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Abstract: The kinetics and mechanism of fast electron transfer (ET) between tin oxide nanoparticles and
electrostatically bound Os(lll) and Ru(lll) complexes have been examined via transient absorbance spectroscopy.
Reaction-order studies establish that, at least in the short time regime, electrons are transferred directly from
the tin oxide conduction band, rather than through localized redox trap states. The reactions occur in the high
driving force regime AG = —1.1 to —2.3 eV) and span the Marcus normal region, barrierless region, and
inverted region. (Inverted reactivity, while commonplace in homogeneous solution-phase reactions, has only
rarely been observed in interfacial reactions.) Depending on the reactant, normal or inverted kinetic behavior
can also be observed via pH-induced manipulation of the conduction band-edge energy and, therefore, the
overall reaction driving force. The observation of kinetically resolved ET over such a wide range of driving
forces permits the reorganization energy to be evaluated directly from the maximum of a log(rate constant)
versus driving force plot. The value obtained, 1.4 eV, is much larger than expected based on solvent contributions
alone. Further analysis of driving force effects suggests that significant, but not dominant, nonclassical
contributions (high-frequency vibrational contributions) to the reorganization energy exist. Rate measurements
in the barrierless region yield an estimated initial-state/final-state electronic coupling eHgsggf 15—30

cm~1, a value consistent with a moderately nonadiabatic ET pathway. Remarkably, even in the inverted region
the reactions are thermally activated, with the activation effect evidently being amplified via an entropic driving
force effect. Finally, the overall pattern of reactivity stands in remarkable contrast to the pH-independent,
trapped-mediated kinetic behavior encountered for closely related metal compleadently bound to
nanocrystalline TiQ surfaces.

Introduction kinetics”), reaching a maximum when the driving force equals
the reorganization energyAG* = 0). Beyond this, the rate
decreases with increasing driving force (“inverted region kinet-
ics”).

For surface sensitization of semiconductors, most kinetic
investigations have focused on sensitization by complexes
covalently attached to Tigsurfaces through carboxyl4té or
phosphonate® linkages, primarily due to the interest in these
systems for solar energy conversidn!? In such systems, the
two important interfacial ET processes are electron injection
from the excited state of the dye into the semiconductor and
back ET from the semiconductor to the oxidized species. In
where the case of excited-state injection, there is general agreement

AG* = (G + 2141 @) e o San 0 S Moser 2 Augustyki
(5) Nazeeruddin, M. K.; Kay, A.; Rodicio, |.; Humphry-Baker, R.; Muller,
In the equationsAG* is the activation free energyap is the E.; Liska, P.; Vlachopoulos, N.; Gizel, M. J. Am. Chem. S0d.993 115,
coupling constant, and is the reorganization energy for the 6382-6390. _ _ _
ET process. As a result, the log of the ET rate is a quadratic é%)l'\fggig" Punchihewa, S.; Infelta, P. P.;eg M. Langmuir1 991,
function with respect to the driving force. Initially, as the driving (7) Yan, S. G.; Hupp, J. TJ. Phys. Chem1997, 101, 1493-1495.

force increases, the rate of ET increases (“normal region (8)Zaban, A,; Ferrere, S.; Gregg, B. A. Phys. Chem. B99§ 102,

Surface modification of wide band gap semiconductor materi-
als through attachment of sensitizing dyes offers the potential
for visible-region photoelectrochemical applicatibas well as
interrogation of interfacial electron-transfer reaction kinetics.
Electron transfer (ET) kinetics are often evaluated in terms of
Marcus theory;3 in which the rate of ET can be expressed for
a nonadiabatic reaction in the classical activation limit as:

ke = (42H,,2/0)(47ART) Y2 exp[-AG*RT] (1)
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that the kinetic behavior is multiexponential and often on the
femtosecond time scale due to excellent energy matching

between the conduction band and the excited state of the . : . e
us power-dependence/electronic reaction-order studies, which in-

dyel3-16 However, in the case of the back ET, this consens
is lacking as widely differing behavior has been reported, wit
ET reaction times ranging from picoseconds to microsecbinés.

With regard to Marcus behavior, certain kinetic studies have

h

shown that the back ET reaction for these types of systems is

in the normal regio? while other systems show inverted
behavior?>26 while even other studies indicate that the back

ET process is roughly independent of the redox potential of

the sensitizer and thereby indicate that Marcus kinetics are not

applicable to these systerfis?®
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standing of back ET kinetics, including thermodynamic driving
force effects, is currently lacking for these systems. Recently,
in an effort to address this question, we examined the kinetics
of back ET from collodial Sn@to a series of electrostatically
attached ruthenium tris(polypyridyl) dyes featuring a modest
range of redox potentials and, therefore, a modest range of
driving forces3* On the basis of these preliminary studies, we
found that back EFfor this family of systems-occurs in the
Marcus inverted region and that the reactions are thermally
activated. We have now extended and substantially expanded
the study to encompass a very wide range of driving forces,
extending from deeply inverted kinetic behavior to barrierless
behavior to Marcus normal-region behavior. The expanded study
provides sufficient information for direct evaluation of the
reorganization energy and for estimation of the electronic
coupling energy. The value found for the latter is broadly
consistent with an expected weakly nonadiabatic reaction
pathway. The former, on the other hand, is much larger than
one would expect from conventional models of interfacial
reactivity. Further mechanistic insight is provided by (a) laser

dicate that electrons are transferred directly from the semicon-
ductor’s conduction band, rather than through surface states,
(b) variable pH studies, which show that the back-reaction
driving force can be systematically changed by varying the
conduction band-edge energy and also show that the surface-
bound dye is unaffected by putative interfacial redox-energy-
coupling effects, and (c) variable-temperature kinetic studies,
which indicate that the reorganization energy is dominated by
classical modes.

In contrast to the extensive research on interfacial ET kinetics gyperimental Section
for the covalent-linked systems, mechanistic studies of the back

ET process in systems utilizing electrostatic stabilizatitor
example, Coulombic binding of a cationic dye to a semiconduc-
tor featuring a net negative surface charge, such as colloidal
SnQ, as shown in Scheme 1, have been less completely
investigated® 33 As a result, a systematic mechanistic under-
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102 1004710056.
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102 607-614.

(27) Hasselman, G. M.; Meyer, G.d.Phys. Chem. 8999 103 7671~
7675.
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3831.
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Materials. Colloidal SnQ (15 wt %) was purchased from Alfa and
used as received. Average particle diameter was taken as 15 nm with
a density of 6.95 g cn#.%° 1,10-Phenanthroline and 1,10-phenanthroline
derivatives were purchased from GFS Chemical Co. and used as
received. RuGt3H;O was purchased from Aesar. All other chemicals
were purchased from Aldrich Chemical Co. and used as received. Water
was purified by a Milli-Q purification system to a resistivity of 15
MQ or greater.

All ruthenium?®® and osmiur®’ complexes were prepared by modi-
fications to published methods. For the ruthenium tris-phenanthroline
derivatives, RuGt3H,O was reacted with 3 equiv of the appropriate
ligand in N; degassed ethylene glycol for-2 h, in which time the
solution turned orange. Upon cooling, a saturated aqueous solution of
NH4PFR was added, causing the precipitation of the ruthenium complex
which was isolated by filtration and washed with@Hand ether. Purity
was confirmed by*H NMR and by comparison of electrochemical
responses to literature repoftsThe PRk~ salt was converted to the
CI~ salt by dissolution in acetone and addition of a concentrated solution
of tetrabutylammonium chloride. The product was filtered and washed
with acetone and ether and recrystallized from acetonitrile/ether. Typical
yields were 76-80% based on starting material.

The osmium tris-phenanthroline and bis-phenanthroline adducts were
synthesized by reaction ofs-Os(L),Cl,*” (where L= phenanthroline
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1989 28, 1533-1537.
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ligand) with either L or a monodentate ligand. In the case of the tris The larger rate constant was used in analysis of the ET process with
complexes, Os(LCl, was suspended in degassed 1:1 EtO@/ith the smaller rate constant consistently equalirf® s

at least 4 times excess L. The reaction was heated to refluxfa28

h and allowed to cool. The brown solution was filtered to remove any Rreagyits and Discussion

unreacted starting material and placed under vacuum to remove EtOH.

An a_qucleotuz EOHfJ'tlltont'Of Né"":ﬁ was addefd,lantd thﬁ pr_ec'ﬁ"tated solid From preliminary studies involving ruthenium tris(poly-
was isolated by filtration. Comparison of electrochemical vauasd pyridyl) complexes electrostatically bound to colloidal Si¥®

IH NMR were used to ensure identity of the isolated complexes the followina mechanistic sequence was inferred:
followed by metathesis to the Ckalt. Typical yields were 7680%. wing ISt qu was ’

For the bis-phenanthroline complexeis-Os(L).Cl, was suspended 0ot P o

in degassed ethylene glycol with approximately 40 times excess Ru'L;"" + hv — Rul, MLCT excitation  (3)

4-pyrrolidinopyridine (4pypy) or 1-methylimidazole (m-im) and heated .

to reflux for 4 h and allowed to cool. The brown solution was filtered RuL;” " + SnQ,— Ru"L,*" 4+ SnO(e" )

to remove any unreacted starting m{;\teri{;\l and aqt_:eousMﬁ_’sFadded. electron injection (4)

The precipitate was collected by filtration and rinsed witfOHand

ether. Mixtures of the monosubstituted and disubstituted product were Ru"'L,*" + SnO,(e™,) — RU'Ly”" + SnG,

separated by column chromatography on neutral alumina with aceto-

nitrile:toluene mixtures as eluent. The disubstituted products, all of back electron transfer (5)

which are variants of known compounds, were characterized electro- . .

chemically and by high-resolution FAB mass spectrometry. Metathesis The key fe.atures of the mechanism ,are' @) the transfer of

to the CI salt was performed in the same manner as previously €lectrons directly to and from the semiconductor’s _co_nductlon

described. Typical yields varied from 60 to 80%. HR FAB-M&%): band (as opposed to trap states) and (b) over the limited range

[Os(phen)(4pypy}ICl2 [M — CI]* calcd for OsGzHoNsCl, 883.2679; of driving forces examined<1.9 to—2.3 eV), the occurrence

found, 883.2688. [Os(4,7-dimethylphe@pypy}]Cl, [M — CI]* calcd of Marcus-type inverted reactivitya finding that appeared

for OsGieHaaNsCl, 939.3305; found, 939.3297.[0s(3,4,7,8-tetramethylghen)  reasonable, given an estimated reorganization energyOds

(4pypy)]ICl2 [M — CI]" calcd for OsGoHseNsCl, 995.3931; found, eV .42

995.3927. [Os(phea)m-im),|Cl> [M — CI]" calcd for OSGzH2sNeCl, To expand upon these studies, a series of osmium(ll) tris-

Z:?ﬁi;ﬁc% ffgru 826131,3]753 '8[(())75(222;Igj;réylgggnz)éngg]%zs[g 478 (polypyridine) and bis(polypyridine) complexes was evaluated.
sl ST PR 0% Like their ruthenium congeners, these species feature low-spin

tetramethylphenjm-im),]Cl, [M — CI]* calcd for OsGoH4NsCl, . ) . .
863.2992.}/%%? 863.)51982.[ ] GoHaNs dé electronic configurations and undergo reversible one-electron

Sample Preparation. Dye solutions (15:M) were prepared with ~ ©Xidation (nonbonding electron loss) by a process that is
the appropriate amount of Sa@ achieve quenching of 95% of the  Pelieved to involve significant reorganization of only the solvent.
dye luminescence; this ensures that at least 95% of the dye molecule€OSmium complexes have been used previously as sensitizers
are bound to the semiconductor surface. The solutions were ap-on TiO, with the primary differences between the ruthenium
proximately pH 9 when diluted with pure water. For variable pH studies, and osmium derivatives being less positive metal(lll/ll) poten-

1 mM NaOH or 1 mM HCI was added during the preparation of the tials and increased extinction at longer wavelengths for the
solutions along with appropriate amounts of NaCl so that the solution |atter43-45 The combination of osmium and ruthenium sensitiz-
ionic strength (neglecting contributions from the charged tin oxide org creates an extended set of ET reactants of similar structure
particles and COUTte”OnS) was held constantat 1 mM. . but of widely varying redox potential. Indeed, as indicated in
Measurements."H NMR spectra were obtained on a Varian-Gemini - 1510 1 the potentials for the available couples and, therefore,

300 MHz NMR spectrometer in eithek-acetone or BO, depending S
on the counterion. UM visible spectral measurements were performed the driving forces for back ET span a range of greater than 1

with a HP 8452A diode array spectrophotometer. Electrochemical V. US'”Q these osmium complexes, t.he deta|!s of the back ET
measurements were performed with an EG&G PAR 273 potentiostat Mechanism were elucidated by studying four important proper-
using a conventional one-compartment, three-electrode cell. The ties of the reaction kinetics: the incident laser power depend-
working electrode was a glassy carbon electrode with a platinum wire ence, the dye-based driving force dependence, the solution pH
as the counter electrode. A Ag/AgCl reference electrode was used withdependence, and the temperature dependence.

the results corrected to SEHor comparison with literature values. A. Excitation Pulse Power Dependence and Reaction
Samples were dissolved in 0.1 M tetrabutylammonium hexafluoro- order of the Back Electron-Transfer Process.The reaction
phosphate/acetonitrile sqlutlon. The cyc_llc voltammograms were col- scheme embodied in egs—3 yields testable predictions
lected at 100 mV/s. Luminescence studies were performed on an ISA concerning reaction order. Specifically, eq 5 promises back-

Fluorolog-3 spectrofluorimeter by excitation at the absorption maximum . S - o .
in air saturated solutions. Low- and high-resolution FAB-MS were reaction kinetic behavior that is first-order in Ru(lll) (or Os(lll))

obtained on the ZAB-SE mass spectrometer and the 70-SE-4F mass2Nd simultaneously first-order with respect to electron concen-
spectrometer, respectively, at the Mass Spectrometry Laboratory, Schooftation. Recognizing that for intrinsic or poorly doped semi-

of Chemical Sciences, University of lllinois. Transient absorbance conductors, the only significant source of conduction band
spectra were obtained with a 10-Hz Nd:YAG laser systeosing the electrons is dye injection (eq 3), the back reaction will not only
532 nm second harmonic of the laser as the pump. The probe light be equal order in electrons and oxidized dye, but will also draw
was generated by a xenon flashlamp (EG&G Electro-optics FX-200) upon equal populations of the two reactattZhis implies, of

and detected by a photomultiplier tube (Hamamatsu R928). Traces
measuring the bleach recovery at the MLCT maximum were time- _(42) Clark, W. D. K.; Sutin, N.J. Am. Chem. Sod977 99, 4676~
resolv_ed with a LeCroy 9384 osciIIo_scope and averaged py computgr. 4 (4:'3) Heimer, T. A.: Bignozzi, C. A.; Meyer, G. J. Phys. Chem.993
Transient absorbance spectra were fit to a double exponential expression;"11987-11994.

of the form: AA(t) = AAd[a exp(—kyapf) + b exp(—kzapf)] + constant, (44) Alebbi, M.; Bignozzi, C. A.; Heimer, T. A.; Hasselmann, G. M.;
with correction for the 8 ns laser pulse width and instrument response. Meyer, G. JJ. Phys. Chem. B998 102, 7577-7581.
(45) Sauve, G.; Cass, M. E.; Doig, S. J.; Lauermann, |.; Pomykal, K;

(39) Leidner, C. R.; Murray, R. VJ. Am. Chem. S0d.984 106, 1606. Lewis, N. S.J. Phys. Chem. B00Q 104, 3488-3491.
(40) Bard, A. J.; Faulkner, RElectrochemical Methods: Fundamentals (46) Molar concentrations, on the other hand, are not anticipated to be
and Applications Wiley-Interscience: New York, 1980. equal because the electron and oxidized dye populations are confined to

(41) Greenfield, S. R.; Svec, W. A.; Gosztola, D.; Wasielewski, M. R.  different regions of space (i.e., inside vs outside the semiconductor particles)
J. Am. Chem. S0d.996 118 6767-6777. and generally different volumes.
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Table 1. Electrochemical Data, Driving Force Information, and Electron Transfer Values for All Ru and Os Sensitizers

compound Es (V, vs SCE) AGper (eV) (pPH=9) ket8 x 101 (cmPs™?) AH* (kJ/mol)

Ru(5-Cl-pheng* 1.39 —2.27 0.76 18.2

Ru(pheny* 1.27 -2.15 1.70 15.4

Ru(bpy)?* 1.29 -2.17 1.74 14.5

Ru(5-CH-phen)?* 1.26 —2.14 1.82 13.0

Ru(5,6-CH-phen)?* 1.23 -2.11 1.66 9.50
Ru(4,7-CH-phen)?* 1.12 —2.00 2.95 6.70
Ru(3,4,7,8-Ch-phen)?t 1.0% -1.93 6.76 4.40
0s(5-Cl-pheny+ 0.90 -1.78 5.13 450
Os(pheny* 0.80 -1.68 10.2 3.20
Os(4-CH-phen)?* 0.79 —1.67 11.5 3.50
Os(4,7-CH-pheny?* 0.6 ~1.50 13.8 3.00
0s(3,4,7,8-Chphen)? 0.57 —-1.45 14.5 2.90
Os(phen)4pypy)?* 0.5Z —1.40 16.6 3.20
Os(phemym-im)z2+ 0.46 —-1.34 12.9 3.20
Os(4,7-CH-phen)(4pypy)?* 0.41° -1.29 16.2 3.40
Os(4,7-CH-phen}(m-im)2+ 0.38 -1.26 12.3 12.0

0s(3,4,7,8-Chtphen}(4pypyr>* 0.35 -1.23 12.9 6.40
0s(3,4,7,8-Cltphen}(m-im)2+ 0.31 -1.19 10.7 10.90

2 Reference 38?2 Reference 39 Experimentally measured and corrected from Ag/AgCl to SCE.

Scheme 2 N, (electrons/Sn0O, particle)
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course, that if we know the population of oxidized dye molecules 61 ¢
we necessarily know the population of electremas otherwise
somewhat elusive quantity. In any case, with overall second- £y
order kinetics, the lifetimer) of the back reaction is expected 21
to decrease and the apparent rate constant,{= 1/r1) is 0 : : , .
expected to increase, if the initial concentrations of oxidized 0 5 10 15 20 25
dye and injected electrons increase. The initial concentrations

can be readily manipulated by altering the laser excitation pulse
y P y g P Figure 1. Plot of apparent rate constant for back ET to Os(pifén)

Intensity. . . o . . versusye, the number of injected electrons per unit volume of 8nO
An alternative reaction scenario is one in which each electron qttom axis) andyep the number of injected electrons per Sp@rticle

is very rapidly trapped at a site sufficiently proximal to the (top axis). The line is a best fit line constrained to pass through the
parent dye that the electron and oxidized dye behave as aorigin.

geminate pair. The reaction rate is thus first-order in the pair,

rather than first-order in each component; see Scheme 2. Undeand electrons per unit volume of tin oxide (bottom axis), and
these conditions the back-reaction lifetime will be unaffected Versusiep the number of injected conduction band electrons
by changes in laser excitation power. Behavior of this kind has Per particle (top axis), where we have assumed an average
been reported in at least a few instances for reactions involving Single-particle volume of 1.8 107'¢ cm®. The requiredye
transition-metal complexes strongly bound to titanium di- values were obtained by first determining the concentration of
oxide7:47.48 injected electrons for each samplé&/A)[M"]) and dividing

Figure 1 shows a representative power-dependence or reacby the molarity of Sn@particles (determined from concentration
tion-order plot for the sensitizer, Os(phgt) The plot is and estimated size and density) and the volume of the,SnO

formulated as; appversusye, the number of injected conduction particle;. The figure shows that multiple electrons_ are i_njected
' per particle and that the apparent rate constant is a linear, or

(47) Heimer, T. A.; Heilweil, E. J.; Bignozzi, C. A.; Meyer, G. J. approximately linear, function of the electron concentration. The

Phys. Chem. £00Q 104, 4256-4262. _ _ results are consistent, therefore, with the overall second-order
(48) A third scenario is one involving electron trapping, but with ti h ted b 3

significant hopping among trap states, rather than immobilization. If the F€@Cction scheme suggested by eq‘5 o _

hopping is sufficiently spatially extensive that the injected electron is not ~ Given the second-order behavior, reactivity comparisons for

compelled to return to the parent dye but can instead recombine with any yarious Comp|exes are meaningfu| On|y kf app values are

available oxidized dye molecule and if the hopping itself is kinetically : P -
limiting, the back-reaction lifetime is expected to shorten as the laser obtained at the same initial electron concentration or, better yet,

excitation power increases. This behavior is similar, therefore, to that if comparisons are made on the basis of second-order rate
expected for conduction-band-based back ET (eq 5). In contrast to eq 5, constantsker. Following Lewis and co-worker®:50the back-
however, the reaction rate in the third scenario is expected to be insensitive
to changes in the overall back-reaction driving fofé&and can therefore (49) Royea, W. J.; Fajardo, A. M.; Lewis, N. $.Phys. Chem. BR997,
be ruled out herek{ app process; see section B). Conceivably, however, 101 11152-11159.

such behavior is important at longer timés {,p processes). (50) Lewis, N. SAAnnu. Re. Phys. Chen1991, 42, 543-580.

M, x1 O'lg(electrons/cms)
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Figure 2. Transient absorbance data obtained at the respective MLCT Figure 3. Plot of logkef) versus free-energy driving force. Solid

maximum (following excitation at 532 nm) for aqueous Srt0lloid
sensitized with: (a) Ru(5-Cl-phesij, (b) Ru(4,7-CH-phen)?*, and
(c) Os(pheny™.

reaction rate can be written as:

rate= (Lir)L(M"L3>") = k; oo (M"'L5*") =
kerBnLM"Ls™) (6)

whereI'(M'"L33") is the concentration of oxidized dye on the
semiconductor surface (mol c®), and f is the electronic
coupling attenuation factor (value unknown, but typically
estimated as 0.4 8 < 1.5 A1 for ET in molecular systems).
In this formulation, the units okgr are cnt s™, as expected
for a second-order interfacial process.

Because the value ¢@fis unknown, we have chosen to report
the composite quantitier3 obtained from the slopes of best
fit lines of plots ofky appVversusye, constrained to pass through
the origin. For the system in Figure 1, the valuekgff is 1.0
x 10712 cmd s71,

B. Driving Force Dependence of the Back Electron-
Transfer Rate. Figure 2 shows representative visible-region
transient absorbance recovery traces for three sensitizers
Ru(5-Cl-phen®*, Ru(4,7-CH-phen}?", and Os(phenrjt—
electrostatically bound to SsOWhile uncorrected for concen-
tration and absorptivity differences, the traces are strongly
suggestive of differing second-order reactivity. The suggestion
is borne out by Table 1 which lists tHe+f values obtained
for each of the 18 reactants. Note that the reported values ar
for ambient temperature conditions in aqueous solution at pH
=9.

Figure 3 shows thaket varies systematically with the
thermodynamic driving force, where the driving force is

line is the classical rate vs driving force relationship predicted by eq
1. Departure of the experimental data from the calculated classical curve
in the inverted region is interpreted as nonclassical (quantum mechan-
ical) rate behavior.

The observation of both kinetic regimes within a single family
of reactions permits the total reorganization energyt¢ be
determined with some confidence. Recall (eq 2) that ET rate
constants reach their maximum value wheAG = 4. On that
basisl is ~1.4 eV—a surprisingly large value. For comparison,
Brown and SutiP? report a kinetically derived reorganization
energy of ~0.8 eV for Rulg®/Ruls?" self-exchange in
homogeneous solutiera quantity that should significantly
exceed the interfacial reorganization energy because of the
bimolecular nature of the formé&s.

From Brown and Sutin’s work and from X-ray crystallo-
graphic studies of a related redox pair, Fe(pkEiire(pheny™,
that indicates no detectable difference i MN vs M'—N bond
lengths?* the vibrational component of the reorganization energy
for tris(polypyridyl)—ruthenium(lli/ll) and —osmium(llI/IT)
redox reactions has generally been assumed to be close to zero.
Standard interfacial ET thectyyields an estimated solvent
reorganizational contribution for eq 5 of just 6:8.6 eV, 5556
leaving roughly 1 eV of reorganization unaccounted for. One
possibility is that significant reorganizational demands also exist
on the semiconductor side of the interfa@nd, indeed,

(52) Brown, G. M.; Sutin, NJ. Am. Chem. Sod.979 101, 883-892.
(53) One possible alternative explanation is that despite the reaction-

eorder findings, back ET occurs from deep traps. The true driving force

would then be much less than the driving force obtained from the difference
in energy between the conduction band-edge and the formal oxidation
potential of the dye. The energy at the maximum inkhg vs —AG plot,
corresponding toA, would then be much less than 1.4 eV. Direct
measurement of the overall back-reaction thermodynamics via time-resolved
photoacoustic spectroscopy show, however, that the driving forces are not

approximated as the difference between the tin oxide conductionsmaller than expected from band-edge/formal potential differences (Leytner,

band-edge potentiaH0.88 V vs SCE at pH 9) and the ground-
state metal (111/1l) formal potential. Furthermore, the behavior
observed is in good qualitative agreement with the behavior
expected from Marcus theoijog(ker3) initially increases with
increasing driving forceAG = —1.3 to—1.4 eV, the increase

is more persuasively indicated in variable-temperature kinetic

S. and Hupp, J. T., unpublished studies).
(54) Brunschwig, B. S.; Creutz, C.; MaCartney, D. H.; Sham, T. K.;
Sutin, N.Faraday Discuss. Chem. Sat982 74, 113-127.
(55) The solvent reorganization energy)(was calculated from:
o=@z 1)1 1
d 2r n2 €

S 8rue,

studies described below) but then decreases in a more or lessvhered is the diameter of the moleculejs the mean ET distancais the

parabolic fashion as the driving force is further amplifiddX
—1.5t0—2.3 eV). To the best of our knowledge, this is the
first experimental example of interfacial back ET reactivity that
spans the normal and inverted regidhs.

(51) Studies on band gap excitation of Mafth subsequent interfacial

refractive index of the solvent (1.34 for,8 at 25°C), ande is the static
dielectric constant of the solvent (78.4 fop® at 25°C). Assumingd to
be 14 &4 andr being 7 A, the distance from the metal center to the surface,
As~ 0.3 eV. If the 1/2 term is omitted (due to image charge screening as
suggested by HushT(ans Faraday Soc 1961, 57, 557)), the value
calculated forls is ~0.6 eV.

(56) An experimental study by Hupp and Zhadg Phys. Chem1995

electron transfer (forward ET) to adsorbed electron acceptors have provided93, 853—-855) of interfacial ET kinetics at the highly oriented pyrolitic-

evidence for both normal and inverted region behavior. See: Parsapour,

F.; Kelley, D. F.; Craft, S.; and Wilcoxon, J. B. Chem. Phy4996 104,
4978-4987.

graphite/water interface, based in part on even earlier work by Kneten and
McCreery @Anal. Chem1992 64, 2518-2524), implies a solvent reorgan-
ization energy of just 0:30.4 eV for the Fe(phes}™2" couple.
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Figure 4. (a) Schematic representation of back-electron energetics in
the inverted region, showing fully activated (classical barrier crossing)
and completely unactivated (quantum mechanical barrier tunneling)
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availability of data obtained under conditions of equally large
driving force permits the kinetics of back ET to be examined
under barrierless conditions (Figure 48¥° This, in turn,

permits metal-complex/semiconductor electronic interactions to
be investigated. Briefly, reactions occurring at the top of the
driving force plot in Figure 3 (i.e., aAG ~ —1) are

unconstrained by vibrational or solvational reorganization and
are kinetically limited instead only by dynamical effects. These,
in turn, are governed, under nonadiabatic conditions, by the
initial-state/final-state electronic coupling enerb, Following

Royea et al*? who assumed conventional radiationless-decay
type kinetics, the maximum rate constant (barrierless rate
constant) for a weakly nonadiabatic ET at a semiconductor
surface with a random distribution of redox acceptors can be

pathways. (b) Schematic representation of barrierless ET energeticsdescribed by the following expression:

achieved when-AGgr = A.

resonance Raman studies of ET between Fe{CN)d titanium
dioxide offer one example of such an effect (albeit, with
contributions amounting to much less than 1 éVYhe Fe-
(CN)s* ITiO, system, however, differs importantly from the
current system in that it involves strong chemical interactions

and probable electron trap-state participation. It seems unlikely
to us that weakly adsorbed dyes and delocalized conduction
band electrons could impose similar reorganizational demands

upon the tin oxide lattice.

Returning to Figure 3, a more quantitative treatmeant
comparison to the classical rate versus driving force profile
predicted by eq 1, based dr— 1.4 eVV—shows that measured
rates exceed calculated rates in the inverted region, an

increasingly so, as the driving force increases. The most probable”, =~ :
|V|brat|onal modes, as well as the frequency of solvent longi-

&udinal relaxation. This strongly suggests that: (a) the quantity

cause is the existence of high-frequency reorganizationa

components, that is, components that behave nonclassically an
are incorrectly treated, therefore, by classical models (Figure

4a). If, for the sake of illustration, we assume that the back-
reaction reorganization energy can be partitioned into just two
components-a single high-frequency, nonclassical component,
Ane @nd a collective low-frequency, classical componégt;

and if we further assume a nonclassical vibrational frequency

of 1600 cnt! (appropriate, for example, to a hypothetical back-
bonding-induced displacement of bipyridine ring breathing

modes), the experimental driving force plot can be reasonably

well-reproduced withi,c = 0.5 eV andi. = 0.9 eV38 If the

nonclassical component is instead arbitrarily assigned a fre-

guency of 800 cmt, the experimental behavior is best replicated
with A,c = 1.0 eV andi; = 0.4 eV.
C. Barrierless Reactions and Electronic Coupling Effects.

Regardless of the origin of the large reorganization energy, the

(57) Blackbourn, R. L.; Johnson, C. S.; Hupp, JJTAm. Chem. Soc.
1991, 113 1060-1062.

(58) Nonclassical or guantum mechanical rate constants were calculated

from:

H_2 Aw;
K= (L)“Z ex;{— Z S cot?-(—l)
h WRT i 2T,

rqﬁwj ﬁwj
ex | § csc— |t x ex
kT )" 2KT, 4 RT

whereS equalsA?/2 andA is the unitless normal coordinate displacement
for each Franck Condon active vibrational mode,is 2 times the normal
mode vibrational frequencynis the change in vibrational quantum number,
Im is @ modified Bessel function of orden, and AE is the difference in

ns

it

(AE+ % mo; +29°
]

kET, max =
(@2 [(ArKTA) M (H A B )11 (s X61m) )] (7)

In the equationlsis the effective coupling length of the redox
acceptor wave function into the semiconducthgjs the atomic
density of the semiconductahn,is Planck’s constant, arklis

the Boltzmann constant. Unfortunately, quantitative information
aboutj andls. is lacking. Nevertheless, if we assume, for the
moment, thapp equals 1 A* andls.equas 1 A and apply eq 7

to the back ET reaction involving Os(phef@pypy)®™ (AG =
—1.40 eV~ —1), we obtain arH,p, value of approximately 30
cmL. The apparent coupling constant is smaller than the

gfrequencies of potentially FranelCondon active metailligand

modes, semiconductor phonon modes, and solvent (water)

derived from eq 7 indeed does correspond, at least ap-
proximately, to the electronic coupling energy, and (b) the
assumption of weakly nonadiabatic reactivity is correct. Similar
analyses of back ET to Os(3,4,7,8-¢phen}*" (AG = —1.45
eV) and Os(4,7-Ckiphen}(4pypyr®™ (AG = —1.29 eV) yield
estimatedH,, values of 15 and 30 cmd, respectively. The
approximate constancy ofa, for the three systems is notable,
especially in view of the ET distance variations that conceivably
could be induced by the introduction of multiple methyl
substituents (i.e., potential spacers). The finding is consistent,
however, with the comparatively smooth variation of keg3)
with reaction driving force in Figure 3. Indeed, substantive
deviations traceable to ligand structural effects appear to be
absent from the rate correlation.

D. pH Dependence of the Back Electron-Transfer Rate.
In principle, pH variations provide another means of altering
the back-reaction driving force. As illustrated in Figure 5,
adjustment of pH leads to a Nernstian shift5@ mV/pH unit)
in the position of the conduction band-edge of $H®? and,
therefore, the free energy of the electron. The effects of pH-
induced changes in driving force are shown in Figure 6 for back
ET to Os(5-Cl-phenf™, an inverted region system, and
0s(3,4,7,8-Chphen)(m-im),3*, a normal region system (also
see Supporting Information). Due to constraints associated with
the need to maintain a negative colloidal particle surface charge

(59) Fajardo, A. M.; Lewis, N. SJ. Phys. Chem. B997, 101, 11136~
11151.

(60) Pomykal, K. E.; Fajardo, A. M.; Lewis, N. 8. Phys. Chem 996
100, 3652-3664.

(61) Watanabe, T.; Fujishima, A.; Tatsuoki, O.; HondaBill. Chem.

energy between the initial state and the final state. For a particularly clear Soc. Jpn1976 49, 8—11.

discussion, see Brunschwig, B. S.; Sutin@®dmments Inorg. Cherh987,
6, 209-235.

(62) Bolts, J. M.; Wrighton, M. SJ. Phys. Chem1976 80, 2641~
2645.
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We examined the back ET kinetics for each reactant over a
1230 1 ° temperature range of 20 to 6C; representative Arrhenius-
like plots are included as Supporting Information, with activation
enthalpy values listed for all reactions in Table 1. Figurea?
plot of activation enthalpy versus free-energy driving ferce
o summarizes the findings. As shown in the plot, back ET is
1325 . : : : , thermally activated in both the normal and inverted kinetic
oo 8 150 A 200 2% 230 regimes, but nearly activationless for reactions occurring at or
Driving Force (6V) near the maximum in the rate versus driving force plot in Figure
Figure 6. Plot of logker8) vs free-energy driving force at several 3. (We tentatively attribute the residual activation enthalpy for
pHs between 7 and 10 for Os(5-Cl-phé)(#) and Os(3,4,7,8-CH the fastest reactions €2 kJ mol?) to neglect of a weakly
phen}(m-im);** (M). Shown for comparisond) are data obtained at ~ temperature-dependent variable governing some other aspect of
pH = 9 for all reactants. the kinetics, rather than to a true barrier-related activation effect.)
The existence of activated rate behavior in the inverted kinetic
and to maintain a low ionic strength, the pH was varied only regime is unusué#5 but is qualitatively consistent with the
between 7 and 10. Even over this range, however, it is clear in idea thati is a largely classical quantity (see section B). In the
both instances that increasing the pH has an efislghtly simplest case (fully classical behavior, with constant elec-
accelerating back ET to Os(3,4,7,8-&phen)(m-im),3t, and tronic coupling, and witlAG* = AH*), variations inkgt would
more substantially decelerating back ET to Os(5-Cl-pifeén) be fully accounted for by variations in expAH*/RT]. Curi-
Furthermore, as shown in Figure 6, the pH-induced driving force ously, in the inverted region, activation enthalpy effects actually
effects can be more or less quantitatively mapped onto the exceed the corresponding rate attenuation effects. For example,
broader formal potential-based rate vs driving force correlation. varying the back-reaction driving force from1.8 to—2.3 eV
The findings are clearly consistent with overall kinetic control |eads experimentally to: (1) an increase in activation enthalpy
via reaction 5 (or equivalent reactions involving Os(lll) species). from 4.5 to 18 kJ mol?, (2) a predicted 250-fold decrease in
The pH-sensitive rate behavior found here can be contrastedker, but (3) an observeder decrease of only 7-fold. The
with the pH independence observed for back ET to related disparities are illustrated graphically in Figure 7 where, in
reactants covalently bound to TiOthere a somewhat more addition to AH*, an appropriately normalized rate parameter,
complicated trap-based mechanism for back ET has been—RTIn[ket/ker(max)], has been plotted versus the back-reaction
suggested?2483|t remains to be determined whether covalent free-energy driving force.
attachment to Sngsimilarly alters the pH sensitivity. One possible explanation for the rate/activation-enthalpy
E. Temperature Dependence of the Back Electron- mismatch is that compensating entropic effects exist. For this
Transfer Rate. Variable-temperature kinetics studies were to be true AS* would need to vary substantially with the overall
undertaken to gain further insight into the nature of the free-energy driving force. Available classical treatments, in fact,
reorganizational processes necessarily accompanying back ETmake precisely this prediction when a significant entropic
Of particular interest to us was the magnitude of the apparentdriving force (AS) exists. According to Sutin and Marcgs:
activation enthalpyAH*. A phenomenological formulation of
the activation problem in terms of Royea and Lewis’ interfacial AS* = 0.5AS+ (AG)(A9)/24 9)
rate expressions is the following:

A -
24 _
094} pH:IO e meu e ® 0 ga :
Ecp(SnO A ° r? &
-0.76—CB(n 2){pH‘7 foer 61 . - ot 5:_]
= i a -6 3
£ ' . o -8 %
2 104 £l
= . AU
E ? ¢ [ ] = 12 §
031 Eimym-im 49 . L 14 ?_>
! 16 4 e ™
0.90— Es.Clophen 13 4 ° L s
E(V) vs. SCE
20 T T T T T 20
Figure 5. Schematic representation of the pH dependence of the -L00 -125 -Ls0 -L75 200 225 250
conduction band-edge energy of Srédd the predicted pH dependence Driving Force (¢V)
of the driving force for back ET to Os(5-Cl-phefi) and Os(3,4,7.8-  Figure 7. Plot of measured activation enthalp®)(and —RT In[ker/
CHas-phen)(m-im);**. ker(max)] @), (Note that—RT In[ker/ker(max)] is functionally equiva-
s lent to AG*, assuming constant pre-factors in eq 1), for back ET versus
o free-energy driving force.
T > OO °o 6 Provided thatye is held constant (or equivalentiA(initial)
12,00 - o oo in a transient absorbance experiment is held constant) as the
:Z ":,"' * o temperature is varied\H* for back ET can be obtained from
§ s : ,’3“’ a plot of InKy,appl /) vs 1T.84
<
g

-12.75 4 ee)

-13.00 -

The value of AS for the back ET process studied here is

_ 2, 2 —172 213 1 unknown, but values between roughi200 and+-200 J deg?
kl,app_ e (4'7t Hab /h)(MisRT) [(lsc/(dsc (6/7[) 3))]
_ * (64) Sutin, N.Acc. Chem1982 15, 275-282.
exp[AS/R] exp[~AH*/RT] (8) (65) Wiedenfeld, D.; Bachrach, M.: McCleskey, T. M.; Hill, M. G.; Gray,
H. B.; Winkler, J. R.J. Phys. Chem. B997, 101, 8823-8826.
(63) Yan, S. G.; Hupp, J. TRroc. Electrochem. Sod.996 96, 53—64. (66) Moser, J. E.; Gitzel, M. Chem. Phys1993 176, 493-500.
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was calculate@® We conclude that modest entropic driving
forces likely exist for the back ET reactions and that the
reactions involve both classical and high-frequency nuclear
reorganization.

Conclusions

Electrostatic attachment of ruthenium and osmium tris-
(polypyidyl) and bis(polypyridyl) complexes on colloidal SpO
particles has been used to investigate interfacial ET (back
transfer) following dye injection. For the systems examined,
electrostatic binding represents a weak enough perturbation that
surface trapping of electrons is avoided, with electrons being
36 ' ' ' ‘ ' transferred directly from the nanoparticle conduction band to

-1.25 -1.50 -1.75 -2.00 =225 -2.50 . . .
the attached complexes. By manipulating the chemical structure

and, therefore, the metal (Ill/ll) potential of the attached
Figgre 8. Calculated classical activation enthalpies as a function of complex, back ET driving force variations of greater than 1 eV
driving force whent = 1.4 eV (135 kJ mof’) andAS = +50 J deg’ were attained. These variations were sufficient to permit
g‘:&l r(n 0|71)'(E.J_ ()jegndmfigz(\])éegslo n;]oﬁ?%_rfil) ==, 96 observation of Marcus normal region (low driving force),

’ ’ barrierless (intermediate driving force), and inverted (high
driving force) kinetic behavior. The kinetics of back ET also

mol~? are typically seen for one-electron transfer reactions in roved amenable to modulation via pH-induced chanaes in the
water. Figure 8 shows representative calculated (hypothetical)p . P 9
energy of the Sn@conduction band-edge and, therefore, the

classical activation enthalpy curves for back ET based on a range, = . VTR .
of ASvalues and a fixed reorganization energy of 1.4 eV (135 free-engrgy driving force. A ser.nlquantltatlve. interpretation of
kJ mol1). The values were calculated from eqs 2 and 9, and the barnerle_ss_ _rate behz_awor yielded an e_stlmate_«mB—BO
the relationship:AH* = AG* + TAS*. From the figure, the cmt for the |mual-_state/fmgl-state electronic coupl!ng energy,
enthalpy curve departs from the classical rate curve wheneverHas—2@ valué consistent with a moderately nonadiabatic back
ASis nonzero. WhemSis negative, the departure occurs ina ET mechanism. From the observed maximum in a plot of log
way that agrees qualitatively with experimét. ket versus fr_ee-en_ergy driving force, the reorgamza_tpn energy
The available evidence indicates, however, that back ET from for back ET is estimated to be 1'4 e+ value S|gn|f|can_tly
tin oxide to the adsorbed polypyridyl Ru(lll) or Os(lll) larger than exp_ected based on prior YVOI’k. Together with the
complexes is a partialljorclassical kinetic process (see Figure esults from variable-temperature kinetic meausrements, a more
3 and section B, above). The classical activation-enthalpy det@iled analysis of the driving force effects points to the
modeling in Figure 7, therefore, is incomplete. To account involvement of hlgh-frequenc_y modes (nonclassical mo_de_s) in
simultaneously for nonclassical effects and for possible entropic the back ET process. The available data also suggest a significant
driving force effects in modeling the back ET process and its entropic force for back ET exists.
temperature dependence, the following protocol was used: (a) In view of the rather striking differences in kinetic behavior
Values forker were calculated nonclassically at various driving for ET from SnQ to electrostatically attached compounds versus
forces and temperatures. (b) Entropic driving force effects were ET from TiO, to covalently attached compounds (a much
introduced into the calculation by allowing the driving force stronger particle surface perturbatiéf¥*63the question arises
corresponding to any specific reaction to vary as a function of as to whether the differences reflect the method of attachment
temperatureAS= —0dAG/dT). (c) Phenomenological activation  or rather the chemical composition of the semiconductor. The

AH* (kJ mol™)
=

20 A

24

28

32 A

Driving Force (eV)

enthalpies were calculated by plottingkef(calc)TV4 vs 1/T. answer potentially has implications in terms of the design of
Fair agreement with experiment, particularly in the inverted new dye-based solar cells and the optimization of existing cells.
region, was obtained by assumiag = —96 J deg! mol™* We are currently investigating this interesting topic and hope

(—1 meV deg* mol™!). For example, assuming an 800 tm  to report the result in a future publication.
vibrational frequency, the activation enthalpy for the back ET

to Ru(pherg®*, experimentally determined to be 15.4 kJ rriol Acknowledgment. We thank Professor Michael Wasielewski
was calculated to be 6 kJ mélassuming an entropy driving  for access to transient absorbance instrumentation and Xiaojun
force, but only 2.2 kJ mof assumingAS = 0. By increasing Dang, Ryan Hayes, and Dr. Svetlana Leytner for helpful

the entropic driving force effects by assuming = —192 J discussions. We thank the Office of Naval Research for financial
deg?! mol™! (-2 meV deg! mol™! ), the agreement with support.

experiment improved as an activation enthalpy of 10 kJ ol

(67) Note that eq 9 and related equations predict, in the presence of a Supporting Information Available: Changes in the back
finite thermodynamic reaction entropy, a displacement of the maximum in ET rate constant as a function of pH and modified Arrhenius
the activation enthalpy curve with respect to th&* curve (or In ket ; ial i i ;
curve): see Figure 8 The predicted degree of displacemeRaSs It is plots (PDF). Th|s material is available free of charge via the
difficult to determine from the data in Figure 7 whether such a displacement INternet at http://pubs.acs.org.
occurs experimentally. As pointed out by Marcus and Sutiorg. Chem.

1975 14, 213-216), eq 9 also predicts the existence of negative classical JA0024744
activation enthalpies at the top of thiéH* vs AG curve, wheneveAS =

0; see Figure 8. An experimental example of this unusual behavior has  (68) Using the 1600 cm mode in the nonclassical activation enthalpy
been reported by Braddock and Meyé&rAm. Chem. Sod973 95, 3158— calculations produces similar results: an activation enthalpy of 8 k3‘mol
3162). While negative\H* values have not been observed here, we note was calculated assuming an entropic driving force-@82 J deg! mol1,
that the predicted absolute magnitudes of the negative activation enthalpiesan activation enthalpy of 5 kJ ndl for AS = —96 J deg® mol~%, but
are small (see Figure 8). only 2 kJ mot'! assumingAS = 0.




