry, editedby A. J. Bard,

Vol. 17, p. Marcel Dekker,New York (1991).
40. H. A. O. Hill, N. J.WaltonandI. J.Higgins.FEBSLett. 126,282

(1981).
41. A. E. G. Cass,G. Davis, H. A. O. Hill and D. J. Nancarrow.

Biochim.Biophys.Acta 828,51 (1985).

 1998JohnWiley & Sons,Ltd. JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11, 546–560(1998)

560 I. WILLNER, A. DORONAND E. KATZ


