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Abstract: A phenoxynaphthacenequinone photoisomerizable monolayer was assembled onto an Au electrode. The
resulting ‘trans’-quinone monolayer exhibits poor electrochemical reversibility due to a nondensely-packed
configuration. Treatment of theans-quinone monolayer with 1-tetradecanethiol yields a densely-packed monolayer
that exhibits electrochemical reversibility. The electrochemical response tfequinone monolayer electrode

is pH-dependent, consistent with a two-electron and two-proton redox process. Photoisomerizatiotrasfsthe
guinone monolayer (305 nm 4 < 320 nm) generates tlaaquinone monolayer that lacks electrochemical activity.
Upon photoisomerization of thena-quinone monolayer to thgans-quinone stateld(>430 nm), the electroactivity

of the monolayer is restored. By cyclic photoisomerization of the electrode betweemahand trans-quinone

states, reversible amperometric transduction of the recorded optical signals was accomplished. Coupling of redox-
active materials, such as Fe(G&)or N,N'-dibenzyl-4,4-bipyridinium (BV?*) to the photoisomerizable electroactive
monolayer electrode allows vectorial electron transfer and amplification of the electrical responsetrahthe
guinone monolayer by the electrocatalyzed reduction of FefCNy BV2+. The vectorial electron transfer from

the trans-quinone monolayer to B¥ is gated by the pH of the medium. Th®&ns-quinone monolayer electrode

was coupled to the redox mediator BVand the enzyme nitrate reductase.

In the presence of Nthe

multicomponent system in thgans-quinone state leads to the bioelectrocatalyzed reduction of nitrate and the
transduction of an amplified cathodic current. In this system, the vectorial reduction ¥f 8\BV+* yields an

electron mediator that activates the biocatalyzed process. By cyclic photoisomerization of the monolayer between
theana andtrans-quinone states, reversible light-induced activation and deactivation of the vectorial electron transfer

in the system is accomplished. The functionalized electrode assemblies provide a means for the amplified amperometric

transduction of recorded optical signals.

Introduction

supramolecular complexes were reported as electroactivated

) . molecular switche$. Light-controlled association and dissocia-
The development of molecular electronic and optoelectronic tion of jons to and from photoisomerizable molecular receptors,

systems represents a rapidly progressing research field aimed,qmpjexation of metalloporphyrins with photoisomerizable

to duplicate functions of bulk electronic and optical devices at ligands? and activation of light-driven active transpérof ions
the molecular level and to tailor molecular-scale electronic (@) @ Liu, Z.. Hashimoto, K.. Fujishima, ANature 1990 347, 658

12 . : :
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electronic or optical transduction of the activated chemical 408 107. (b) Katz, E.; de Lacey, A. L.; Fernandez, V. 3 Electroanal.

functionality.
Optical? electrochemicat,thermal® and pH signals have

been used to activate switchable molecular functions. Electro-
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or formation and dissociation of H-bonded photoisomerizable monolayer that acts as a photoactive command sutface,

supramolecular complexék,represent optical activation of
molecular recognition phenomena. Similarly, light-regulated
formation and dissociation of doneacceptor supramolecular
complexe¥ (i.e., association ofcis-azobenzene-4bipyri-

particularly for the association or dissociation of the redox
protein from the electrode interfaé®?! Optical signals recorded

by the monolayer then control the resulting electrical com-
munication between the redox protein and the electrode surface.

dinium electron acceptor to eosin acting as electron donor andAmplified amperometric transduction of optical signals in the

dissociation of the complex with theansazobenzene-4;4

presence of photoisomerizable electrode was accomplished by

bipyridinium electron acceptor) represents an optical molecular coupling the cytochrome/cytochrome oxidasé or glucose

switch. Light-triggered conformational changes of photoi-
somerizable polymet% or photoisomerizable polypeptidés
demonstrate optically-activated structural functions of macro-
molecules.

Physical transduction of the switchable function allows the
application of the molecular assembly as a “write” and “read”
memory device. Amperometric transduction of recorded optical

signals provides a general method to tailor molecular optoelec-
tronic devices. By this approach, the recorded optical signal

triggers-on a chemical transformation resulting in an electro-
active entity that permits the transduction of the recorded
information upon integration with an electrode surface. Dihy-

oxidasé! redox catalysts to the functionalized electrodes. A
second method to photostimulate redox enzymes coupled to
electrode surface involved the application of photoisomerizable
electron mediators as optical triggers for the bioelectrocatalytic
transformationd? The third approach to photostimulate bio-
catalysts included the chemical modification of redox enzymes
by photoisomerizable components and immobilization of the
photoswitchable biocatalysts onto electrode surfagés.

Photoisomerization of organic compounds was extensively
studied with the general context of photochromic substrates.
Development of photoisomerizable quinoid compounds provides
a means for the electrochemical transduction of the recorded
light signal via the electroactive quinoid moiety. Phenoxynaph-

droxy-bis-thiophene ethene was recently reported as a moleculaknacenequinone reveals reversible photoisomerizable features,

optical memory, exhibiting writeread-store functiong® The
electrochemical activity of its/6-photocyclized isomer allows

and the frans’-quinone state undergoes photochemical rear-
rangement to thedna'-quinone stat&® In a recent preliminary

the amperometric read-out of the optical information, and its study?’ we reported on the organization of a photoisomerizable
oxidized quinoid product stores the recorded photonic informa- phenoxynaphthacenequinone monolayer electrode as an active
tion. Amperometric or piezoelectric transduction of recorded interface for the electrochemical transduction of recorded optical
optical signals was recently achieved by the functionalization signals. Here we present the comprehensive characterization
of electrodes with monolayers. For example, an eosin mono- of the system and discuss various means to amplify the

layer assembled on an electrode forms light-triggered supramo-transduced currents.

lecular electroactive complexes with @s-azobenzene-44
bipyridinium electron acceptdf. Light-induced formation of

Experimental Section

the supramolecular complex at the electrode surface allows the

amperometric or piezoelectric transduction of the recorded

optical signals.

Amplified amperometric transduction of recorded optical
signals was accomplished by light-induced activation and
deactivation of redox enzymés,or other photoswitchable
biomaterials'® In these systems, the recorded light signal is
electrically amplified by the optically-stimulated redox trans-

formation of the biocatalyst. Three different approaches were

employed to reversibly activate redox proteins. In the first

approach, the electrode is modified by a photoisomerizable
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1044. (b) Rosengaus, J.; Willner,J. Phys. Org. Cheml995 8, 54. (c)
Wairthner, F.; Rebek, J., JAngew. Chem., Int. Ed. Engl995 34, 446.
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Biochem. Biophysl977, 182 305. (c) Willner, I.; Rubin, S.; Riklin, AJ.
Am. Chem. Sod 991 113 3321. (d) Willner, |.; Lion-Dagan, M.; Rubin,
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59, 491.
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Nitrate reductase fromispergillussp., EC 1.6.6.2. (Boehringer, = Scheme 1. Photoisomerizable Phenoxynaphthacenequinone
Mannheim), and all other chemicals (Aldrich, Sigma, Fluka) were used Derivatives
as supplied without additional purification. Ultrapure water from a 0
Nanopure (Barnstead) source was used throughout this work. I

Instruments and Methods. Absorption spectra were recorded on g‘oo uv O
a Uvicon-860 (Kontron) spectrophotometer. NMR spectra were -
recorded with a Bruker AMX 400 or a Bruker WP-200 spectrometer. VIS
Chemical shifts were referenced to TMS and coupling constants are o] o] 0
reported in hertz.

Electrochemical measurements were performed using a potentiostat
(EG&G VersaStat) connected to a personal computer (EG&G research
electrochemistry software model 270/250). The measurements were
done at room temperature (ca. 2&) in a three-compartment R R
electrochemical cell consisting of a chemically-modified electrode as la or 2a "trans" 1b or 2b "ana"
a working electrode, a glassy carbon auxiliary electrode isolated by a labR=H

lass frit, and a saturated calomel electrode (SCE) connected to the -

\?vorking volume with a Luggin capillary. All pot(ential)s were reported 22,0 R=CH, CO,H
with respect to this reference electrode. Argon bubbling was used to ) ) )
remove oxygen from the solution in the electrochemical cell. The fUnCt|0naI|ty that enables its covalent attachment to the electrode.
background solution (0.01 M phosphate buffer, pH 7.0,and 0.1 M Na The trans-quinone2a, was assembled on an Au electrode as
SQy) was used for the measurements (unless otherwise indicated). Someshown in Scheme 2. A primary cystamine monolayer was
measurements were performed in 0.05 M Brittdtobinson buffer assembled on the Au surface aawas coupled to this base
titrated with HCI or KOH directly in the electrochemical cell to obtain monolayer, as recently demonstrated for some other carboxylic
the required pH values in a broad region. o acid quinone derivative®. Figure 1 (curve a) shows the cyclic

Isomerization of monolayers was achieved by subjecting the q1tammogram of the resultingans-quinone monolayer elec-
electrodes to irradiation at appropriate wavelengths. The electrodestrode_ An ill-defined redox wave is observed for thans

were illuminated in the air outside the electrochemical cell. A 150 W . S . . .
xenon arc lamp equipped with a Schott filtér 430 nm) and an IR qguinone monolayer. This ill-defined redox wave is attributed

CusQ filter was used as the light source for generation of tharis’- to the formation of a nondensely-packed quinone monolayer,
quinone state. An 18 W mercury pencil lamp source (Oriel-6042) with Where some quinone molecules are in nonelectrochemically
a long-wave filter (305 nm< 1 < 320 nm) was used to generate the ~active positions as reported recently for monolayers of quino-
anaquinone state. The electrodes were protected from room light nes® and some other redox materidls The different electro-
during the electrochemical measurements. activities of the monolayer components yield the broad ill-
Electrodes and Their Modification. An Au electrode (0.5 mm defined redox-wave. Organization of the densely-padkats
diameter Au wire, geometr_i(_:al area ca. 0.2%croughness factor ca. quinone monolayer is possible by treatment of the electrode
1.2) was used for the modifications. The Au electrodes were cleaned it 5 |ong-chain thiol. This cosubstrate associates to the
by boiling in 2 M KOH for 1 h followed by rinsing with water. The g 00 pinhole defects, and its organization as a densely-packed

electrodes were stored in concentrated sulfuric acid. Prior to modifica- | . ticinated to stretch and ali I .
tion, the electrodes were rinsed with water, soaked for 10 min in monaolayer IS anticipated 1o stretch and align squinone

concentrated nitric acid, and rinsed again with water. A cyclic component?®3t Figure 1 (curves be) shows the cyclic
voltammogram recordedi il M H,SQ, was used to determine the purity ~ Voltammograms of thérans-quinone monolayer electrode at
and roughness of the electrode surface just before modific&ticm time intervals of treatment with 1-tetradecanethiol,&H). The

Au electrode was soaked in a solution of 0.05 M cystamine’{2,2 cyclic voltammogram of thérans-quinone becomes sharper
dithiobisethanamine, Aldrich) in water for 1 h. The electrode was then upon treatment with GSH, and after 30 min of interaction with
rinsed thoroughly with water to remove the physically-adsorbed the long-chain thiol, a quasi-reversible cyclic voltammogram
cystamine. The cystamine-modified Au electrode was incubated for 1 of constant shape is observed (Figure 1, curve e). This quasi-
hin ca. 0.5 mM solution oRain 0.01 M HEPES aqueous/ethanolic  ayersible redox wave,“E= —0.62 V (at pH= 7.0), is attributed

(L1 vv) buffer, pH 7.3, in the presence of 10 mM 1-ethyl-3-(3- . w0 5 electron redox process of thrans-quinone in a

dimethylaminopropyl)carbodiimide (EDC, Aldrich). For further modi- d | ked. ali d fi ti f th |
fication, the2a-modified electrode was treated with 1 mM 1-tetrade- ensely-packed, aligned configuration o € monolayer as-

canethiol (Fluka) in ethanol for 30 min (unless otherwise indicated) S€Mbly. By integration of the charge associated with the

/\
()
()

o=

and rinsed with ethanol. reduction (or oxidation) of thérans-quinone component, and
assuming that its redox processes involve two electrons (vide
Results and Discussion infra), the surface density of the quinone on the electrode is

estimated to be ca. 2 1072 mol cnm2. Figure 2 shows the
cyclic voltammograms of theeans-quinone electroactive com-
ponent in the densely-packed assembly withSEl at different
scan rates. The anodic current linearly depends on the scan
rate (Figure 2, inset), implying that thieansquinone is a
surface-confined electroactive molecule. From the peak-to-peak
separation of the redox waves at different scan rates (Figure 3)
and by the application of Laviron’s theoythe electron transfer

The photochemistry of phenoxynaphthacenequinone was
recently examined in solutiof¥. The trans-quinonela under-
goes, upon UV irradiation, isomerization to theaquinone
isomer 1b. Visible light illumination of 1b (A > 430 nm)
restores thdrans-quinone statdla, (Scheme 1). The electro-
chemical features of thgans-quinonela, andanaquinone,
1b, should differ substantially due to their significantly different
isomeric structures. Thus, functionalization of electrode surfaces
by naphthacenequinone, could yield photoactive command 29) (a) Katz, E.; Solovev, A. AJ. Electroanal. Chem99Q 291 171.
surfaces for the amperometric transduction of recorded optical (b) Katz, E.; Riklin, A.; Willner, 1.J. Electroanal. Chenl993 354, 129.
signals. 6-[(4-Carboxymethyl)phenyl)oxy]-5,12-naphthacene- (c) Katz, E.; Schlergth, D. D.; Schmidt, H.-I. Electroanal. Chenil994
quinone @a) was synthesized. This compound includes the 36%33?'(6(51)3};2% Ii/.I’IEISeCCQIr'gI((:jI‘t]ir:'.. 'k‘]c'tjf%“g‘gg%Qg%%ﬁi;:alwﬂ;_;
photoelectrochemical features for electrochemical transduction siickney, J. L.; Hubbard, A. TJ. Electroanal. Chem1983 144, 207. (c)

of recorded optical signals and the carboxylic acid chemical Hubbard, A. T.Heterog. Chem. Re 1994 1, 3.

(31) (a) Katz, E.; Itzhak, N.; Willner, IJ. Electroanal. Chem1992
(28) Woods, R. IrElectroanalytical ChemistryBard, A. J., Ed.; Marcel 336 357. (b) Katz, E.; ltzhak, N.; Willner, IlLangmuir1993 9, 1392.

Dekker: New York, 1976; Vol. 9, p 1. (32) Laviron, E.J. Electroanal. Chem1979 101, 19.
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Scheme 2. Assembly of the Phenoxynaphthacenequinoi88 Mixed Monolayer on an Au Electrode and Its
Photoisomerization
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Figure 1. Cyclic voltammograms of thérans-quinone monolayer
electrode at different time intervals of treatment with long-alkyl
mercaptan @SH, (1 mM in ethanol): (a) before treatment: (b), (c), -
(d), and (e) 1, 4, 10, and 30 min of treatment, respectively; (f) cyclic g’)’ IEC)’ (d)a-agdo(le%wo%s’ O.hl’to.f)l 3'4’ aad70(.)8 V,geospl)ectlvely.
voltammogram of an Au electrode modified with4SH only (1 mM, ac groun e phosphate bufter, pr 7.1, and ©. MIG.
30 min). Background: 0.01 M phosphate buffer, pH 7.0, and 0.2 Na Inset: dependence of peak currents vs potential scan rate.

SQOy; potential scan rate, 50 mV's 180

Figure 2. Cyclic voltammograms of thérans-quinone monolayer
electrode rigidified with GSH at different potential scan rates: (a),

TTTT T T T[T T T T[T T T T [TT T T [TrTT
[ ]

rate constant to the surface-associdt@hs-quinone units is 160
calculated to bé;~ 2.5 s'1. This value is close to the electron
transfer rate constants of other quinones assembled as mono-
layers on Au electrode®. Figure 4 shows the cyclic voltam-
mograms of thdrans-quinone/G;SH mixed monolayer elec-

AE / mV
8
III_IIII_|1I—|_|IIIIIIFI

trode at different pH values. The redox potential of the quinone 100

is negatively shifted as the pH of the electrolyte increases. The 80

redox potentials of the#ans-quinone units correlate linearly with

the pH. The slope of the*Ess pH is ca. 56.2 mV pH! (Figure 60 — o o s oo
4, inset), consistent with a two-electron and two-proton elec- 2 s 0s0 05

trochemical process characteristic of quinofes. log(v/ Vs™)

Figure 5 shows the cyclic voltammogram of thens-quinone Figure 3. Dependence of the peak-to-peak separatidh on the
monolayer (curve a) and the resulting cyclic voltammogram of potential scan rate of thérans-quinone/G,SH mixed monolayer
the ana-quinone monolayer electrode formed upon irradiation electrode.

(305 nm< A < 320 nm) (curve b). Thus, photoisomerization

of thetrans-quinone monolayer electrode results in the formation of the ana-quinone monolayer that lacks an electrochemical

response. Further irradiation of thea-quinone monolayer(
(33) Degrand, CAnn. Chim.1985 75, 1. > 430 nm) restores thérans-quinone monolayer and its
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Figure 4. Cyclic voltammograms of theans-quinone/G.SH mixed
monolayer electrode at different pH values: (a), (b), (c), (d), (e), and
(f) correspond to pH values of 10.82, 8.93, 7.27, 6.48, 3.32, and 1.93,
respectively. Background: 0.05 M BrittetRobinson buffer titrated
to the required pH value directly in the cell; potential scan rate, 50
mV s™L Inset: E vs pH dependence.

Scheme 3. Photoswitchable Electrocatalytic Reduction of an
Electron Acceptor at the Phenoxynaphthacenequinan@HC
Mixed Monolayer Electrode Interface
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Figure 5. Cyclic voltammograms of the quinone/SH mixed
monolayer electrode in the different isomeric states produced by 1 min
of irradiation with the corresponding light source: {ens-quinone,

A > 430 nm; (b)ana-quinone, 305 nm< A < 320 nm. Background:
0.01 M phosphate buffer, pH 7.0, and 0.1 M 8@y, potential scan
rate, 50 mV st Inset: cyclic variations of peak currents of the electrode
upon reversible transformation of the quinone froems state toana

state, respectively. Peak currents are derived by subtraction of the
capacitive current from the observed peak currents.
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Figure 6. Cyclic voltammograms of (ajrans-quinone monolayer
electrode in a nondensely-packed configuration in the presence of K
[Fe(CN)] (1 x 1073 M), (b) transquinone/G,;SH mixed monolayer
electrode in the presence of[Ke(CN)] (1 x 10~ M), and (c)trans-
quinone/G:SH mixed monolayer electrode in the absence £F&CNY].
Background: 0.01 M phosphate buffer, pH 7.5, and 0.1 MSG;
potential scan rate, 50 mvV's

characteristic redox wave, as shown in Figure 5 (curve a), is observed for the quinone molecules in solution, was achieved
regenerated. By cyclic photoisomerization of the monolayer for the monolaye* Thus, photochemical isomerization of the
electrode between theeans-quinone andanaquinone states,  anaquinone monolayer electrode into tlrans-quinone state
reversible high-amperometric and zero-amperometric responsegnables the amperometric transduction of the recorded optical
of the monolayer electrode are observed. The complete signals (see inset, Figure 5). The photoisomerizable monolayer
conversion (100%) from one isomer to another, which was never electrode represents the fundamental feature of a molecular

- - - optoelectronic device as it allows the amperometric transduction

(34) The full photochemical conversion of ttrans-quinone monolayer d f . f ical si | ded by th |
to theanaquinone monolayer was further confirmed by the reaction of the (f€@d function) of optical signals recorded by the monolayer
latter monolayer with butylamine. This reaction leads to the nucleophilic (write function).
substitution of theana-quinone and its dissociation from the monolayer Further improvement of this molecular optoelectronic system
assembly. When thana-quinone monolayer was reacted with butylamine . . - . .
is possible by introducing a route for the amplification of the

in ethanol (1x 10-3 M) for 30 min, notrans-quinone was detected in the ) . |
monolayer upon back photoisomerization. transduced signal. Scheme 3 outlines schematically the mech-
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Figure 7. Cyclic voltammograms of the quinone/SH mixed
monolayer modified electrode: (&#ansquinone vs the background
solution; (b)trans-quinone in the presence ofsfce(CN)] (1 x 1073

M); (c) anaquinone in the presence ofsfke(CN)] (1 x 1073 M).
Background: 0.01 M phosphate buffer, pH 7.5, and 0.1 MI;
potential scan rate, 5 mV/'% Inset: cyclic variations of the electro-
catalytic currents upon reversible photochemical transformation of the
quinone from thdrans-state to thenastate and back. Electrocatalytic
currents correspond to the current difference of the system in the
presence and absence of the substrate, respectively.

Scheme 4. Light-Triggered and pH-Controlled
Electrocatalytic Processes at Phenoxynaphthacenequinone/
C14SH Mixed Monolayer Au Electrode

Electron acceptor
BVZH)

anism for the application of theans-quinone/G,SH mixed
monolayer electrode for the amplified amperometric transduction
of recorded optical signals. Thens-quinone monolayer acts

Doron et al.
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Figure 8. Cyclic voltammograms of the quinone/SH mixed
monolayer electrode: (ayans-quinone vs the background solution
only; (b)trans-quinone in the presence of benzyl viologen @V1 x
1072 M); (c) anaquinone in the presence of benzyl viologen @V1
x 1073 M). Background: 0.01 M phosphate buffer, pH 7.5, and 0.1 M
NaSQy; potential scan rate, 5 mV'% Inset: cyclic variations of the
electrocatalytic currents upon reversible photochemical transformation
of the quinone from thetransstate to theanastate and back.
Electrocatalytic currents correspond to the current difference of the
system in the presence and absence of the substrate, respectively.

treatment with G,SH and in the presence of Fe(GR). The
redox wave of Fe(CN§™ is completely depleted, indicating that
the densely-packetlans-quinone/G4SH monolayer introduces

a barrier for direct electrical communication of Fe(GN)with

the electrode interface. Figure 6 (curve c) shows the cyclic
voltammogram of thérans-quinone/G,SH monolayer electrode

in the absence of Fe(CM). This redox wave was discussed
before and is shown here to indicate that the reducaas
hydroquinone is thermodynamically capable of reducing
Fe(CN)®~ solubilized in the electrolyte. This discussion also
implies that thetrans-quinone/G,SH monolayer electrode in
the presence of Fe(CM) exhibits the basic features of using
the system for the amplification of transduced current (Scheme
3). The monolayer assembly introduces a barrier for electrore-
duction of Fe(CNg*~, but the electroactiverans-hydroquinone
formed in the monolayer is capable of reducing Fe(@Nyia

a mediated electron transfer pathway. Figure 7 (curves a and

as an electrocatalyst for the reduction of a substrate in theb) shows the cyclic voltammograms of ttrans-quinone/G4

electrolyte, and the resulting electrocatalytic cathodic current
represents an amplified transduction of the recorded optical
signal. We applied two substrates, potassium ferricyanide
(Fe(CN)®") and N,N'-dibenzyl-4,4-bipyridinium (benzyl vi-
ologen) as oxidants for the reduc&é@dns-quinone formed at
the monolayer interface. Figure 6 (curve a) shows the cyclic
voltammogram of thérans-quinone monolayer modified elec-
trode prior to its treatment with 4SH in the presence of
ferricyanide. The quasi-reversible redox wave of Fe(&N)
Fe(CN)* at B =ca. 0.14 V is observed. This indicates that
direct electrical communication between Fe(gN)and the

electrode exists simply because of the monolayer permeability.

This is consistent with our previous conclusion that tifzes

SH monolayer electrode in the absence and presence of
Fe(CN)}3~, respectively. With Fe(CNJ~, a high electrocata-
lytic cathodic current is observed, indicating that thens
hydroquinone catalyzes the reduction of Fe(¢€N) Photo-
chemical isomerization of the monolayer to taeaquinone
state (305 nm< A < 320 nm) blocks the electrochemical
reduction of Fe(CN§$~. Since theanaquinone is electrochemi-
cally inactive in this potential range, the mediated reduction of
Fe(CN)}3~ is inhibited. Further irradiation of thena-quinone
monolayer { > 430 nm) restores theans-quinone monolayer,
and the electrocatalytic reduction of Fe(GN)is reactivated.
By cyclic photoisomerization of the monolayer electrode
between thetrans-quinone/GsSH and anaquinone/G,SH

quinone monolayer assembled on the electrode is a nondenselystates, the reversible amplified amperometric transduction of

packed system. As a result, the electrical contact of Fe{CN)
with the electrode originates from pinhole defects in the
monolayer structure. Figure 6 (curve b) shows the cyclic
voltammogram of thérans-quinone monolayer electrode after

the recorded optical signals can be reversibly switched “on”
and “off”, respectively (see inset, Figure 7).

One should recall, however, that the redox potential of the
trans-quinone component in the monolayer assembly is pH-



Photochemical and pH-Gated Electron Transfer J. Am. Chem. Soc., Vol. 118, No. 37, 8996

Scheme 5. Bioelectrocatalyzed Reduction of Nitrate using the Photoisomerizable Quing8éf®lonolayer Electrode and a
Vectorial Electron Transfer Cascade (NRnitrate reductase)

NRredXNO:;-

NROX NOZ'

"trans’'-quinone-electrode
305nm < A< 320 nm % > 430 nm BV2+ = HC—N N- CH,
\ /" \/ \ v
cr cr

BV2+

"ana''-quinone-electrode

dependent. By the selection of a redox probe in the electrolyte monolayer is regenerated and the electrocatalytic anodic current
solution exhibiting a reduction potential close to that of the corresponding to the reduction of BV is restored. Cyclic
reduction potential of thérans-quinone component, the elec- photoisomerization of the monolayer betweentthes-quinone
trocatalyzed reduction of the redox probe and, consequently,and anaquinone states allows the reversible amplified trans-
the resulting electrocatalytic cathodic current could be controlled duction of the recorded optical signals (inset, Figure 8). When
by two parameters: the photoisomer state of the monolayer andthe pH of the electrolyte solution was altered to $+6.0, the

the pH of the electrolyte solutionN,N-Dibenzyl-4,4-bipyri- electrochemical response of tliens-quinone/G+SH monolayer
dinium (BV?*) exhibits a pH-independent reduction potential is positively shifted by ca. 140 mV (E= —0.51 V). Addition
corresponding to E= —0.58 V3% The formal potentials of  of BV2* to the electrolyte solution does not yield any electro-
the transhydroquinone in the monolayer assembly afe=£ catalytic cathodic current. This is consistent with the fact that
—0.65 V at pH= 75 and E = —0.51 V at pH= 5.0, the vectorial, mediated reduction of BV(E> = —0.58 V) is
respectively. Thus, at pH= 7.5 the hydroquinone should be  thermodynamically not feasible by thenshydroquinone at
thermodynamically capable of inducing the vectorial electro- pH =5.0. The photoswitchable electrocatalytic activity of the
catalytic reduction of BY*, while at pH= 5.0 the electrocata-  quinone/G,SH modified electrode in the presence of BV
lytic reduction of B\?* should be blocked (Scheme 4). The resembles the functions of a light-triggered transistor (Scheme

redox responses of the photoisomerizaténs-quinone/Gs 4). Photoisomerization of the monolayer electrode opens or
SH mixed monolayer electrode were examined in the presencecloses the electrical gate of the electrodiar{s-quinone is

of BV2*. Figure 8 shows the cyclic voltammogram of trens- “open”; ana-quinone is “closed”). The pH of the electrolyte
quinone monolayer at pk 7.5 in the absence (curve a) and  solution controls the potential of the gate. At pH7.5 or higher
presence (curve b) of BY. In the presence of B¥, a high pH values, the gate enables electrical contact with the electron
electrocatalytic cathodic current is observed, indicating that the acceptor (B\#+) and the current flows through the system. At
transhydroquinone catalyzes the reduction of BY Knowing pH = 5.0 or lower, the trans”-quinone opens the gate, but the
the concentration of B, its diffusion coefficient> D = 0.43 electron flow is prohibited.

5 —1 i ;
tTl(:(erx Ce”r}izrﬁer;t":l]2::;%5;:;?3?2;?;%?323g:gts'%gnsezz'gg The presence of the electron acceptor in the electrolyte cell
order glectron transfer rate ci/)nstant frorans-h dré uinone provides the _basic means to amplh_‘y the recorded optical sig_nal

yaroq by the vectorial electron transfer stimulated by the electroactive

2+ ~ -1 g1
E’)h EiV was ctfalcul?ttehd to béfe‘ - gosxmf)ﬂszos : component associated with the monolayer. The phenomenon
otoisomerization of the monolayer ( nm) of amplification could be further improved by the coupling of

re?::ltﬁ 'nmthﬁ florm?tmr? dc;;thel elfrctroi:r}e;nlgatllyé In?iCtﬁlg*Bv a secondary catalyst that recycles the oxidized electron acceptor
guinoneé mono'ayer, a € electrocatalyzed reductio at thetrans-quinone electrode interface. Electro reduction of

is blocked (Figure 8, curve c). By further light-induced o - . -
. o . BV?* by transhydroquinone yields theN,N-dibenzyl-4,4-
isomerization of the monolayet ¢ 430 nm), tharans-quinone bipyridinium radical cation (BV*). Previous studies indicated

(35) Bird, C. L.; Kuhn, A. T.Chem. Soc. Re 1981, 10, 49. that bipyridinium radical cations can mediate electron transfer
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\ . i T of nitrate, further enhances the transduced electroactivity of the
qguinone monolayer. By photochemical isomerization of the
transquinone monolayer to thanaquinone state (305 nm
A < 320 nm), the electron transfer cascade is blocked, and by
reversible photochemical isomerization of the monolayer be-
tween therans-quinone andana-quinone states, cyclic activa-
tion and deactivation of the electron transfer cascade is achieved
(Figure 9, curve d and inset).
One can realize that by coupling the electroactitraris’
S . ] quinone monolayer to a diffusional acceptor substrate, ampli-
10k fication of the interfacial vectorial electron transfer is accom-
C 0 o plished. For example, by the coupling of BV(1 x 1073 M)
ot cyc’le wober to the electroactive monolayer electrode, a ca. 10-fold enhance-
ment in the current response is observed (Figure 8). The extent
5 \ | . \ . ‘ ‘ of current amplification is, however, tuned by the concentration
1 -09 -08 -07 -0.6 -05 -04 -03 of the acceptor substrate. In order to activate thé‘EN_e_d|at_ed
enzyme cascade with nitrate reductase/N&s an amplification
E/V means, a relatively low concentration of BVis employed (3
Figure 9. Cyclic voltammograms of the quinone/SH mixed x 1074 M). At these conditions, the current amplification by
monolayer electrode: (gfans-quinone vs the background solution;  BV2* is only ca. 2.5-fold, but the enzyme cascade amplifies
(b) trans-quinone in the presence of benzyl viologen Y3 x 10~ the initial cathodic current by ca. 6.5-fold. We thus realize two
M) and nitrate reductase (1 unit i), (c) transquinone in the presence  5jternative methods to amplify the electrochemical responses
of benzyl viologen (BV", 3 x 10°* M), nitrate reductase (1 unit mb), in future electronic devices. By the assembly of redox-active
and KNG (50 mM); (d).anaqumone in the presence of benzyl viologen | hibiti iat ducti tential dient
(BV?*, 3 x 10°* M), nitrate reductase (1 unit mt), and KNG (50 ayers exnibiting an appropriaté reduction potential gradient on
mM). Background: 0.01 M phosphate buffer, pH 7.5, and 0.1 M-Na & base photoelectroactive mo_n_olayer, veqtonal_electron transfer
SQ; potential scan rate, 5 mV-4 Inset: cyclic variations of the ~ could lead to the gated amplification of light signals recorded
electrocatalytic currents upon cyclic photochemical transformation of by the monolayer.
the quinone from therans-state to theanastate and back. Electro-
catalytic currents correspond to the current difference of the system in Conclusions
the presence and absence of the substrate, respectively.

I/ KLA

We have tailored a photoisomerizable naphthacenequinone
monolayer electrode for the amperometric transduction of
recorded optical signals. A reversible electrochemical activity
of the transquinone monolayer was observed only after the
forganization of a densely-packed, structurally-ordered monolayer
assembly. By the coupling of electron acceptors to the
(Scheme 5). Thus, conjugation of the biocatalyst/substrate toe!ectroactive monplayer electrode, vectorial ele.:ctron.transfer that
BV?2" generates an electron transfer cascade that is anticipate(}’IeIdS th_e amplification of the record_ed optical S'gf‘a's was
to further amplify the electrical activity of thgans-quinone accomplished. The pH-tunable potentl_als ofniamsq_umon_e
monolayer. Figure 9 shows the cyclic voltammograms of the monolgyer assembly alloyved us to design systems in Wh.'Ch the
trans-quinone/G,SH monolayer electrode in the absence and vectorial electron trgnsfer is pH-contrqIIed and ph'otochem|cally-
presence of B¥" (curves a and b, respectively). The amplified gated. The resulting systems duplicate functions of photo-

electrochemical activity of the quinone monolayer as a result chemically-triggered transistors_ at the molecular level. Finally,
of the reduction of B¥" is observed. Addition of nitrate W€ demonstrated that the coupling of an electron transfer cascade

reductase (NR) and nitrate results in the cyclic voltammogram o thle'rf'elegtroa(;tlvhe quinon de m(()jnolayer result§ in an elnha_rll_(r:]ed
shown in Figure 9 (curve c). Anincrease in the electrocatalytic amplification of the transduced amperometric signals. €
yarious systems represent novel configurations of optomolecular

cathodic current is observed as compared to the system tha ; . . o - .
includes only B\*. Thus, the electron transfer cascade, where electronic devices of potential applications in information storage
: y and processing.

the primary reduced acceptor drives the biocatalytic reduction

(36) (a) Steckhan, E.; Kuwana, Ber. Bunsen-Ges. Phys. Chel874 Acknowledgment. This research was supported by The
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to redox enzymes such as nitrate reductase or glutathione
reductasé® Thus, introduction of the enzyme nitrate reductase
and its substrate (N$) would enable the BV*-mediated
bioelectrocatalyzed reduction of nitrate and the regeneration o
the electron acceptor BY at the monolayer electrode interface




