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Photocurrent measurements have been made on nanocrystalline TiO, surfaces derivatized by adsorption of a
catalyst precursor, [Ru(tpy)(bpy(POsH,),)(OH,)]?*, or chromophore, [Ru(bpy)(bpy(POsH.).)]?* (tpy is 2,2":6',2"'-
terpyridine, bpy is 2,2'-bipyridine, and bpy(POsH,), is 2,2'-bipyridyl-4,4'-diphosphonic acid), and on surfaces containing
both complexes. This is an extension of earlier work on an adsorbed assembly containing both catalyst and
chromophore. The experiments were carried out with the I3~/I~ or quinone/hydroquinone (Q/H2Q) relays in propylene
carbonate, propylene carbonate—water mixtures, and acetonitrile—water mixtures. Electrochemical measurements
show that oxidation of surface-bound Ru"—OH,%* to RuV=0?%* is catalyzed by the bpy complex. Addition of aqueous
0.1 M HCIO, greatly decreases photocurrent efficiencies for adsorbed [Ru(tpy)(bpy(POsH,),)(OH,))** with the I37/1~
relay, but efficiencies are enhanced for the Q/H,Q relay in both propylene carbonate—HCIO, and acetonitrile—
HCIO, mixtures. The dependence of the incident photon-to-current efficiency (IPCE) on added H,Q in 95% propylene
carbonate and 5% 0.1 M HCIO, is complex and can be interpreted as changing from rate-limiting diffusion to the
film at low H,Q to rate-limiting diffusion within the film at high H,Q. There is no evidence for photoelectrochemical
cooperativity on mixed surfaces containing both complexes with the IPCE response reflecting the relative surface
compositions of the two complexes. These results provide insight into the possible design of photoelectrochemical
synthesis cells for the oxidation of organic substrates.

Introduction the oxidative equivalents produced at the surface to produce
Nanocrystalline Ti@ surface structures derivatized with ~Photocurrents and carry out organic oxidations with visible
polypyridyl complexes of Rlihave provided the basis for a light. Ir_l an earll_er study, we reported on the photooxidation
family of solar cells based on the photosensitized injection ©f the Ilfgand-brldlged assemtﬂry [((4§QH)ZbPV)(4'4Mez'
of an electron into the conduction band of Fi@nd  PPY)RUA(APP)RU(tpy)(H0)]*" (((4,4-COH)zbpy) is 2,2-
re-reduction of the oxidized form of the complex by thé 4~ bipyridine-4,4-dicarboxylic acid; 4,Mebpy is 4,4-dimethyl-
couplel 8 We are interested in using this configuration and 22-bipyridine; dpp is 2,3-bis(2-pyridyl)pyrazine; tpy is 2,2
6',2"'-terpyridine)? This assembly contained both surface-
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adsorbed chromophore, Ruand R, RU'—0OHy?*, which
is a precursor to Ri—OH?* and RW=0?". There is an
extensive and well-defined oxidative chemistry of'\Ra
0O?" complexes toward organic substrates in solutfon.
Visible photoexcitation of the molecular assembly in
propylene carbonate resulted in photooxidation of Ro
RuU",, followed by sequential oxidation of Ry—OH,*" to
Ru'",—OH?" and then to RYy=0?*. Visible photoexcitation
in 2-propanol led to oxidative dehydrogenation of the alcohol
at the photoelectrode and formation of &t the Pt electrode
according to the equation:

2hy
(CH,),CHOH " (CH,),C=0 + H,

We report here the results of a related study in which the
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collected by gravity filtration’H NMR spectroscopy at this stage
in deuterated methylene chloride indicated that some hydrolysis of
the phosphonated esters had occurred by the decrease in the ethyl
resonances at'1.5 ppm. To completely hydrolyze the esters, 20
mL of 3 M HCI was added and the solution was heated at reflux
for 20 h. The solvent was removed by rotary evaporafiBiNMR
spectroscopy in deuterated water indicated complete hydrolysis, as
indicated by the disappearance of the ethyl resonances. fiRhe
NMR spectrum in deuterated water, using phosphoric acid as the
reference, one resonance peak appeared at 8.229 ppm.
Electrode Preparation. Optically transparent Ti@nanoparticle
films were prepared as described previously on conducting tin-
doped indium oxide (ITO) surfacés! Films of nanoparticle Ti@
(3—5 um) were modified by adsorption of complexes from water
or water/ethanol mixtures. The extent of suface loading was
estimated by UV~visible measurement by the relationsii@l) =

separate components, chromophore and catalyst, are adsorbed0d'«(4), whereA(2) is the absorbance of the filna(4) is the

separately on the same TiQurface. In this case, photo-
sensitized injection is followed by oxidation of hydroquinone
(H2Q) to quinone (Q). These studies reveal profoundly
different effects of added water on photocurrents for ghé |

I~ and Q/HQ couples as electron-transfer relays.

Experimental Section

Materials. High-purity propylene carbonate (99.7%) and per-
chloric acid (70%) were used as received from Aldrich. House-
distilled water was purified further via a Barnstead E-Pure
deionization system. Hydroquinone was purchased from Aldrich
and recrystallized from water. Lithium iodide was used as received

aqueous solution extinction coefficient for the complex imiM
cmt, T is the surface coverage in mol cf and 1000 is the
conversion factor between érand L. For [Ru(tpy)(bpy(P&H>)2)-
(OHY)I?" (2), €(486) = 9600 M1 cm™1, and for [Ru(bpy)(bpy-
(PGsH2)2)]%" (2), €(456)= 14 000 Mt cm~1.211 Surfaces modified
with both [Ru(tpy)(bpy(P@H2)2)(OH,)]** and [Ru(bpy)(bpy-
(POsH,)2)]2" were prepared by placing unmodified Tiims into
stock solutions containing different ratios of the complexes depend-
ing on the desired composition of the modified film. Surface
adsorption at 25C in aqueous solution fot and 2 both follow
the Langmuir isotherm withK = 3 x 10° M~t andK = 2 x 10°
M1, respectivelyl-12

Measurements.UV —visible measurements were made with a

from Aldrich. lodine was purchased from Aldrich and purified by HP-8452 diode array spectrometer. Cyclic voltammetry was
sublimation. Titanium isopropoxide, DCi@68%), and RO were performed by using a PAR 273 potentiostat with the standard three-
used as received from Aldrich. Tin-doped indium oxide @) electrode configuration in a two-compartment cell. The medium
electrodes were obtained from Delta Technologies, Ltd., Stillwater, used was 0.1 M NaClQin water. The reference electrode was
MN, and were cleaned with ethanol and dried before use. All other saturated sodium chloride (SSCE), and the counter electrode was
common reagents were ACS grade and used without additional Pt.
purification. X-ray photoelectron spectroscopy measurements (XPS) were
Syntheses. [Ru(tpy)(bpy(P@H2)2)(OH2)](CIO 4),. (tpy is 2,2: conducted on a Perkin-Elmer Physical Electronics model 5400
6',2"-terpyridine, and bpy(P,),) is 2,2-bipyridyl-4,4-diphos- spectrometer. A Mg & X-ray source (400 W, 15 kV) was used
phonic acid.) This salt was prepared according to a previously with a hemispherical analyzer pass energy of 35.75 eV, and an
published methodt angle of collection of 45 Quantitative atomic ratios were calculated
[Ru(bpy)2(bpy(POsH>)2)](Cl) 2. This salt was prepared according by using the instrumental relative sensitivity factors and integrated
to a previously reported synthesis for the hexafluorophosphate salt, photoelectron peak areas.
with the following modifications. A solution containing 100 mg of Photocurrent measurements were performed as described else-
2,2-bipyridyl-4,4-diphosphonic ethyl ester, bpy(BEL),, and 145 where in a thin-layer, two-electrode c&llThe counter electrode
mg of Ru(bpy)Cl, in 12 mL of a degassed ethanol/water mixture of the cell was a Pt foil sealed in a block of epoxy resin attached
(9:1/v:v) was heated at reflux under argon for 3 h. The reaction to a thick copper wire. The Tigelectrode was sandwiched against
mixture was protected from ambient light. The progress of the the Pt foil with a Parafilm spacer. Reductant solution was drawn
reaction was monitored via UWis measurements at 458 nm. After  into the cell by capillary action. The irradiation source was a 75
3 h, the solvent was removed by rotary evaporation and the residueW xenon lamp coupled to a f4 matched monochromator with 1200
was chromatographed on a silica gel column by using methanol lines/in. gratings and powered by a PTI model LPS-220 Arc Lamp
saturated with NaCl as the eluent. The orange band, which movedSupply. The light from the monochromator was then passed through
very slowly, was collected and taken to dryness by rotary two glass lenses. Light intensity was measured with an IL 500
evaporation. The residue was extracted several times with methyleneradiometer. Currents were measured with a Keithley 6512 program-
chloride. The methylene chloride solution was concentrated and mable electrometer.
dripped into ice-cold swirling ether, which caused the precipitation  Incident photon-to-current conversion efficiencies (IPCE) at each
of a bright orange powder. This powder was collected by gravity incident wavelength were calculated from eéf43
filtration and chromatographed on a LH-20 size exclusion column.
The main band was collected, and the solvent was concentrated
and dripped into ice-cold swirling ether. The orange precipitate was

IPCE (1) = (1240 eV nm), /AP, (1)

In eq 1,1, is the incident photocurrent density in mA/&m is the

(10) Huynh, M. H. V.; Meyer, T. Jinorg. Chem 2003 42, 8140-8160.
(11) Gallagher, L. A.; Meyer, T. J. Am. Chem. So2001, 123 5308—
5312.

(12) Yang, J. C. Ph.D. Dissertation, University of North Carolina, Chapel
Hill, NC, 2000.
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Scheme 1

Ru" Ru"-OH** AG°>04ev Ru' RuV=OH" AG°<-07ev Ru' RuV=0?*

(TiOz) (TiOy)
wavelength of the incident radiation in nm, aRg is the photon
flux in mwWi/cn?. Photon flux was measured prior to IPCE
experiments by using an IL1700, International Light, Inc. radiom-

+ H*
(TiO2)

The ratios ofl to 2 on mixed surfaces of TiPwere
determined by cyclic voltammetry by integrating the reduc-
tive component of the Ru(lll/ll) wave of the current

eter. Action spectra were recorded by making IPCE measurementspotentia| waveforms. A cyclic voltammogram in an agueous
on dye-sensitized films at 10 nm intervals between 400 and 600 solution of 0.1 M NaCIQ (pH ~ 6) for a 1:1 ratio ofl to

nm.

Results

Surfaces modified by adsorption of [Ru(tpy)(bpydP)-.)-
(OHy)I?* (1) (TiO2—RU'—0OHx?**) and [Ru(bpy)(bpy-
(PGsH2)2)]?t (2) (TiO,—RU') were stable over several days

A . . <
in agueous solution, as shown by spectrophotometric mea-_ 5-0E-06

surements. Phosphonate binding to F8Dirfaces provides
a stable linkage in acidic aqueous solution (in contrast to
carboxylate binding) and in propylene carborfate.
Maximum coverages ot and 2 in the TiG; thin films
used here were~9 x 108 and ~7 x 1078 mol/cn?,
respectively, as estimated by WWisible spectroscopy. This
corresponds te-900 effective monolayers for [Ru(tpy)(bpy-
(PGsH2)7)(OH,)]?* and~700 for [Ru(bpy)(bpy(PQH2))]**

2 on a mixed surface is shown in Figure 1. The wavEat
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Figure 1. Cyclic voltammogram of a 50% [Ru(tpy)(bpy(R&%))(OHy)] 2"/
50% [Ru(bpy)(bpy(PQH2)2)]?" mixed surface in 0.1 M NaCI9(pH ~
6). Scan rate is 5 mV/s, vs SSCE.

0.6 0.4 0.2 0

based on the area of the surface and assuming a monolayer

coverage of-1 x 10719 mol/cn? as estimated from van der
Waals radiit®17

In a cyclic voltammogram in HClQat pH = 0.6 for an
ITO/TIO, electrode fully loaded with [Ru(tpy)(bpy(RB,).)-
(OH,)]?", a single wave appears Bt ~ 800 mV for the
Ru(lli/ll) couple. Further oxidation to RU=0%" is not
observed under these conditions, but a Ru(IV/11l) wave was
observed when a catalytic amount of [Ru(tpy)(bpy) Q@
(=4.3 x 10°° M) was added to the external solution as noted
previously*® Oxidation to Ru(IV) is hindered on the surface
because the potential for the direct oxidation of RIDH?**
to RUV=0H?" occurs>1.4 V, which is past the solvent
limit.1° Addition of the relay couple opens a surface pathway
for oxidation by surface-solution disproportionation, eq 2,
which is disfavored by 0.1 V819

Tio,—RU"—OH*" + RU"—OH*" —
Tio,—RUY=0?" + RU'-0OH,”" (2)

Disproportionation is followed by oxidation of Rt OH2t
to RU"—OH,*" at the electrode in solution and proton loss
to give RU'—OH?*.
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= 620 mV is the Ru(lll/Il) couple for Tig—Ru"—0OH?"/
RuU'-0OH*", and the wave aE;, = 1040 mV is the
Ru(l11/11) couple for 2. The Ru(IV/1ll) wave for adsorbed
would appear at~720 mV}8 but, as noted above, it cannot
be observed without the use of an external relay. The wave
at Ey, = 1040 mV arises from the adsorbed [Rbpy)-
(bpy(PQH2)2)]**/[RuU" (bpy)(bpy(PQH2)2)]** couple.

The enhanced oxidative peak current for the wave at 1040
mV arises from the oxidative component of the “missing”
RUV=0?"/Ru" —OH?* wave. This is an important observa-
tion because it shows that further oxidation of FHaRu'" —
OH?* to TiO,—RuY=0?" does occur on surfaces containing
coadsorbed Ti@-Ru".

A possible mechanism for this reaction involving electron
transfer followed by proton transfer is illustrated in Scheme
1. Initial electron transfer is disfavored yG, > 0.4 eV,
while proton transfer is favored b&G, < —0.7 eV at pH
= 6. For the net reaction, Ti&-Ru" + TiO,—RuU"—OH?*

— TiO,—RU' + TiO,—RUV=0?" + H' at pH= 6, AG®
—0.3 eV.

A TiO,—RUV=0?"/TiO,—RU"—OH?* reduction wave at
~720 mV does not appear following the oxidative scan
through the Ti@—RU"/TiO,—RU' wave in Figure 1. A wave
for the TiO,—Ru—OH?"/TiO,—Ru—OH,*" couple does
appear at 620 mV, which “tails” noticeably to more reductive
potentials on the cathodic side, Figure 1. Catalyzed reduction
of TiO,—RuV=0?" to TiO,—Ru"—O" by the reaction
TiO,—RU' + TiO,—RUV=0%" — TiO,—RuU" + TiO,—
Ru"—0O" is highly nonspontaneous withG°® > 0.8 eV18
The reduction mechanism on the surface may be complex
with slow RUV=0?" reduction to Rl{—O" affecting the
reductive waveform. Subsequent rapid protonation and
further reduction of Ri—OH?" to RuU'-OH** would
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Figure 2. UV -—visible spectrum in water of a 50% [Ru(tpy)(bpy(BD))- € 0.025 |
(OH2)]2+/50% [Ru(bpy}(bpy(PQH2)2)]2" mixed surface. co .
@ 0.02
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' e e s " t .. N Lo Figure 4. (A) IPCE versus % 0.1 M HCIQin propylene carbonate for
0 ‘ ) TiO,—RU'—0OH2t (1) with the k=/I relay couple. (B) As in (A) with the
400 450 500 550 600 Q/HQ relay couple.
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Figure 3. IPCE@) versusi spectra for TiQ absorbed [Ru(tpy)(bpy- different behavior was observed with added aqueous acid.

(P%HZ)Zt)(OHtZ%]; (_Illz and d[R“(bf’yi(bpy(PQHZ)Z)]H (2) in propylene |n films of 2, with added 0.1 M HCIQ photocurrents were
carbonate with the Tl - redox retay. initially ~10x smaller than those observed i/, but
complete the conversion of TIORUY=02" to TiO,—Ru'— currents decreased over time to nearly zero in less than an
OH,2+, hour. UV—visible and electrochemical measurements re-

The visible absorption spectrum of a 1:1 mixed surface vealed no significant change in the amount or nature of the

with the composition determined electrochemically, is shown @dsorbed complex. _ _

in Figure 2. In this spectrum, the visible MLCT absorption _ For1 on Ti0;, addition of increasing amounts of aqueous
bands for ) Amax = 486 nm and 2) Amax = 456 nm are HCIO, caused a decrease in IPCE with the/ll™ relay as
badly overlappe@!As shown in Figure 2, the mixed surface fOr 2. By contrast, with the Q/bQ carrier couple, IPCE

spectrum is essentially the sum of the spectra of the separat&/@/ues increased upon addition of 0.1 M HGI@s shown
components. in Figure 4B, a maximum IPCE value 6f3% was reached

Incident photon-to-current conversion efficiency (IPCE) &t the miscibility limit of 5% added aqueous HGl@nd 0.1
measurements were conducted and referenced to [Ru¢bpy) M H2Q. Experiments were also performed in 5% 0.1 M
(bpy(PQH.)»)]?* adsorbed to Ti@ on tin-doped indium DCIOq in propylene carbonate with poth >1 1cr_3 M and
oxide electrodes with the I~ couple in propylene carbonate  0-1 M hydroquinone. There was no discerible isotope effect
as reported previously. An IPCE value 023% was under either set of conditions. In contrast 2o with the
measured at 470 nm for this surface dyaction spectra, ~ Q/H2Q relay and added HCIQIPCE values fod were stable
IPCEQ) versust, for films containing either Tig-Ru'— over extended periods (hours). The variation in IPQEith
OH,2* or TiO,—RU' matched closely the absorption spectra [H2Q] in 95% propylene carbonate and 5% 0.1 M HEI®
of the adsorbed dyes. IPCE values for TH#Ru'—OH,2* shown in Figure 5. 3 _ o
were only~25% of those for Ti@—RU'. Part of the decrease Because of the higher solubility of;R in acetonitrile as
is due to the decrease in absorptivity-670% for the aqua ~ cOmpared to propylene carbonate, IPCE measurements were
complexes with a slight shift to the red for both cases. Action /S0 performed with b in acetonitrile-water mixtures.
spectra for both are shown in Figure 3. There_ is a potentla_l complication in this medium from

The IPCE values decrease dramatically with added aque-Substitution of coordinated # by CHCN, eq 3.
ous 0.1 M HCIQ with the k™/I~ couple as redox carrier for ' | ot ' " ot
both 1 and2. This effect is illustrated for Ti@-Ru'—OH,  TiO;~RU'=OH,*" + CH,CN— TiO,~Ru'=NCCH;*" +
(1) in Figure 4A with the IPCE value at 510 nm decreasing H,O (3)
by ~40% with the addition of 1% aqueous 0.1 M HGIRy
volume. The effect is reversible with the photocurrent  That substitution occurs in pure acetonitrile was confirmed
restored in a dry propylene carbonate solution. by IPCE measurements. After exposureldd acetonitrile,

Hydroquinone as Reductant.With the quinone/hydro-  the maximum in the IPCE] versust spectrum shifted from
quinone couple rather than the I~ couple as relay, a the characteristic maximum for the aqua complex at 490 nm

2092 Inorganic Chemistry, Vol. 44, No. 6, 2005
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Figure 5. Variations in IPCEf) of TiO,—Ru'—OH,2" (1) with excitation
at 520 nm as a function of hydroquinone concentration in 95% propylene
carbonate and 5% 0.1 M HCIO

0.08 0.1 0.12

to that of the CHCN complex at 470 nm, and the peak
current decreased by a factor oP.

The influence of aqueous 0.1 M HCJ@n the IPCE for
TiO,—Ru—OH*" with added Q/HQ in acetonitrile is

recently showed that this reactivity is maintained in 'fRu
(tpy)(bpy(PQH>))(0)]?" adsorbed to Ti@!!

The RU—OH?* form of 1 is a typical metal-to-ligand
charge-transfer (MLCT) chromophore wiflyx = 486 in
water adsorbed to TiODHowever, the intense MLCT visible
light absorptivity is lost upon oxidation to Ru-OH?". As
shown in eq 5, this provides a basis for the usual one-photon,
one-electron injection cycle on TiOwhich, when coupled
with the k7/I~ relay couple, provides the basis for a
photoelectrochemical cell. There is an earlier example of a
ruthenium aqua complex as a sensitizer onliiDa dye-
sensitized solar cell based on adsorbiedRu'(4,4-(COH),-
bpy)(OH,),] 2+.34

hy
_e*’H+

TiO,—Ru'—0H,**

Tio,—RU"—OH**  (5)

Because of the loss of MLCT absorption upon oxidation

complex, but photocurrents increased with added acid up toto TiO,—Ru" —OH?*", an efficient light harvesting ability by

30% 0.1 M HCIQ, reaching a maximum of0.1.

photoinjection is lost in the once-oxidized form, and there

Mixed Surfaces.Measurements were also made on surface 1S no direct sensitized pathway for the production of the

mixtures of 1:3, 1:1, and 3:1 TiE>-RU'—OH2":TiO,—RU'.
Photocurrents for the mixed surfaces wigh/l~ in propylene

catalytically more interesting R#=0?" form.
We have reported on the existence of relatively facile

carbonate were, within experimental error, the sum of the Cross-surface electron transfer between polypyridyl com-

fractional surface coverageg, and y, weighted by the
IPCEQ) values for the pure surfaces, eq 4.

IPCEmixed surface XaIPCEa(]') + XbIPCEb()“) (4)

Discussion

The goal of this work was to explore the photocurrent
characteristics of mixed TiOsurfaces containing the rela-
tively efficient photoinjector [Ru(bpyjbpy(PQH>)2)]%" (2)
and the redox catalyst precursor, [Ru(tpy)(bpy{R&)-
(OHL)]?" (1). On surfaces containing only the latter, oxidation
to [Ru" (tpy)(bpy(PQH,))(OH)]>" occurs, but further oxida-
tion to [RUY(tpy)(bpy(PQH,))(O)]?>* occurs only with an
added redox carrier in the external solution. Tikg for the
analogue [RU(tpy)(bpy)(OH,)]** is 1.7 in solution, and for
[Ru'(tpy)(bpy)(OH)]** it is 9.72°

There is an extensive catalytic and stoichiometric oxidation
chemistry of RY=0?" polypyridyl complexeg?®1°2+33\We
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plexes adsorbed on Ti3® Cross-surface electron transfer
could create a possible indirect route to THRUV=0?".
This is shown in Scheme 2 and involves excitation and
injection by adsorbe@ followed by cross-surface electron
transfer and oxidation of Tig-Ru"—OH?*" to RuUV. From
redox potential measurements at pH6.0, this reaction is
favored withAG® = —0.3 eV.

The formation of RY=0?" on the surface would open
the possibility of using the photoelectrochemically produced
oxidative equivalents to perform organic oxidations through
two-electron transformations. In many organic oxidations,
protons are released, which, in an aqueous environment,
provides a low overvoltage route to,tat the cathode. If
this strategy were successful, it would open the possibility
of using the sensitized TiOphotoelectrochemical cell
approach for creating a family of photoelectrochemical
synthesis cells with KHproduced at the cathode and net
organic oxidations such as alcohol oxidation and epoxidation
of olefins, eqs 6 and 7, at the anode.

PhCHOH + 2hv — PhCHO+ H, (6)

PhCH=CHPh+ H,O + 2hv — PhCH(O)CHPht Hz( )
7

As mentioned in the Introduction, this approach has been
proven in concept for the dehydrogenation of 2-propanol by
using an adsorbed, ligand-bridged assembly containing
separate chromophore and catalytic functidi$ie results
described here were designed to explore this possibility based
on adsorption of separate chromophore and catalyst com-
plexes on the same Tiurface.

(34) Liska, P.; Vlachopoulos, N.; Nazeeruddin, M. K.; Comte, P.z&la
M. J. Am. Chem. S0d.988 110, 3686.
(35) Trammell, S. A.; Meyer, T. J. Phys. Chem. B999 103 104-107.
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Scheme 2
RuMOH2* Ru' o2 IV_ 2+
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TiO, —> TiO, < — > TiO,
AN Rull < AN Ru!l H AN Ry

I57/I~ Relay. Light absorption by Tig—Ru'—OH2?" (1)
on TiO; in propylene carbonate with thgfl~ relay leads
to sustained photocurrents, but IPCE values are /2%
of those for TIQ—RU' (2) with excitation at their respective
IPCE maxima, Figure 3. This may be due, at least in part,
to the lower light absorptivity for the aqua complex and a
relatively short excited-state lifetime for the MLCT excited
state(s) of [RU(tpy)(bpy(PQH>)2)(H20)]>". There is no
evidence for emission from the complex in solution.

The inclusion of water is important in maintaining the
surface Re=O?*/Ru—OH,?>" couples and for providing a
proton reservoir for reactions involving proton transfer. A
few early experiments with nanocrystalline Ti€lectrodes

cyclic voltammetric measurements were performed. InFUV
visible spectra, the characteristic MLCT band for [Ru(bpy)
(bpy(PQH,)2)]?" at Amax = 460 nm was observed with no
apparent loss in absorbance due to desorption. In cyclic
voltammograms, a single wave for the Ru(lll/lIl) couple
appeared aE;, = 1010 mV, only slightly shifted front,,
=1040 mV obtained before the photocurrent experiments.
To check the integrity of the TiQafter the photocurrent
experiments with hydroquinone, films were examined by
XPS before and after the experiment. No change in tHe Ti
Ti'V ratio was observed, and there was also no sign of carbon
buildup on the films. None of these experimental probes gave
insight into the origin of the loss of photoelectroactivity.

for dye-sensitized solar cells were performed in agueous The situation is different for Ti@-[Ru(tpy)(bpy(PQH>))-

media3436-37Although large IPCE values were once reported
in agueous medi#;*¢there have been no additional reports
under such conditions since 19%3n a study by Nazeer-
uddin and co-workers, water was reported to lower the
injection efficiencies of dye-sensitized electrodealthough
no explanation was offered for the effect.

Our IPCE results on both Tie-RU'—0OH,*" and TiQ—
Ru' with the L=/l carrier couple show that addition of
aqueous 0.1 M aqueous HClQlecreases IPCE values
incrementally with the effect leveling off past 3 vol %, Figure
4A for TiO,—RU'=0OH,2". There is no effect on the UV

visible spectrum of the adsorbed complexes in this medium,

(OH)1?t, where use of the QA relay resulted in sustained,
but lower, photocurrents with no loss of activity over
extended photolysis periods. With hydroquinone as the
reducing agent, IPCE values for TH#ORU'—0OH,*" actually
increase from less than 0.3% to over 3% as the 0.1 M HCIO
content was increased from 1% to 5% and to as high as 8%
at 30% 0.1 M HCIQ. In fact, photocurrents were immeasur-
ably small unless water was present.

Based on a detailed mechanistic study on the oxidation
of hydroquinone (kQ) by cis-[Ru" (bpy)(py)(O)*" andcis-
[Ru" (bpy)(py)(OH)J?" in acetonitrile, oxidation of hydro-
quinone by either occurs by proton-coupled electron transfer

and the effect is reversible. We have not investigated the (coupled electron-proton transfer (EPT)), eqs 8 and 9, with

microscopic origin of the effect of water but conclude that
it must be a medium effect. A possible role for small amounts

ki,0'ko,0 kinetic isotope effects of 29 for eq 8 and 9.7 for
eq 9. In water, the rate constant for oxidation by'RQH>*

of added water is selective solvation and its effect on the (k, = 1.1 x 1) is actually slightly larger than oxidation by
thermodynamics (and the electron-transfer reactivity) of the RUV=0?" (k, = 9.2 x 1) even though Rt=0?" is the

I57/1- couple. Another could be its effect on the extent of
ion association at the adsorbed redox sites.
Hydroquinone. The use of hydroquinone as reductant and

the Q/HQ carrier couple was investigated as an example of

an organic relay in place of1/I~. Hydroquinone was used
as a “supersensitizer”, during early studies of photoinjection
on dye-sensitized planar semiconductor electrééidhe
difference in behavior between TiORU'—OH?" and
TiO,—RU'" with the Q/HQ couple is striking.

With I37/I~ and TiQ—RU' films in propylene carbonate,
the maximum IPCE is 23%With hydroquinone as reduc-
tant, initial IPCE values are lower by nearly a factor of 10.

stronger oxidant by 0.11 e%%.

RUV=0?" + H,Q — RU"—OH?" + QH (8)

9)

In the final step, disproportionation of the semiquinone
radical yields hydroquinone and benzoquinone as products,
eq 10.

Ru"—OH*" + H,Q — Ru'-OH,”" + QH

2HQ—H,Q +Q

The same mechanism presumably occurs on the surface even

(10)

Further exposure to light in the presence of hydroquinone though there was no significant@&/D.O effect on the IPCE

over a period of~1 h, under standard cell operating
conditions, leads to permanent loss of an IPCE response.
To ascertain if the integrity of adsorbed [Ru(bgpy-

efficiency. An independent study on the reduction of O
RuV=0?" by hydroquinone has shown that diffusion into
the microporous film environment is rate determining, which

(POsH,)2)]?" had been compromised, both absorbance andexplains the lack of a measurable isotope efféct.

(36) Heimer, T. A.; Bignozzi, C. A.; Meyer, G. J. Phys. Chem1993
97, 11987.

(37) Armadelli, R.; Argazzi, R.; Bignozzi, C. A.; ScandolaJ-Am. Chem.
Soc.199Q 112 7099.

(38) Nakao, M.; Itoh, K.; Watanabe, T.; Honda, Ber. Bunsen-Ges. Phys.
Chem 1985 89, 134.
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With hydroquinone as reductant, a proposed photoelec-
trochemical mechanism is shown in Scheme 3. The net
reaction is the photochemical dehydrogenation eQHo

(39) Gallagher, L. A. Ph.D. Dissertation, University of North Carolina,
Chapel Hill, 2001.
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Scheme 3
Photoanode

2hv
2TiO)-Ru-OH,** —— 2TiO,-Ru-OH?* + 2H" + 2¢(Ti0,)  (a)

2H,Q(soln) —  2HQ(film) (b)

2H,Q(film) + 2TiO,-RuM-OH>* === 2TiO,-Ru"-OH*" H,Q (©
2TiOy-RUM-OH** H,Q — > 2TiO,-Ru'-OH,?*+ 2HQ" (d)

2HQ: — Q + HQ (e)

H,Q + 2hv ——  Q + 2H" + 2¢

Cathode

2H' + 2¢(Ti0) —  H,

Net

HQ+2hv —  + H,

Q. In the photoelectrochemical cell, the reaction is ac- and reduction by or H,Q

companied by a photocurrent and associated photopotential

arising from the potential difference between the conduction 2TiO,—Ru" —OH** + 31™ + 2H" —

band of the e_Iectrode and the 2, couple at pH= 1. 2TiOz—Ru”—OH22+ g
The formation of H at the cathode was shown by gas

bubbl_e fqrmation, but the amount of gas was n_ot_d_eftermined 2Ti02—Ru”' —OH?" + 2HQ— 2Ti02—Ru”—OH22+ +Q

quantitatively. In Scheme 3, the photocurrent is initiated by

excitation and photoinjection (reaction a). Thex{H de-  Both reactions must occur by initial one-electron steps and

pendence in Figure 5 can be explained qualitatively as rateihe intervention of one-electron intermediates, HQ' in
limited by diffusion from the external solution into the | eactions such as

nanoparticle film at low [HQ] (reaction b), with film
saturation in HQ occurring above 0.01 M. TiO,—RU"—OH?" + HQ — TiO,~RU'-OH,*" + Q

Comparison Between the § /1~ and the Q/H,Q Relays.
With added Q at a cathode inert to férmation, the cathode  Reduction of the semiquinone radical by the photoexcited
reaction would become electron may also contribute to the lower IPCE with

hydroquinone.
Q+2H" +2¢ —H,Q
e (Ti0,) + HQ + H™ —TiO, + H,Q

Under these conditions, the photoelectrochemical cell
would become a conventional solution photovoltaic cell A key difference betweerr land hydroquinone as reduc-
with the photopotential arising from the potential tants is presumably a higher affinity of toward the TiQ
difference between the Ti@onduction band and the Q/& films due to ion-pairing with the cationic T Ru'—OH,2*
couple. sites. lon-pairing provides the reducing equivalents fot Ru

There are some important and revealing comparisons tore-reduction at the site where it is produced. Anionic
be made between thg'll~ and Q/HQ couples as redoX reductants have been suggested as an important element in
carriers. Kinetic studies in solution reveal that the reduction ensuring the efficiency of dye-sensitized solar c#lls.
of RU"—OH*" by H,Q is rapid withk, = 1.1 x 10°.* There is a significant difference between the two couples
Nonetheless, the maximum IPCE value for thell” couple in their response to added water as 0.1 M HCIBor the
as compared to the QR couple is greater by a factor of  Q/H,Q couple, IPCE values increase incrementally up to 5%
~10. This observation demonstrates the importance of kinetic (the miscibility limit) and up to 30% in acetonitrile. This is
effects following photoinjection (reaction a in Scheme 3). a significant effect with IPCEs reaching nearly 10% in

In this case, there is a kinetic competition for T#RU"'—  acetonitrile with 30% 0.1 M HCIQ The enhancement with
OH?* between back electron transfer from the photoexcited added water may also be a partitioning effect with the affinity
electrons of the interior of the films toward hydroquinone enhanced

in solvent mixtures.
TiO,—RU"—OH** + € (TiO,y) + H" —

. | 2+ (40) Cahen, D.; Hodes, G.; Gezl, M.; Guillemoles, J. F.; Riess, J.
TiO,—Ru'—OH, Phys. Chem. R00Q 104 2053.
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Scheme 4
Photoanode
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There is also a significant difference in long-term behavior favored by 0.24 V (1900 cr). On nanoparticle surface
toward the Q/HQ couple between the TG Ru'—0OH?" films of ZrO,, both ZrG—Ru"™ — ZrO,—04' energy transfer
and TiQ—RuU' electrodes. Photocurrents for the latter (AG° = —0.4 eV, 3200 cmY)34tand ZrQ—0s' — ZrO,—
decrease markedly as the photolysis period is extended. TheRu" electron transféf (AG° = —0.4 eV) are facile but
origin of this effect is unclear especially given the negative orders of magnitude less than theicosecond time scale
evidence for significant surface change from B¥sible, for photoinjection for adsorbed metal complex dyes on
electrochemical, and XPS measurements. TiO,.4?

The surface poisoning effect is not observed for JFHO There is a further manifestation of the lack of cooperativity
Ru'—0OH,?*. This difference in behavior points to a change between TiG—RU' and TiG—Ru'—-OH** on mixed sur-
in mechanism for reduction of Rubetween the two couples  faces. The photoactivity loss with time for TIORU' with
at the surface. Reduction of TiORU"—OH?* by hydro- added hydroquinone was noted above. On mixed surfaces
quinone at the surface presumably occurs by coupledwith added HQ, the photocurrent decreases with time until
electron-proton transfer (EPT) as in eq 9, and the sequenceTiO,—RU' is deactivated. The photocurrent response that
H.Q — HQ, followed by disproportionation, eq 10. With  remains is stable and is proportional to the mole fraction of
TiO—[RU" (bpyk(bpy(PQH>)2)]?", the mechanism may TiO,—RuU'-OH,?". This points to selective deactivation
involve initial outer-sphere electron transfer and the sequencetoward electron transfer at surface-bound'Rur on the
H.Q — H, Q" — HQ + HT. The intermediate Q" and surface in the vicinity of Rl
its interaction with the surface or the surface link to 7#O Two-Electron Reductants.The results with hydroquinone
RU** may cause surface passivation toward further electron are not directly relevant to possible access and utilization of
transfer, although the detailed mechanism for this behavior [RuV (tpy)(bpy(PQH.))(0)]?* on the surface with more
is unknown. interesting reductants such as those in eqs 6 and 7. Hydro-

Mixed Surfaces. As noted above, we investigated the quinone is an unusual reagent in its high relative reactivity
IPCE characteristics of mixed surfaces containing [Ru(tpy)- toward both R —OH?* and RWV=02?". As noted above,
(bpy(PQH,))(OHL)]?" and [Ru(bpy)(bpy(PQH,)2)]?" on rate constants for oxidation ofJ9 by the Rl —OH2" and
TiO, to explore the possible development of an indirect route RuY=02" forms of cis-[Ru(bpyk(py)(OH,)]?* are compa-
to highly reactive TiG—[Ru" (tpy)(bpy(PQH,))(0O)]?" (TiO,— rable* The oxidation of benzyl alcohol to benzaldehyde is
RuV=0?") by cross-surface electron transfer. far slower. It occurs by a two-electron mechanism, and

IPCE measurements on the mixed surfaces are consistenteactivity with RUY=02" is highly favored kinetically over
with the absence of significant cooperativity between;AO  Ru'"—0OH?".1128This creates a challenge for the use of one-
RU' and TiQ—RuU'-OHy?*. With |- as reductant, the proton, one-electron-transfer mechanisms for carrying out
experimental photocurrents are the normalized sum of two-electron reactions. Excitation and injection on 74O
separate contributions from TiIORU" and TiQ—Ru'— Ru—OH,?* surfaces produce Ru-OH?", eq 11, but TiG—
OH2™" within experimental error{10%. The absence of RuV=0?" is inaccessible because TORU"—OH?" is
cooperativity effects is consistent with excitation and pho- nearly transparent in the visible.

toinjection at the individual Ti@-Ru"™ and TiQ—RuU'— In principle, mixed surfaces containing both chromophores
OH?* sites on a time scale that is rapid compared to cross-and catalytic sites offer a solution to this problem. The
surface electron and energy transfer. mechanisms for accessing the catalytically active form,

Energy transfer from Ti@-Ru'—0OH2?"" to TiO,—RU"
is spontaneous by3000 cntt based on the absorption and  (41) grammell, ? JA;]; \lgarl]ng, g:'hciﬁs's)zllé%?lgﬂa'; gfls%r;iré%og. N.; Odobel,
. . . L .; Meyer, T. JJ. Phys. Che .

IPCE maxima in F|ggres 2 and 3. Slmllar_ly, cross—sgrface (42) Kelly, C. A; Meyer, G. JCoord Chem. Re. 2001, 211, 295-315
electron transfer, Ti@-Ru'-OH2t* — TiO,—RU", is and references therein.
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TiO,—RUuV=0?", based on excitation, injection, and cross- adsorb more reactive oxidants on the surface. With more
surface electron transfer are shown in Scheme 4 for thereactive oxidants, the mechanism shown in Scheme 4 may
dehydrogenation of benzyl alcohol. The initial formation of become viable.

TiO,—Ru"—OH?" could occur by direct or indirect mech-

anisms. Subsequent excitation and injection by FiRu' Acknowledgment. Funding for this work was provided
followed by cross-surface electron transfer would form by the Department of Energy (grant no. DE-FG02-96-
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