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Clay-modified electrodes (CME) were made by binding A1,304(0H)z83+-pillared montmorillonite to Sn02 and Pt surfaces via 
a thin (2-4 monolayer thick) coating of polymerized silane I. The polymer provides a binding site for multiply charged anions 

CH3 CH3 

I 
such as Fe(CN)6' and MO(CN)~", while the clay external surface strongly binds large cations such as Os(bpy)?+ and Rujbpy),". 
Charge-trapping behavior, which is a consequence of spatial ordering of the electroactive anions and cations, is observed in cyclic 
voltammetry of the CME in aqueous KH2P04 solution. With Ru(bpy)?+ exchanged onto the clay surface, photocathodic currents 
are generated with a quantum efficiency (per photon absorbed) of ca. 1%. This photocurrent is attributed to electron donor 
quenching of the Ru(bpy)32+ excited state by Fe(CN),+ or Mo(CN)*~-. 

Introduction 
Smectite clays are interesting inorganic materials because they 

are useful (and almost literally dirt cheap) organizing media for 
chemical reactions. Many kinds of bimolecular organic reactions 
are accelerated by clay dispersions simply because the reactants 
can encounter each other more frequently when they are confined 
to the two-dimensional surface of clay lamellae.' Complex, 
multicomponent chemical systems with unusual catalytic properties 
can be prepared on clay surfaces. For example, Van Damme and 
co-workers have shown that integrated systems for water photo- 
lysis, which contain photosensitizers, electron relays, and catalyst 
particles, can be prepared by using clays as the organizing matrixe2 

By exchanging clays with pillaring ions of well-defined size3 
(e.g. A1,304(OH)zs3+ or Zr4(0H)16-xX+), one can impart an ad- 
ditional molecular-sieving property: ions and molecules larger 
than the pillar height cannot enter the interlamellar region. This 
property is particularly useful for size- or shape-selective catalysis! 
It can also be exploited, in combination with the ability of clays 
to exchange cations, in the preparation of supramolecular systems, 
which spontaneously organize themselves according to the size 
and charge of their molecular components. Using similar mi- 
croporous organizing media (zeolites), we and others have shown 
that two- and three-component electroactive systems can be made 
to self-assemble simply by choosing ions of the appropriate size, 
charge, and Good spatial organization in these systems 
can be inferred from electrochemical effects such as current 
rectificationSa and charge trappingsb and from observations of 
photochemically driven vectorial electron t r a n ~ p o r t . ~ ~ - ~  In this 
paper we show that electrochemical and photoelectrochemical 
effects indicative of molecular self-organization can also be ob- 
tained at  pillared-clay-modified electrodes. 

Previous studies of clay-modified electrodes (CME) and elec- 
trodes prepared with structurally related hydrotalcite (layered 
double hydroxides) have emphasized the role of the layered solid 
as an inorganic ion exchanger8 and as a host for chiralg and 
electrocatalytic1° reactions. The preparation of structurally 
well-organized molecular assemblies a t  a CME has not yet been 
explored. We report here that electrochemical charge trapping 
and light-driven vectorial electron transport occur at CME's 
prepared according to Scheme I. By use of a cationic silane 
molecule ( I ) ,  a thin layer of pillared-clay particles can be tethered 
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I 

*To whom correspondence should be addressed. 

Scheme 1. CME Preparation and Ion Exchange of a Bimolecular 
Redox Assembly 

electrode 

to the surface of an electrode. The fixed positive charges of the 
silane provide a binding site for multiply charged anions, while 
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electroactive cations larger than the pillar height (ca. 9 A) adhere 
to the external surface of the clay. The CME differs from similarly 
prepared zeolite-modified electrodesSc in that large electroactive 
cations are more strongly bound by the clay surface. This property 
is advantageous because it gives rise to better spatial ordering of 
the electroactive anions and cations, as manifested in both elec- 
trochemical and photoelectrochemical experiments. 

Experimental Section 
Materials. Texas montmorillonite (STx-I) was obtained from the 

Source Clay Minerals Repository (University of Missouri, Columbia, 
MO). I t  was ion-exchanged and pillared by using a modification of the 
procedure described by Rudzinski and Bard.*g The clay was converted 
from the Ca2’ to Nat  form by stirring with 1 M aqueous NaCl for 3-4 
days. This was followed by sequential washing with deionized water 
(from a Barnstead Nanopure I1 system, resistivity 18.3 M a  cm) and 
centrifugation to remove excess NaCI. A chlorhydrol solution, [Al- 
(OH)2CI],, was prepared by slowly adding 0.05 M NaOH with vigorous 
stirring to 0.1 M A1C13, until a 2/1 stoichiometry of Na/AI was reached. 
A 5-mL aliquot of the resulting 0.02 N [AI(OH),CI], was added to 5 
mL of an aqueous Na+-STx-1 suspension (IO g/L). The mixture was 
allowed to react overnight, and the sample was then centrifuged and 
air-dried at 120 OC. K,Mo(CN),.2H20 was prepared as described by 
Furman and Miller.” Tris(2,2’-bipyridine)osmium(II) perchlorate was 
synthesized by the method of Gaudiello et a1.,I2 and tris(2,2’-bi- 
pyridine)ruthenium( 11) chloride hexahydrate was obtained from Aldrich 
Chemical Co. and used as received. Acetonitrile (HPLC grade) was 
freshly distilled from P205  before use. Compound I was available from 
previous  experiment^.'^ All other chemicals were of reagent grade quality 
and were obtained from commercial sources. 

Electrode Preparation and Ion Exchange. Conductive Sn02-on-glass 
electrodes were prepared and cleaned as previously described.5as Plat- 
inum foil electrodes were prepared similarly but were cleaned electro- 
chemically in  0.5 M H 2 S 0 4  by holding for several minutes at +2.0 V vs 
SCE, followed by cycling at  100 mV/s between the hydrogen (-0.25 V) 
and oxygen ( + ] . I  V) evolution potentials; the final potential was +1.1 
V, and the electrodes were then rinsed with deionized water and air-dried. 
Electrodes were immersed in a 1 m M  solution of I in acetonitrile for 1-3 
days and were then transferred to a stirred solution of the pillared clay 
(0.01 g in IO mL of acetonitrile) for 2 days. These steps were carried 
out a t  room temperature. The electrodes were removed from the sus- 
pension, dipped in acetonitrile, and dried at  120 ‘C in air. Ion exchange 
was carried out by immersing the electrode for several hours in 1 m M  
aqueous solutions of compounds containing the appropriate ions, i.e. 
K,Fe(CN)6.3H20, K4Mo(CN),-2H20,  Os(bpy),(C104),, and Ru- 
( ~ P Y )  $12.6 H 2 0 .  

Apparatus. Electrochemical experiments were carried out in 1 mM 
aqueous KH,P04 by using a one-compartment, three-electrode cell, as 
described previously.5a- All potentials are referenced to the saturated 
calomel electrode (SCE) and are uncorrected for iR drop and liquid 
junction potentials. UV-visible spectra of transparent Sn02/glass elec- 
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Figure 1. Cyclic voltammetry in 1 m M  aqueous KH2P04 of S n 0 2 / I /  
pillared-clay electrodes ion-exchanged with ferrocyanide (left) and oc- 
tacyanomolybdate (right). Scan rates are 20, 40, 60, 80, and 100 mV/s. 
Integration at  slow scan rate gives l’Fe(cN,,c = 1.3 X and rMo(cN,Bc 
= 9.1 X IO-” mol/cm*. 

trodes were obtained with an HP8451A diode array spectrophotometer. 
Diffuse-reflectance UV-vis spectra were taken with a DMS-300 instru- 
ment equipped with an integrating sphere attachment. Emission spectra 
were collected with a Spex Fluorolog spectrometer interfaced to a Tracor 
Northern TN-6500 diode array detector. For photochemical experiments 
a 100-W xenon arc  lamp was used, with either a 400-nm low-pass filter 
or a Jarrell-Ash Model 82560 monochromator. Light intensities were 
measured with an EG&G Model 550-1 radiometer. X-ray powder dif- 
fraction patterns were obtained as previously d e ~ c r i b e d . ’ ~  

Results and Discussion 
Electrode Structure. Pillaring of clay particles with [Al- 

(OH),CI], solution causes flocculation of the originally well- 
dispersed montmorillonite. Electron micrographs show that the 
pillared particles are lamellar, with approximate dimensions of 
1-2 gm X 0.05-0.1 pm. X-ray diffraction patterns of the pillared 
clay showed a (001) reflection corresponding to a repeat distance 
of 19 A along the stacking axis, which is consistent with previous 
r e p o r t ~ ~ * ~ ! ~ g  of 17-19 A for Al1304(0H)2s3+-pillared montmoril- 
lonite. Since the basal plane spacing of fully dehydrated calcium 
montmorillonite is approximately 10 %., a free gallery height of 
ca. 9 8, is implied for our material. Electron micrographs of the 
derivitized electrode show that these particles are bound as a 
patchy thin film that covers about two-thirds of the surface. 
Individual grains appear to have a random orientation relative 
to the surface plane. 

Electrochemistry. Functionalization of electrode surfaces with 
I gives a siloxane polymer layer that is on the order of 2-4 
monolayers thick.5c This polymer presumably contains some free 
silanol groups, which are capable of binding aluminosilicate (zeolite 
or clay) particles through siloxane (Si-0-Si) linkages. This 
arrangement gives anion-exchange sites, associated with the fixed 
positive charges of I, very near the electrode surface and more 
remote cation binding sites associated with the aluminosilicate 
particles. Accordingly, when these films are exchanged with 
multiply charged electroactive cations and cycled in a blank 
electrolyte solution, the reversible oxidation and reduction of these 
ions can be observed. Figure 1 shows typical cyclic voltammetric 
traces obtained with Fe(CN)64-- and M~(CN)~~--exchanged 
electrodes. Quasireversible oxidation/reduction waves are seen 
for both surface-confined redox couples. At low scan rates the 
anodic peak current density is linear with scan rate, which is 
characteristic of a surface-confined couple, and integration gives 
a coverage of about 1 X 

When these electrodes are exchanged with both Fe(CN)6e and 
large electroactive cations (e.g. O~(bpy) ,~+) ,  interesting effects 
are observed, as shown in Figure 2. O ~ ( b p y ) , ~ +  is clearly bound 

mol of electroactive ion/cm2. 

~~~~ ~ ~ 
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Figure 2. Cyclic voltammetry of a CME exchanged with both Fe(CN),+ and Os(bpy)32+: (left side) scans initiated after prolonged hold a t  -0.2 V; 
(right side) scans initiated after hold at  +1.0 V; (upper traces) rFe(cN)6c = 1.0 X = 1.6 X rnol/cm2; (inset) 
plot showing the linear relation of peak current density and scan rate for the cathodic wave at  lower right. Scan rates are 40 mV/s (upper left), 100 
mV/s (lower left), and 20, 40, 60, 80, and 100 rnV/s (right). 

mol/cm2; (lower traces) 

by the polymer/clay film, as the electrode surface acquires the 
green color of the complex. However, in cyclic voltammetric scans 
initiated at  negative potentials (left traces in Figure 2), one sees 
waves attributable only to the Fe(CN),'/'- interconversion; there 
is no apparent contribution from the O~(bpy),*+/~+ couple, even 
though the electrode is swept well past its formal potential (+0.60 
V). Holding the electrode for prolonged periods at very positive 
potential (+l.O V) causes a pronounced change in the cyclic 
voltammogram (right traces in Figure 2). In this case the cathodic 
current is significantly enhanced. When the polymer film is very 
thin (I'FF(CN)6c I mol/cm2), the onset of the extra cathodic 
current lies near the O~(bpy):+/~+ potential. With slightly thicker 
polymer coatings the extra cathodic current is simply added to 

This behavior arises because of a "charge-trapping" phenom- 
enon, which is a consequence of spatial ordering of Fe(CN)64- 
and Os(bpy)?+. Similar effects are well documented for electrodes 
modified with bilayer polymer films,14 films containing both fast 
and slow redox couples,15J6 and modified electrodes in which one 

the Fe(CN),,- -+ Fe(CN)64- wave. 

(14) (a) Abrufia, H. D.; Denisevich, P.; Umana, M.; Meyer, T. J.; Murray, 
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K. W.; Murray, R. W. J .  Am. Chem. Soc. 1981, 103, 4721. (c) 
Willman, K. W.; Murray, R. W. J.  Electroanal. Chem. Interfacial 
Electrochem. 1982, 133, 21 1. (d) Pickup, P. G.; Leidner, C. R.; Den- 
isevich, P.; Murray, R. W. J .  Electrochem. SOC. 1984, 164, 39. (e) 
Pickup, P. G.; Kutner, W.; Leidner, C. R.; Murray, R. W. J.  Am. Chem. 
Soc. 1984,106, 1991. (f) Leidner, C. R.; Murray, R. W. J.  Am. Chem. 
Sa. 1985, 107, 551. 

(15) Fukui, M.; Kitami, A.; Degrand, C.; Miller, L. L. J .  Am. Chem. SOC. 
1982, 104, 28. 

electroactive group is attached only to the outer surface of a 
polymer filmsi7 Since the Fe(CN)64-/3- couple is held by the 
polymer layer near the electrode surface, reaction 1 and its reverse 

(1) 

are both facile. On the other hand, direction oxidation and re- 
duction of O~(bpy) , )+/~+,  reaction 2, is expected to be very slow 

( 2 )  
because the cation binding sites are too distant for rapid electron 
tunneling between O ~ ( b p y ) , ~ + / ~ +  and the electrode surface. The 
interconversion of the O~(bpy) ,~+/*+ forms is mediated by the 
Fe(CN),"l3- ions via reaction 3. In the forward direction this 

Fe(CN)$- + Os(bpy),'+ = Fe(CN)63- + O ~ ( b p y ) , ~ +  (3) 

reaction is very fast because it is thermodynamically favored by 
ca. 400 mV. Therefore, mediated reduction of Os(bpy),,+ can 
occur easily, by a combination of (3) and (1). However, mediated 
oxidation of Os(bpy)32+ is not observable on the time scale of cyclic 
voltammetry since the reversal of (3) is ca. lo7 t imes slower than  
the forward reaction. 

Fe(CN)63- -I- e- = Fe(CN)64- 

Os(bpy),,+ + e- = Os(bpy),2+ 

(16) (a) Buttry, D. A.; Anson, F. C. J .  Am. Chem. SOC. 1984, 106, 59. (b) 
Anson, F. C.; Ni, C.-L.; SavCant, J.-M. J .  Am. Chem. SOC. 1985, 107, 
3442. 
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Hupp, J. T.; McClanahan, S.; Gould, S.; Meyer, T. J. J .  Phys. Chem. 
1989, 93, 294. (c) Surridge, N.; Hupp, J. T.; Danielson, E.; McCla- 
nahan, S.; Gould, S.; Meyer, T. J. J .  Phys. Chem. 1989, 93, 304. 
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Figure 3. UV-visible difference spectra of the CME exchanged with both 
Fe(CN),4- and O~(bpy),~+. Reference: same electrode held at  -0.2 V 
vs SCE. Spectra A, B, and C were recorded 0, 1, and 2 min after 
stepping the electrode potential to +1.0 V. Spectrum D was recorded 
immediately after returning the potential to -0.2 V. 

With very thin polymer films (upper right trace in Figure 2), 
there is direct reduction of Os(bpy),,+ at the electrode surface, 
although there is no evidence for direct oxidation of O~(bpy) ,~+.  
This suggests that Os(bpy),2+ is bound more strongly by the clay 
than is Os(bpy),,+ and that the latter can permeate the polymer 
film to some extent. The reason for weaker binding of Os(bpy)?+, 
relative to O~(bpy) ,~+,  is unclear; we tentatively ascribe it to the 
low charge density and hydrophobic nature of the clay surface. 
With slightly thicker polymer films (lower traces, Figure 2), 
interconversion of O ~ ( b p y ) , ~ + / ~ +  is only possible via mediation, 
Le., reaction 3. Consequently, oxidizing equivalents are "trapped" 
on the Os(bpy),,+ sites until the electrode is returned to the 
Fe(CN),4-/3- potential. When the scan is initiated at  negative 
potentials, no O ~ ( b p y ) ~ ~ +  can accumulate in the film during the 
brief anodic scan, since the reversal of (3) is so slow. However, 
holding the electrode for several minutes a t  +1.0 V causes enough 
Os(bpy),,+ to accumulate (via the reverse of (3) or by direct 
tunneling from O~(bpy) ,~+ to the electrode) that it can be observed 
in the cathodic sweep. The dependence of this cathodic peak 
current on scan rate is linear, as predicted theoretically for 
charge-trapping/charge-untrapping waves with thin polymer 
bilayer films.'4d 

The assignment of trapped redox equivalents to the Os- 
( b ~ y ) ~ ~ + / , +  couple can be confirmed by spectroelectrochemical 
experiments. Figure 3 shows difference spectra (the reference 
being a fully reduced electrode film) obtained by stepping abruptly 
past the O ~ ( b p y ) , ~ + / ~ +  and Fe(CN),3-/4- formal potentials. 
Stepping to positive potentials results in the slow loss of Os(bpy),Z+, 
as evidenced by negative AA features a t  500 and 650 nm. The 
regeneration of Os(bpy)?+, via (3), is very rapid, and about 60% 
of the O~(bpy) ,~+ formed during a 2-min hold at +1.0 V is reduced 
within 1-2 s at -0.2 V. 

With analogous electrode films prepared from I and zeolite Y, 
no charge trapping was found because of ion pairing between 
Fe(CN),4-/3- and O ~ ( b p y ) , ~ + / ~ + .  In that case the ion pairs did 
not adhere strongly to the zeolite surface and were able to per- 
meate the polymer film. Apparently, ion pairing is not competitive 
with surface binding of O ~ ( b p y ) , ~ + / ~ +  in the case of the pillared 
clay. Qualitative ion-exchange experiments carried out with 
R ~ ( b p y ) , ~ +  show that at maximum loading (1.5 X mol/g 
of pillared clay) it is not displaced by 2-3 M Na+. Under these 
conditions Ru(bpy)?+ is quantitatively removed from the external 
surface of zeolite Y .  

Photoelectrochemical Effects. The good structural integrity 
of the Fe(CN),"-/Os( b ~ y ) , ~ +  bilayer obtained with I/pillared-clay 
electrodes suggests the possibility of photochemically driven 
vectorial electron transport. Replacing the O ~ ( b p y ) , ~ +  ions by 
R~(bpy) ,~+,  one observes a modest cathodic photoeffect with either 

- I I I I I C I I I  , I  
0.5 -0.2 1.0 0.5 0.0 

Potential. V vs. SCE 

Figure 4. Cyclic voltammetry of SnOz/anion/Ru(bpy)32+ CME's with 
and without visible light illumination in 1 mM KHzP04 (scan rate 100 
mV/s): (left) I'Fe(CN)64- = 8.0 X lo-" mol/cm2; (right) rMo(cN)8c = 9.6 
X IO-" mol/cm2. Light source was a xenon arc lamp with 400-nm filter. 
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Figure 5. Photocurrent/time response for SnO,/anion/R~(bpy),~+ 
CME's held at various potentials vs SCE: (left) Mo(CN)t-; (right) 
Fe(CN):-. 

Fe(CN):- or MO(CN)~" ions exchanged into the polymer. Figure 
4 shows the cyclic voltammograms of these electrodes recorded 
with and without visible light illumination. This effect may be 
seen more clearly in Figure 5, in which the electrode is held at 
various potentials and the light is switched on and off. In both 
cases the onset of cathodic photocurrent lies near the formal 
potential of the anion (Fe(CN),4- or Mo(CN),~-) bound by the 
layer of polymerized I a t  the electrode surface. No photocurrent 
is observed in the absence of either the anions or Ru(bpy),*+. 
Similar photoeffects have been noted by Oyama and co-workers,18 
who studied the photochemistry of bilayer film electrodes prepared 
from polymeric derivatives of Ru(bpy)?+ and methylviologen. The 
magnitude of the photocathodic effect shown in Figure 5 is suf- 

(18) Oyama, N.; Yamaguchi, S.; Kaneko, M.; Yamada, A. J .  Electroanal. 
Chem. Interfacial Electrochem. 1982, 139, 215. 
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From the absorption spectrum of the CME a photocurrent 
quantum efficiency (electrons per photon absorbed) of ca. 1% is 
calculated at  450 nm from the data represented in Figure 6. 
Emission quenching of the R~(bpy),~+-exchanged C M E  by Fe- 
(CN),4- and Mo(CN),~- exchanged into the polymerized layer 
of I occurs with a quantum efficiency of approximately 1 5-30%19 
at  0.0 V vs SCE; therefore the low photocurrent efficiency can 
be attributed only partly to inefficient quenching. It is known 
from previous workZo that, in homogeneous aqueous solution, the 
quantum efficiency for formation and cage escape of oxidized 
anion/Ru(bpy),+ pairs is ca. 3% for Fe(CN)63- and 87% for 
Mo(CN)*~-. Surprisingly, photocurrent efficiencies are very 
similar for the two anions in the case of the CME. 

In fluid aqueous solution, the large difference in cage escape 
efficiency between Mo(CN),~- and Fe(CN)63- is thought to arise 
because of the relative sizes of the two anions. Structuring of water 
molecules around Mo(CN),+/~-, through hydrogen bonding, may 
make for a “loose” ion pair with Ru(bpy)t+/+, permitting efficient 
cage escape. Sheathing of the smaller Fe(CN),+I3- ions by water 
may be less efficient, causing tighter pairing with R ~ ( b p y ) ~ ~ + / +  
and more rapid back electron transfer within the geminate ion 
pair. This hypothesis is supported by the observation*’ of a large 
positive volume of activation for quenching of * R ~ ( b p y ) ~ ~ +  by 
Mo(CN),+ and essentially zero activation volume for quenching 
by Fe(CN),4-. In the case of the CME, the anions are bound by 
the layer of polymerized I, which may not allow for complete 
aquation of the Mo(CN) 4-/3- ions; therefore, for both Mo- 
(CN)g4-l3- and Fe(CN)64-J3- the quantum yield for charge sep- 
aration is low, resembling that found for Fe(CN)6+/3- in aqueous 
solution. 
Conclusions 

We have demonstrated that a bimolecular electron-transport 
chain assembles spontaneously at  electrodes functionalized with 
1 and pillared-clay particles. Electron transfer along this chain 
can be driven either electrochemically, in which case a charge- 
trapping effect is observed, or photoelectrochemically. While we 
have explored here only bimolecular self-assembling systems, the 
pillared clay also contains zeolitic internal binding sites for small 
ions or molecules, and it may be possible therefore to add a third 
component to the chain.5c The low quantum efficiency for pho- 
tocathodic current obtained with the C M E  (1% on a per-pho- 
ton-absorbed basis) is attributed to tight geminate ion pairing of 
electron donor and acceptor ions, which may be a consequence 
of poor hydration of the anions within the polymerized layer of 
I .  More hydrophilic polymers, e.g. the cationic polyelectrolytes 
recently reported by Anson and co-workers:2 may allow for better 
hydration and higher photocurrent efficiencies. Work along these 
lines is currently in progress. 
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Figure 6.  Normalized plot of photocurrent density vs wavelength for a 
Sn02/Mo(CN)84-/R~(bpy)j2t C M E  a t  0.0 V vs S C E  (lower, squares) 
and diffuse-reflectance spectrum of Ru(bpy),2+/STx-l (upper, dashed 
line). 

ficiently small that only a few percent of the Ru(bpy):+ molecules 
adsorbed onto the surface of the clay are reduced in the time scale 
of the experiment; therefore an apparently constant photocurrent 
is observed during the short time that the light is on at each 
potential. 

These observations are consistent with reductive electron- 
transfer quenching of excited-state R ~ ( b p y ) , ~ +  by Fe(CN)64- or 
Mo(CN),+, i.e. reactions 4 and 5. The oxidized anion (Fe(CN)d- 

Fe(CN)64- + * R ~ ( b p y ) ~ ~ +  -, Fe(CN)63- + Ru(bpy),+ (4) 

Mo(CN),~- + * R ~ ( b p y ) ~ ~ + - ,  Mo(CN),~- + Ru(bpy),+ (5) 
or Mo(CN),~-) produced in this way is reduced if the electrode 
is held negative of its formal potential, via (1)  or (6). Inter- 

(6) 
estingly, when the electrode containing Mo(CN),~-/~-  is held 
positive of the formal potential of that couple, small photoanodic 
currents are observed. This current may arise from oxidative 
quenching of * R ~ ( b p y ) ~ * + ,  via (7) ,  coupled with an electrode 
reaction, which is the reverse of (6). 

Mo(CN),,- + * R ~ ( b p y ) , ~ +  -, Mo(CN):- + R ~ ( b p y ) ~ , +  (7) 

I n  order to assess the efficiency of the photocathodic process 
and to confirm that excitation of R ~ ( b p y ) , ~ +  is responsible for 
the observed current, experiments were carried out with mono- 
chromic light. In Figure 6 the photocurrent action spectrum of 
a Mo(CN),k/Ru(bpy)?+-exchanged CME is compared with the 
diffuse-reflectance spectrum of Ru( bpy)?+-exchanged STx- 1. The 
close correspondence of these spectra indicates that light absorption 
by R ~ ( b p y ) ~ ~ + ,  and not by Fe(CN)64- or Mo(CN),~-, gives rise 
to the photocurrent. 

Mo(CN),,- + e- = Mo(CN),~- 

Quenching efficiencies could not be estimated to greater accuracy be- 
cause the effect of multiply charged anions, such as M O ( C N ) ~ ~ -  and 
Fe(CN)$-, on the nonradiative decay rate of pillared-clay-supported 
Ru(bpy),2+ could not be evaluated from steady-state measurements. 
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