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Intentional variations of the driving force for back electron transfer from titanium dioxide to a surface-bound
redox couple, via synthetic alteration of the couple’s formal potential, show that the reaction takes place in
the Marcus normal region; i.e., rates become faster as the driving force increases. Variable-temperature rate
measurements show that back ET is thermally activated, with the activation barrier decreasing with increasing
driving force, as expected for a normal region process. The observation of normal region behavior, despite
the existence of overall reaction driving forces that significantly exceed the likely reorganization energy, is
attributed to the occurrence of a sequential electron- and proton-transfer process. The sequential process
yields a driving force for the rate-determining electron-transfer step that is considerably smaller than the
overall reaction driving force. The sequential electron- and proton-transfer mechanism also provides an
explanation for the pH independence of the back-ET kinetics. Variable-temperature rate measurements
additionally point toward a high degree of nonadiabaticidy-5 orders of magnitude of rate attenuation due
solely to inefficient electronic coupling. The physical basis for the effect presumably is in the need to traverse
eight bonds, some of them saturated, in the back-ET process. Together with the barrier activation effects, the
reaction nonadiabaticity accounts for the slow rates for back ET (Cas1pand, therefore, much of the

ability of metal-to-ligand charge-transfer type chromophores to function effectively as sensitizersyin TiO
based photoelectrochemical cells. The findings also suggest that more efficient cells could be constructed by
extending the chemical linkage between the dye and semiconductor and by further decreasing the driving
force for the back-ET process.

Introduction
Dye sensitization of wide band gap semiconductor electrodes —0\11 ®
in photoelectrochemical cells can lead to tremendous enhance-_ -0~ N hy
. - ; . S TO, 0 JRiL, T ¥
ments in efficiency in energy conversion applications by »-o\ll o
permitting such cells to respond to significant portions of the o

visible spectrumi—3 Dye sensitization also provides a scheme
for inititiating fast and ultrafast interfacial electron-transfer (ET)
reactions, thereby permitting access to kinetic regimes that are
interesting and important from a fundamental reactivity perspec-
tive, but are difficult or impossible to access via conventional
electrochemical techniqués® We report here on the kinetics ~ Ti0:|
for back electron transfer for several variants of the classic tris
polypyridyl ruthenium/nanocrystalline titanium dioxide system
(eq 1). We note that this system has figured prominently in the
development of several of the most promising current dye-based
energy conversion systefi$*—in part because it was one of

N N injection
1
RuTL,

the first systems to exhibit both efficient forward electron O>P @) back ET o N,
transfer and comparatively slow back ET (but, nevertheless, fast 1o,[ ﬁ SR, > T, o ﬁ W ¢))
by conventional electrochemical standards). Slow back reactivity Z> Of O>P O

is typically a criterion for achieving both a high degree of net

charge separation and a high photovolt&éyéhese character-

istics, along with efficient photon collection, are essential for

efficient overall device operation. such effects indeed would be expected from the simplest reaction
For dye/semiconductor combinations such as those in eq 1,driving force (AG) and reorganization energyl)( consider-

the induction of slow back-ET kinetics has typically been ations!® We reasoned that the inverted region hypothesis could

interpreted in terms of Marcus inverted region effécé$—where

T Part of the special issue “Thomas Spiro Festschrift”.

10.1021/jp001628z CCC: $19.00

readily be verified by systematically alteridgs and monitoring
the effects upon the kinetics: Increases in driving force should
yield exponential decreases kge;, the back electron-transfer
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rate constant. Surprisingly, we find that systematically increasing 1373 (—4(CHa)), 1138 (2(PFs), —2(C:H,)); [Ru(dpb-estepy

the reaction driving force instead significanilycreases i
implying that back electron transfer is occurring in the Marcus
normal regiort®2! Variable-temperature kinetic studies, de-

(NOz-phen)](Pk)2, m/e 1529 (parent), 1384 «PF;), 1239
(—2(PFR)), 1339 (PFs, —NOy), 1456 (-C,H4, —NOy), 1484
(=NOy), 1282 (PF;, —2(CHs), —NOy,); [Ru(dpb-estep(CHs-

scribed below, provide further evidence for the unexpected phen)](PR)z, m/e 1499 (parent), 1353(PF), 1207 (-2(PF)),

normal region reactivity, while also pointing to the likely
significance of nonadiabaticity in defining the kinetics. We find

1325 (~CoHa), 1297 (-2(CoHy)), 1179 (-2(PFs), —CoHa), 1151
(—2(PFR)), —2(—CzHy); [Ru(dpb-estep (CHs)s-phen)](Pk)2,

that a recently proposed alternative model for the energetics ofm/e 1398 (-PF;), 1253 (-2(PR)), 1225 (-2(PF;), —CzHy),
selected reactions at metal oxide semiconductor/aqueous solutiori384 (~PF6 —CHy), 1169 2(PF;), —3(C:Hy)).

interfaced? 26 is capable of accommodating the otherwise
incompatible observations of large overall interfacial reaction
driving forces and well-defined Marcus normal region reactivity.
Finally, we suggest that the findings have implications for
electrochemical photovoltaic cell design and efficiency optimi-
zation.

Experimental Section

Materials. Colloidal TiO, (ca. 8 nm diameter particles) and
high surface area nanocrystalline films of Ti@ere prepared
as described previousk:2’ Dyes were attached by immersing
films in aqueous solutions (pH 2.5, adjusted with Hl©f
hydrolyzed dye for 24 h, or by adding the hydrolyzed dye to a
colloid sample and allowing it to stand for 24 h.

Dye Syntheses[Ru(dpbH}L](PFe). species (dpbH= 4,4-
(CH,PO(OH)),-2,2-bipyridine; L = 1,10-phenanthroline (phen),
5-nitro-1,10-phenanthroline (N&phen), 5-methyl-1,10-phenan-
throline (CH:-phen), and 3,4,7,8-tetramethyl-1,10-phenanthro-

In addition, the precursor compound [Ru(dpb-es(6CH3)4-
phen)](Pk). gave the followingtH NMR (D.0O) spectrum:o
1.3 (H, t,J = 10.6 Hz, 12H), 4.1 (1 g, J = 8.8 Hz, 8H), 3.5
(Hs, 2s, 4H), 8.2 (M, s, 2H), 8.7 (H, d, 2H), 7.9, 9.2 (H, Hs,

m, 4H), 2.9, 3.0 (K, 2, 12H). Following treatment with 6 M
HCI, the peaks ad 1.3 and 4.1 were lost, confirming loss of
the ester groups.

Ru(CO)LCI, species were prepared from [Ru(GO}],2° and
L via published procedures.

[Ru(dcbH}L]Na, species (dcbH= 2,2-bipyridine-4,4-di-
carboxylic acid; L= 5,6-dimethyl-1,10-phenanthroline (G}
phen), 5-chloro-1,10-phenanthroline (Cl-phen), and:¥@en)
were synthesized according to the method of Crutchley and co-
workers3! In some cases the desired compound could be isolated
only as a powder contaminated with NaCl (used for precipitation
of the highly water soluble complexes). Elem anal. for [Ru-
(dch)z((CHg)z—phen)]Na-8H20-NaCI (=RUC38H40N6016N8.3-

Cl) calcd (found): C, 43.53 (43.79); H, 3.64 (3.87); N,

line ((CHs)4-phen) (GFS Chemicals); see the structures) were 8.44 (8.06). Elem anal. for [Ru(dcbi{TI-phen)]Na-8H,O
prepared from the corresponding phosphoester complexes by(=RuGC;sH3sNsO16CINay) calcd (found): C, 43.02 (43.67); H,

hydrolysis n 6 M HCI. No attempt was made to isolate the

3.5 (3.56); N, 9.18 (8.49). Elem anal. for [Ru(dchfNO,-

resulting tetraphosphonic acid functionalized complexes as phen)]Na-5H,0-4NaCl ERuGCseHaN;O15Nap-5H,0-4NaCl)

solids.
, 2 l0l (]:I)
N PN
(OH);0P, PO(CH), O-R_, PO
COOH COOH o~ o~
5
@@ 0 CLC
6
\N \N \N - \N P
deoH dpbH dpb-ester
¢ O2N HsC
72 /A 7 N_ ¢ N\ 7 N N\ 7 N\_/ \
=N = =N N= =N N= =N N=
phen Ch-phen NO,-phen (CHz)-phen
HiyC CH. 9 8
i : HsC, CHy
7 N_ N\ to—C - N Hy
=N N= =N N=
(CH;),-phen (CHa)e-phen

[Ru(dpb-estenL](PFg). species were prepared from Ru-
(CO).LCI, and 4,4 (CH,PO(OCHCHg),),-2,2-bipyridine (dpb-
ester) by analogy to a literature meth&dVorkup consisted of
addition of aqueous NJPFs, removal of solvent by rotary

calcd (found): C, 36.89 (36.63); H, 2.81 (2.48); N, 8.25 (8.31).

Measurements. Transient absorbance measurements were
performed with colloidal samples by using the frequency-
doubled output of a short-cavity, short-pulse, Q-switched Nd:
YAG laser for sample excitation and a pulsed xenon lamp as a
probe, as previously describ&dThe minimal response time
of the instrument is ca. 5 ns. Rate data typically were collected
at~460 nm. Temperature variations between cd.(@8nbient
temperature) and 1 were achieved by immersing the sample
cuvette in a stirring water bath. Systematic variations between
ca. 23 and 60°C were achieved by wrapping the sample cuvette
with a heating tape connected to a Variac controller.

Formal potentialst;, for titanium dioxide bound phosphonate
dyes were determined by recording voltammograms directly
using relatively thin and comparatively highly loaded films of
TiO,.32 The estimated uncertainty was0.01 V. Potentials
obtained in this way agree with those obtained spectroelectro-
chemically by loading dyes onto high-area Fi@ms and
utilizing redox mediators as described previolSIfhe direct
voltammetry method, however, yielded lower uncertainties,
making it the preferred approach. Formal potentials for mixed-
ligand carboxylate dyes were estimated from literature values
for Ru(4,4-COO-2,2-bpy)® 4~ and Rul'z3"2+ species’ The
potential for the hexacarboxylated complex is reportedly

evaporation, dissolution of the residue in acetone followed by unchanged by attachment to TLiOwe assumed that the

precipitation and filtration from stirring ether, redissolution in

potentials for mixed-ligand complexes also would be unaffected.

acetonitrile, passage through a short alumina column with 98:2 (In contrast, the potentials of the phosphonate dyes are known
acetonitrile-methanol as eluent, partial removal of solvent, and to shift to less positive values upon surface attachement.)
isolation by filtration from stirring ether. Unfortunately, the Unfortunately, the carboxylate dyes were consumed some time
compounds were contaminated with varying amounts of-NH before the surface spectroelectrochemical methodology was
PFs, making characterization via elemental analysis uninforma- developed. It is conceivable, therefore, that the Eugalues

tive. In contrast, FAB mass spectrometry did prove useful: differ slightly from the estimatesRelative values within the
[Ru(dpb-esteg(phen)](Pk)2, nVe 1339 (—PFs), 1195 (-2(PFK)), carboxylate series, however, should be accurate.
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TABLE 1: Reactants and Driving Forces TABLE 2: Ambient Temperature Rate Parameters for Back
complex E;, V vs SSCE AG° (overall rxn)2eV Electron Transfer
1 Ru(dpb)(NOs-pheny- 0.93 145 complex ki x 10°6, st ke x 107, s71 B
2 Ru(dpb)(phen§~ 0.89 —-1.41 1 13 8 0.43
3 Ru(dpb}(CHs-phenf~ 0.86 -1.38 2 8 5.5 0.48
4 Ru(dpb)}((CHs)s-phen}- 0.68 -1.13 3 7 4 0.51
5 Ru(dcb)(NOx-phen¥~ 1.08 -1.60 4 7 4 0.45
6 Ru(dcb)(Cl-phen} 0.98 —-1.50 5 25
7 Ru(dcb)(CHs):-pheny~ 0.82 -1.34 6 17
@ Calculated at pH 3 by assuming a conduction band edge energy of ! 10
—0.52 V. from earlier observations for the parent compleX'RipbH)°®-
. . . . ., on thin-film titanium dioxide electrodéd.In those studies, we
0.005 1 . found that, by poising the electrode potential at a value just
o positive of the apparent conduction band edge, the initially
0.000 1 complicated recovery kinetics could be reduced to approximately
single-exponential kinetics. The behavioral simplification was
< -0.005 1 attributed to filling of surface states located positive of the
< apparent conduction band edge, where the filling process
0010 1 prevents the states from participating in either the electron in-
0015 | jection or the back electron-transfer process. The filling process
) also presumably precludes their participation as secondary traps.
0020 - For the data in Figure 1, the kinetic parameters obtained were
: ; ; X ; ki =17x 10° s, a= 049,k = 15x 1°s%, andb =
0.005 0.373% We previously showed for the parent complex
it | Ru(dpbH)}° /1% that k; is insensitive to solution pH (19 pH
0.000 1 unit range), despite the dependence of the apparent back reaction
driving force on pH* The data in Figure 1 were also fit to the
-0.005 1 following version of the KohlrauschWilliams—Watts (KWW)
b expressiorsé:37
-0.010
sors ANAA, = exp[— (/7] ©)
s In eq 3,AA is the time-dependent change in absorbancetand
-0.020 1 . K ) . B is time. If KWW behavior is attributed exclusively to the
100 0 100 200 300 phenomenon of distributed kinetics, then the fitting parameter,
7, can be regarded as the most probable electron-transfer
Time (ns) reaction lifetime and. can be regarded as the most probable
Figure 1. Absorbance transient for Ru(dpt3Hs-pheny—>~ on rate constant. The paramet8r which can assume values

collodidal TiQ,. The initial bleach is assigned to electron injection; between 0 and 1, is inversely proportional to the width of the
the slower recovery is assigned to back electron transfer. Panel A: arate distribution. From Figure 1l = 4 x 10 st andf =

fit to a biexponential function (eq 2); residuals also shown. Panel B: 4 56 Erom the residuals in Figure 1, the KWW fit is somewhat
a fit to the KWW function (eq 3); residuals also shown. less satisfactory than the biexponentional fit, at least over the
time interval examined. It is conceivable, however, that the
KWW approach would prove superior if fits to transients of

Table 1 lists measured and estimated metal-centered formaiS@veral microseconds duration were attempted. Unfortunately,
potentials, respectively, for phosphonate- and carboxylate- probg lamp instabilities prevented us from obtaining accurate
functionalized dye complexes. Also listed are apparent back fransient absorbance data beyond abous1 _
reaction driving forces (semiconductor to Ru(lll)) at pH 3. Note Back electron-transfer rate constants for the seven function-

that the apparent driving forces will change by approximately alized des are summarized in Table 2. It should be noteq that,
—60 mV per unit increase in solution pH. for a given metal complex, measured rate constants varied by

s much as a factor of 2, depending on the identity and/or age
f the TiO, colloid sample used. Consequently, rate comparisons
among complexes in a given family are made only with data
sets collected with a common colloid preparation. In Figure 2
the availablek; values are plotted versus the apparent back
reaction driving force, given by the difference between the
estimated conduction band edge energy)(at pH 3 and the
ertinent R/ formal potential. Note that for both the
arboxylate dye series and the phosphonate dye seédes,

Results

Figure 1 shows a representative transient absorbance signal
for complex3 on TiO,. Consistent with previous reports, the
initial bleach is assigned to metal-to-ligand charge-transfer
(MLCT) excitation and rapid forward electron transfer (electron
injection; eq 1). The slower recovery is assigned to back ET,
eq 1. Again in agreement with prior reports for related systems,
the recovery clearly is nonexponential. Furthermore, its shape,
at least over the time regime sampled, is essentially independen
of the pump laser intensity. As indicated in Figure la, the increases as the driving force increases: i.e., Marmrsnal
absorbance transient was initially fit to a biexponential recovery region behavior is evidently encounteréiNote further that
expression, eq 2. Justification for the biexponential fit comes 4" Jiiernative KWW analysis (Table 2) also yietdserhaps

more persuasivetyapparent normal region behavior.
ANAAG = 8[1 — exp(—k;t)] + b[1 — exp(=kyt)] + Because significant thermal activation is a distinctive normal
constant (2) region behavior as opposed to inverted region behavior, we also
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7.5 o
AG" (back ET), eV
74 4 L4 045 050 055 -0.60 -0.65 -0.70 -0.75 -0.80
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Figure 2. The log of the back electron-transfer rate constéteq AG® (overall rxn.), eV

3) versus the@verall reaction driving force. Open circles: Ru(dgl® ">~

. . .
couples. Filled circles: Ru(dci)? '+~ couples. Figure 4. AH* for back electron transfer versus the overall reaction

driving force (bottom axis label) and versus the estimated driving force
for the electron-transfer step in isolation (top axis label).

19.4
TABLE 3: Apparent Activation Parameters and Electronic
19.2 4 Coupling Parameters for Back Electron Transfer
AG°(back ET), AH*, Hab, temp
< 190 4 complex eV eV A st cm!  range°C
:— 1 —0.78 0.11 8x 10 1.7 12-37
T 18- 2 —0.74 012 13<10° 1.8  10-60
3 —-0.71 0.13 9% 10 2.3 28-60
4 —0.53 0.18 8x 1¢° 5 27-52
18.6
Discussion
184 T y T T T Barriers. Any mechanistic interpretation of the comparatively
30 31 32 33 34 35 36

slow electron-transfer process associated with the ruthenium-
based sensitizing dyes must account for the following, somewhat
contradictory, observations: (a) reactions are thermally acti-
vated, (b) the driving force dependence is normal, rather than
inverted, (c) overall driving forces are large, apparently exceed-
examined the effect of temperature upon back electron-transfering the total reorganization eneré8?! (d) preexponentional
reactivity3° Unfortunately, because of carboxylate dye desorp- factors are relatively small, and (e) rates are pH independent.
tion problems at elevated temperatures, data could be obtainedlhe combination of finding ¢ and observations a, b, and e
only for the phosphonated complexes. Figure 3 shows repre-appears to rule out a conventional mechanism involving electron
sentative temperature dependence data for back ET to complexesransfer from the bottom of the titanium dioxide conduction
1-4. If a classical Marcus-type rate formulation is assumed, band. Indeed, such a mechanism should yield inverted, tem-
but with a nonadiabatic, quantum mechanical prefactor (see perature-independent kinetic behavior, with rate constants that
below), then the slopes of the plots in Figure 3 will yield exponentially decrease as the pH is elevated.
activation enthalpiesAH*. Figure 4 shows that the activation Scheme 1 and Figure 5 illustrate an alternative, trap-state
enthalpies are finite and positive and that they systematically mechanism that does accommodate the available observations.
decrease with increasing apparent back reaction driving force. The scheme is based, in part, on the recent discovery that
Listed in Table 3 are apparent back-ET frequency factors electron addition to metal oxide semiconductor electrodes is
(derived from Figure 3 intercepts and eq 4). Notably, these are accompanied by charge-compensating cation uptaketons
in the case of water, supporting electrolyte cations in the case
of acetonitrile or propylene carbonafe2643-45> The essence
of the scheme is that charge localization in trap states permits
electrons and protons to be transferred sequentially.

Figure 5 illustrates the corresponding energetic consequences.

T'x10° (K )

Figure 3. Modified “Arrhenius” plot for back electron transfer from
colloidal TiO, to Ru(dpb)(pheny~.

k(back ET)=k, = A exp(—AH*/RT) =
(T, ) (A JRT) Y2 exp(—AH*/RT) (4)

3—5 orders of magnitude smaller than would be expected if
solvent or vibrational motion controlled the back reaction
dynamics. In eq 4h is Planck’s constant divided byi2 Hap is

the initial-state/final-state electronic coupling matrix element,
Asis the sum of solvent and low-frequency vibrational reorga-
nizational energy contribution® is the gas law constant, and
T is temperature. Furthermore, for simplicigiH* has been
equated witlAG*; clearly, however, if a finite activation entropy
exists,Hap will differ from the value obtained via eq 4.

The combination (egs 9 and 10) of electron transfer and proton
transfer from localized titanium surface states td"Rand the
solvent, respectively, yields asverall reaction driving force

that is pH dependent. (Compelling evidence for redox-induced
proton transfer involving near-band-edge surface states has been
obtained previously via quartz crystal microbalance experi-
ments.§226 In the figure, the overall driving force is given by

the difference in potential between theVTD),/Ti''(O)(OH)
couple (diagonal solid line) and the pertinent'Rucouple. On
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Figure 5. Modified Pourbaix diagram illustrating pH-dependent and
pH-independent back reaction energetics.

Scheme 1
RU'LS + Tio, = RU"['L** + TiO, excitation (5)
3 2 2 2
RU"L'L,*® + TiO,— Ru"'L,>" + TiO,(e,, )
injection (6)
RU"L,>" + TiO,(e,, ) — RU"L,>" + Ti" O, trapping (7)

RU"LS”+Ti"O,+ H" —

RU"L,>" + Ti"(O)(OH)  uptake (8)
RU"L,"" + Ti" (O)(OH)—
RU'L,> + Ti"(O)(OH)  back ET (9)

Ru'L,"” + Ti"(O)(OH)—

RU'LS +TiO,+H"  expulsion (10)

the other hand, if electron transfer and proton transfer occur
sequentially, then the thermodynamic driving force for the ET
stepin isolation(eq 9) clearly will be pH independent; in Figure
5, this driving force is given by the difference in potential for
the TV (O)(OH) couple (dashed line in Figure 5) and the
pertinent R/ couple.

If eq 9 is the rate-determining step in the overall back reaction
sequence, then only its driving forcAG°(back ET); Table 3),
not the overall driving force, will appear in the conventional
Marcus-type rate constant expression:

k(back ET)= k, = A exp{ —(1 + AG°)4ART} (11)

Given the pH independence of the isolated ET driving force,
eq 11 necessarily yields (according to this scheme) a pH-
independent rate constant. Additionally, it is important to note
that except at the very lowest pH Hg values, the driving force

for the kinetically relevant isolated ET step (eq 9, only) is less
than the driving force for the overall reaction (eqst910).
Given the smaller driving force, less reorganization energy
would be needed to obtain Marcus normal region behavior and
thermally activated electron transfer. Indeed, a reorganization

J. Phys. Chem. B, Vol. 104, No. 46, 20000875

energy as small as 1 eV would be sufficient, in this scheme, to
yield normal Marcus behavior and meaurable activation enthal-
pies.

Dynamics. The preexponential factors in Table 3 indicate
that back ET likely occurs in the nonadiabatic regime: The
values are 35 orders of magnitude smaller than expected on
the basis of solvational or metaligand vibrational dynamical
control. If activation entropy contributions can be negledted,
the preexponential factors can be used to estimate, via eq 4,
the electronic coupling matrix element. The values obtained
(Table 3) range from 1.7 to 5 cth

As suggested by the linkage structure in eq 1, the shhall
values are an expected consequence of the need to traverse eight
bonds in the back-electron-transfer reaction (eq 9). Forward ET
(injection; eq 6), on the other hand, involves only four
intervening bonds since it originates from a delocalized ligand
sr* orbital. PresumablyHap is correspondingly larger, with the
larger value accounting, in part, for the faster rate for this
process.

Energy Conversion Implications. The mechanistic findings
illustrated in Figure 2, Scheme 1, and eq 1 might have significant
implications in the context of dye-sensitized solar cell design
and optimization. For MLCT-type chromophores, an interesting
trade-off is implied if back electron transfer occurs in the Marcus
inverted region: Lowering the metal redox potential by changing
the identity of nonchromophoric ligands should extend a given
chromophore’s red absorption edge (lower the metal/chro-
mophoric ligand energy gap) and thereby permit the chro-
mophore to absorb a larger fraction of the solar spectrum. (For
simplicity, we assume that higher lying excited states are
available to maintain blue absorption.) A lower metal-based
redox potential, on the other hand, implies a smaller semicon-
ductor-to-molecule driving force for the back-electron-transfer
process. If back ET is inverted, thége will increase and the
device efficiency will likely suffer. On the other hand, if back
ET occurs in the normal region, thége; should decrease and
the device efficiency will not be damaged. We suggest that the
already demonstrated success of the red-absorbing complex
Ru(dch}(SCN)*~ as semiconductor sensitizer might be due
in part, and at the shortest time scal¢és normal region
behavior: The Ru(lll) reduction potential for this complex is
several hundred millivolts lower than for the parent complex
Ru(dcb}*, but the kinetics for the energy-wasting back-ET
reaction are not significantly acceleratéd.

Nonadiabaticity (inefficient electronic coupling) clearly is an
important contributor to the diminution of back electron-transfer
rates. Introduction of appropriate spacers, such as semirigid
alkanes, as part of the dye-to-surface linkage chemistry should
further diminish electronic coupling and further decrease back
electron-transfer rates. The rate decreases, in turn, should
ultimately yield increased photovoltages and, therefore, in-
creased energy conversion efficiencies. Spacer introduction
would, of course, also be expected to diminish forward electron-
transfer rates (“dye injection” rates) and, eventually, dye
injection yields. Nevertheless, if dye injection is extremely fast
in comparison to dye excited-state decay, then a few to several
orders of magnitude decrease in injection rate could be
introduced without significantly sacrificing injection yields.

Conclusions

Intentional variations of the driving force for back electron
transfer from titanium dioxide to a surface-bound dye, via
variation of the metal-based dye formal potential, show that the
reaction takes place in the Marcus normal region; i.e., rates
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become faster as the driving force increases. Variable-temper-
ature rate measurements show that back ET is thermally

activated, with the activation barrier decreasing with increasing
driving force, as expected for a normal region process. The

observation of normal region behavior, despite the existence of

overall reaction driving forces that exceed the likely reorganiza-
tion energy, is attributed to the occurrence of a trap-localized

Yan et al.

(21) For an example of inverted interfacial ET involvingncovalently
bound polypyridyl ruthenium chromophores, see: Dang, X.; Hupp, J. T.
Am. Chem. Sod 999 121, 8399.

(22) Lyon, L. A;; Hupp, J. TJ. Phys. Chem. B999 103 4623.

(23) Lemon, B. |.; Hupp, J. TJ. Phys. Chem. B997, 101, 2426.

(24) Lyon, L. A;; Hupp, J. TJ. Phys. Chem1995 99, 15718.

(25) Lemon, B. I.; Hupp, J. TJ. Phys. Chem1996 100, 14578.

(26) Lemon, B. I.; Lyon, L. A,; Hupp, J. T. IlNanoparticles and

’ Nanostructured FilmsFendler, J. H., Ed.; Wiley-VCH: New York, 1998;

sequential electron- and proton-transfer process. The sequentiapp 335-348.

process yields a driving force for the rate-determining electron-

(27) O’Regan, B.; Moser, J.; Anderson, M.; @&el, M. J. Phys. Chem.

transfer step that is considerably smaller than the overall reaction1993 94 8720.

driving force. The sequential electron- and proton-transfer

mechanism also provides an explanation for the pH indepen-

dence of the back-ET kinetics.

(28) Cleare, M. P.; Griffith, W. PJ. Chem. Soc. A969 372.

(29) Black, D. S. C.; Deacon, G. B.; Thomas, N. &ust. J. Chem.
1982 35, 2445.

(30) Black, D. S. C.; Deacon, G. B.; Thomas, N.IBorg. Chim. Acta

Variable-temperature rate measurements also point toward al982 65 75.

high degree of nonadiabaticity8—5 orders of magnitude of
rate attenuation due solely to inefficient electronic coupling.
The physical basis for the effect presumably is in the need to

(31) Crutchley, R. J.; Lever, A. B.; Poggi, Anorg. Chem.1983 22,
2647.

(32) See, for example: Trammell, S. A.; Meyer, TJJPhys. Chem. B
1999 103 104.

traverse eight bonds, some of them saturated, in the back-ET (33) Yan, S. G.; Hupp, J. T. Phys. Chem. B997 101, 1493.

process. Together with the barrier activation effects, the reaction -,

nonadiabaticity accounts for the slow rates for back ET (ca.
10’ s71) and, therefore, much of the ability of Ru(bg3/)-type
chromophores to function effectively as sensitizers infi@sed

photoelectrochemical cells. The findings also suggest that more

efficient cells might be constructed by extending the chemical

linkage between the dye and semiconductor and by further

decreasing the driving force for the back-ET process.
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