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Interfacial Charge-Transfer Pathways: Evidence for 0.01
Marcus-Type Inverted Electron Transfer in Metal
Oxide Semiconductor/Inorganic Dye Systems
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Under high driving force conditions, solution-phase charge- ] , 0w a0 o
transfer processes are often characterized by Marcus-type inverted 0 2000 4000 6000 8000 10000
reactivity, i.e., a decrease in rate with an increase in thermody-
namic driving force. In contrast, interfacial charge-transfer _ _ _ )
reactions tend to exhibit either Marcus normal region behavior Figure 1. Transient absorbance decay data obtained at 450 nm (following
or asymptotically constant rate behavidFhe usual explanation ~ €xcitation at 532 nm) for agueous Sneblloid sensitized with Ru(-

: . . . + + +
for such behavior, at least at metal/solution interfaces, is the Cl-Pheny*" (a), Ru(4,7-Cky-phen)*" (b) and Ru(3,4,7,8-Ciiphen}

availability of a range of filled states below the Fermi level and (©)- Inset: curve ¢, expanded scale.

Such That lower’diiving Torce reaction. pathways. are always (:7-dmethyk-L10-phenanthroline)rutheniumyin dioxide atpH

available. If the lower driving force pathways are faster, then 9, based on visible region 'gran5|ent abfsorbance.measurements.

asymptot.ic rather than inverted kinetic behavior will be en’coun- The absorbance (_jecay was fit to both a blexpor]entlal plus constant
recovery expressidrand the Kohlrausch relaxation functiojsee

teexrg?éngg'g} asf?rmfggﬂLéCtgrlsecl)il;Jnti'r?gte?ﬁgtaeg?r’]ml%\’i\/;\é?r’aggseSupporting Information). The rate constants obtained (faster
9ap y component) were 3.& 10° and 4.0x 1P s, respectively. Also

the Fermi level (p-type semiconductors) or immediately below illustrated in Figure 1, curves a and c, are absorbance bleach and

the Fermi level (n-type semiconductors) and opens up the . ; .
L . . ; L . recovery transients for the tris(5-chloro-1,10-phenanthroline)- and
possibility of inverted interfacial reactivity. Indeed, inverted tris(3,4,7,8-tetramethyl-1,10-phenanthroline)ruthenium/tin dioxide

gﬁrh ar\llsl?r: lhasslo\(l)\:‘tggcﬁ eetle: ctigz?tlﬁgﬁsffr r%xef)clfil\llri]tyﬂ:e ig;rlller\évrl]s:e systems. The decay time for the latter is clearly much shorter,
P 9y ypically while the former is apparently longer. The dependence of the

ColUton interfaceANeverineless, i he fow cases where diiving. 3PPaent firs-order electron-ransier rate constigp)(on the
force effects at fhe semiconductor/dye interface have beenexcnatlon intensity shows that the back reaction kinetics actually
systematically investigated, either by manipulating band edge are second order; i.e., the rate depends not only on the concentra-
energetics or by manipulat,ing molecular dye redox potentials tion of oxidized dye attached to the semiconductor surfdce (
either Marcus normal region behavior or driving-force-indepen-l mol cm ) but also on the number of injected conduction band
electrons i, cm3)%1°(see Supporting Information; second-order

gﬁgitkgéitéfv g%gﬁvé?irn(ﬁ?tggienqe?'ftifc?;?i%:t\rlgnrjt?gnrs?grorré:;ﬁvity behavior was also observed in an ambient temperature, aqueous
poly(vinyl alcohol) glass matrix). Following Royea et al., we can

at a molecular-dye-modified semiconductor/solution interface. 2
; - . ; . write:
The systems examined were classic ruthenium tris(polypyri-
dine) complexes (homoleptic complexes), electrostatically bound _ My 34+ 0 3+
to tin dioxide nanoparticlesPhotoexcitation of the complexes rate= kappr(Ru Ly) = keﬂnel"(Ru' L3) (3)
leads to rapid electron injection into the semiconductor particle, ) ) ] )
followed—in the absence of an external electrical conneetion ~Where § is the electronic coupling attenuation factor (value

by back electron transfer, as shown in eqs 1 and 2. unknown, but typically estimated as 048 < 1.5 A for ET
in molecular systems). Figure 2 shows, for a homologous series

0 o4 hw ore M owmae - composed of seven such systems, that the composite quantity,
RU'L;" —Rul;™ — RU'L3" + €,(Sn0) 1) log(ke3),** can be correlated with the driving force for the back-
electron-transfer reaction, where the driving force is approximated

0.000 i ¢

t (ns)

Iy 3+ ~ Koer iy 2+ as the difference between the tin dioxide conduction band edge
RUTL3" + €y(SnQ) RU'L3 @ potential (-0.88 V vs SCE at pH= 9) and the ground-state Ru-
— . . . ~(In/ny formal potential 2
Curve b in Figure 1 illustrates the back reaction kinetics for tris- |5 principle, the reaction driving force can also be altered by
(1) Representative reports: (a) Tur®.; Zaleski, J. M.; Karabatsos, Y. sh!ftlng thg energy of the conductlon b"fmd edg@B’- For metal
M.; Nocera, D. GJ. Am. Chem. S0d.996 118 6060. (b) Liang, N.; Miller, oxide semiconductor/aqueous solution interfacesgé@ mV shift
J. R.; Closs, G. LJ. Am. Chem. S0d99Q 112, 5353. (c) Chen, P.; Duesing,
R.; Tapolsky, G.; Meyer, T. J. Am. Chem. Sod 989 111, 8305. (8) See, for example: Ford, W. E.; Rodgers, M. AJ.JPhys. Chenl994

(2) (@) Yan, S. G.; Lyon, L. A,; Lemon, B. |.; Preiskorn, J. S.; Hupp, J. T. 98, 3822.
J. Chem. Educl997, 74, 657. (b) Yan, S. G. Ph.D. Dissertation, Department (9) (a) Royea, W. J.; Fajardo, A. M.; Lewis, N. &.Phys. ChemB 1997,
of Chemistry, Northwestern University, 1996. (c) Yan, S. G.; Preiskorn, J. 101, 11152. (b) Lewis, N. SAnnu. Re. Phys. Chem1991], 42, 543.

S.; Kim, Y.; Lemon, B. |.; Vance, F. W.; Hupp, J. T., manuscript in preparation. (10) For an alternative interpretation, see: Ford, W. E.; Wessels, J. M;
(3) See, for example: Moser, J. E.; &el, M. Chem. Phys1993 176, Rodgers, M. A. JJ. Phys. ChemB 1997, 101, 7435.

493. (11) keg3 (units of cn¥ s71) was calculated from the plot of apparent first-
(4) Yan, S. G.; Hupp, J. TJ. Phys. Chem1996 100, 6867. order rate constantk{,) versus the number of injected conduction band
(5) Meyer, G. J., private communication. electrons i), where variations irkap, Were obtained by varying the incident
(6) Inverted behavior has been reported, however, for direct interfacial laser powern, was determined as&@/A)NRu, whereAA is the time-dependent

charge-transfer reactions: Lu, H.; Preiskorn, J. N.; Hupp, J. Am. Chem. absorbance differencA,is the absorbance at the probe wavelength (450 nm),

Soc 1993 115, 4927. andNg, is the total number of adsorbed dye molecules. The volume used for
(7) However, see: Martini, I.; Hodak, J. H.; Hartland, G.VPhys. Chem the concentration calculation was the volume of the Sp@ticles.

B 1998 102 9508. These authors report factor of 2 differences in back-ET (12) The formal potentials of dye molecules were obtained from the
rates for anthracenecarboxylic acid isomers on,Ti@here the differences following: Juris, A.; Balzani, V.; Barigelletti, F.; Campagna, S.; Belser, P.;
are ascribed to inverted reactivity and difference®°. Von Zelewsky, A.Coord. Chem. Re 1988 84, 85.
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Figure 2. Plot of logke5) versus driving force for back electron transfer
to Ru(3,4,7,8-Chltphen)®*, Ru(4,7-CH-phen)3*, Ru(5,6-CH-phen)3*,
Ru(5-CH-phen}®*, Ru(phen**, Ru(bpy}**, and Ru(5-Cl-phenj" at
pH = 9, and Ru(phenj*" at several other pH values (points with cross
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Figure 3. Plot of activation enthalpy for back electron transfer versus
reaction driving force.

it is perhaps not unreasonable that thermally activated inverted

inside). Open circles, best it to biexponential plus constant; filled circles, behavior has been encountered.

best fit to Kohlrausch relaxation function.

in Ecg accompanies each unit increase in ¥HThe dual

The observation of Marcus-type inverted reactivity requires that
the reaction exergonicity exceed the charge-transfer reorganization
energy £).1” For semiconductor-based back electron transfer to

requirements of colloid stability and negative surface charge for & nonbonding ¢) orbital of ruthenium(ill) tris(bipyridine) has
cationic dye binding limit the range of pH that can be explored Peen estimated as 0:3 eV in polar solvent$? Given the ca.
experimentally. Nevertheless, we observe a ca. 3-fold decrease—1.9 to—2.3 eV driving force, the estimate is broadly consistent
in back-electron-transfer rate for the tris(phenanthroline)ruthe- With the observation of inverted reactivity. On the other hand,

nium/tin dioxide system upon elevation of the solution pH from
ca. 7 to 11, consistent with a negative shifEgs and an increase

inverted behavior is somewhat surprising in light of the known
Marcus normal-type behavior for back electron transfer to

in reaction driving force (see Figure 2). (Note that, in interpreting carboxylate- and phosphonate-attached dyes at nanocrystalline

either driving force alteration experiment as Fran€ondon-

titanium dioxide/water interfacésWe speculate that the differ-

based inverted kinetic behavior, we are assuming that electronicences are due to semiconductor-binding induced surface state

coupling is relatively constant?)

formation, resulting in localized Ti(lll/IV) redox behavior and

Variable-temperature measurements show that the back-electronSequential electron-transfer/proton-transfer reaction sequénces.
transfer reactions are thermally activated (Supporting Information). For the much less strongly interacting tin dioxide/dye systems,

Figure 3 illustrates that the activation enthalpieystematically

delocalized-conduction-band or near-conduction-band electrons

increase with increasing back reaction driving force, supporting apparently are available and are capable of motivating highly

the contention that systematic variations in Fran€london

exoergic back-ET reactions that are fully decoupled from the

factors, rather than variations in electronic coupling, are respon- Putative localized interfacial proton-transfer process. In any case,
sible for the inverted kinetic behavior, at least in the chromophore the mechanistic differences for covalently vs electrostatically
variation experiments. In addition, the temperature dependence@ttached reactants suggest different strategies for optimization of
of the electron-transfer rate suggests only a minor role for nuclearsolar cell efficiency-related factors such as light collection
tunneling. Because back electron transfer to Ru(lll) is expected €fficiency and recombination kinetics. We hope to extend the

to involve only solvent reorganization and modest, low-frequency

metal-ligand bond reorganizatieni.e., high-frequency ligand-
based vibrational modes should be Fran€london inactivéé—

(13) See, for example: (a) Bolts, J. M.; Wrighton, M.JB.Phys. Chem
1976 80, 2641. (b) Watanabe, T.; Fujishima, A.; Tatsuoki, O.; Honda, K.
Bull. Chem. Soc. Jprl976 49, 8. (c) Nozik, A. J.Annu Rev. Phys. Chem.
1978 29, 189.

(14) A reviewer has raised the point that the slight increases in ET distance
that are brought about by methyl substituent addition might be sufficient to
account, on a purely electronic basis, for the observed variations in ET rate

with dye composition: increases in Risemiconductor surface separation

studies in order to test the generality of the idea that the mode of
dye attachment can determine the mechanism of the back-electron-
transfer process.
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Supporting Information Available: Three figures showing best fits

distance might lead to increases in electronic nonadiabaticity and decreased0 an absorbance decay, dependenckagfon the number of injected
in ET rate constant. We find, however, that the ligands potentially most capable conduction band electrons, and modified Arrhenius behavior (PDF). This
of configuring the metal center far from the tin oxide surface, i.e., tetramethyl- material is available free of charge via the Internet at http://pubs.acs.org.

substituted ligands, yield the largestather than the smallesinterfacialke
value. In addition, as noted below, variations are driven primarily by

variations in thermal activation terms, rather than preexponential terms;
dominant preexponential effects would be expected if variations in electronic

coupling were primarily responsible for the reactivity differences.

(15) The activation enthalpyAH*) was extracted from the slope of a
modified Arrhenius plot of Ink.ppTY?) versusT3; see: Sutin, NAcc. Chem.
Res.1982 15, 275.
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(16) We neglect possible high-frequency mode patrticipation due to redox-
induced changes in ruthenium-to-polypyridine back-bonding.

(17) Marcus, R. AJ. Chem. Physl965 43, 679.

(18) See, for example: Clark, W. D. K.; Sutin, Jl.Am. Chem. Sod977,
99, 4676.



