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Electrochemical quartz crystal microbalance (EQCM) experiments have been performed on dye-functionalized
nanocrystalline titanium dioxide electrode/solution interfaces. The experiments show that reversible, potential-
induced dye desorption occurs in both aqueous and nonaqueous environments at potentials close to the
conduction band edge. Previous experiments have reported that potentiostatic filling of empty conduction
band or near-band-edge surface states has dramatic effects on the corresponding photophysical and
photochemical behavior of surface-bound dyes. Most notably, appdeergase the efficiencies of charge
injection andncreasesn dye luminescence yield were found to accompany potential changes. Detailed analyses
have emphasized the role of surface-state filling in decreasing the driving force for injection processes and
thus, increasing the luminescence quantum yield. The electrochemically stimulated dye detachment phenomenon
reported here provides a compelling alternative or additional mechanistic explanation for the profound potential
dependence of the interfacial luminescence responses.

Introduction Among the more compelling general findings are correlations
and inverse correlations between photocurrent yield, lumines-
cence intensity, injection yield, and externally applied electrode
potential. Most notably, when a dye-functionalized semiconduc-
tor electrode is increasingly negatively biased, the molecular
(dye) luminescence intensity systematically increases while both

most efficient devices rely upon (1) nanocrystalline semicon- the photobc7urrent yiglo! and the injection yield systematically
ductor electrode surface functionalization via visible-light- decreasé’ The variations are most pronounced at potentials

absorbing molecule (“dye”) attachment, (2) photoexcitation of N€ar the electrode’s conduction band edge)(

the attached dye1 and (3) an ensuing cascade of redox processes, Advantage has been taken of these observations and related
beginning with dye-to-semiconductor electron injection. The time-resolved luminescence measurements to infer rates for
crucial electron injection process has been examined via €lectron injection® The rates display a remarkable potential
photocapacitance techniguesiansient absorbance methdds, dependence, decreasing by orders of magnitudeEagsis
time-resolved and steady-state luminescence methphsto- approached from more positive potenti&sTypically, the
current yield measurementsnd other experimental methods.  potential dependence has been interpreted in terms of poten-
tiostatic electron addition to the electrode. The addition evidently
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Light-induced charge transfer at wide band gap semiconduc-
tor/solution interfaces is a starting point for a number of
technologically interesting catalytic processes including envi-
ronmental contaminant degradatibchemical fuel productiof,
and electrical power generatidifor electricity generation, the
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the electrode’s Fermi level, and a systematic diminution of the
thermodynamic driving force for electron injectiéhFrom 400 a
conventional electron transfer theory, exponential decreases in

injection rate are expected to accompany decreases in driving
force, provided that injection occurs in the Marcus normal
region. Finally, the decrease in injection rate apparently permits
excited state deactivation via an internal radiative pathway to

become kinetically competitive. o %’
We report here on an electrochemical quartz crystal micro-

gravimetry (EQCM) study of dye-functionalized metal-oxide
semiconductor/solution interfaces under conditions of negative 0.5 0.0 05 1.0 15
bias (potentiostatic electron addition). The study was motivated

by recent EQCM and photochemical QCM studies of naked

TiO,, SN, and ZnO electrodes in aqueous and nonaqueous 5
environments. Those studies showed that electron addition b
(surface reduction) is accompanied by mass increases corre- 49 M.
sponding to charge-compensating proton intercalation (aqueous
environments), alkali metal ion intercalation (nonaqueous
environments), or alkylammonium cation adsorption (nonaque-

ous environments). We reasoned that an analogous investigation -
of dye-functionalized electrodes might provide complementary —7
information. As shown below, we find that negative biasing of 0

functionalized electrodes stimulates electrode nuesseases . . i
that are interpretable in terms of dye detachment. Notably, the 0.5 0.0 05 1.0 15
detachment phenomenon provides an alternative mechanism for
luminescence generation and suggests an alternative or ad- _
ditional interpretation for the profound biasing effects upon Figure 1. Plots of (a) current versus potential, and (b) QCM crystal

luminescence responses reported previously. frequency versus potential for a Ru(dgb)-functionalized, nanocrys-
talline TiO, electrode/water interface. Scan rate: 50 mV/s.
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Experimental Section 100

Nanocrystalline titanium dioxide films were prepared as 80 -
previously reported2bd Briefly, 22 g/L TiO, colloids were
prepared by the acidic hydrolysis of titanium(IV) isopropoxide
(Aldrich, 97%). The resultant sols were dialyzed against distilled
water until their pHs were approximately 2. Sols were then
concentrated by rotary evaporation to yield slightly viscous sols
of 50—100 g/L TiO,. Triton X-100 (Aldrich, 1 drop/mL sol)
was added to the sols to facilitate film formation; films were
formed by spin-coating the sols (2000 rpm, 1 mir,1® coats) — T T
onto masked gold-coated quartz crystal resonators (ICM, 0 20 40 60 80 100 120 140 160
Oklahoma City, OK). Sintered, nanocrystalline films were time (s)

formed bY _flr_lng the electrodes in air at 450:_ for_ ca. 15h. Figure 2. Plot of QCM crystal frequency versus time for a Ru(dtb)
The sensitizing dye, Ru(dcyy (dcb = 2,2-bipyridine-4,4- functionalized, nanocrystalline TiCelectrode/water interface. Scan
dicarboxylic acid), was introduced to the film by soaking in a conditions:—50 to —750 mV vs SSCE; 50 mV/s; 5 scans.
buffered (pH 3) solution of dye overnight.

EQCM measurements were performed as previously de- (Figure 1b) reveals a positive frequency shift, indicating a loss
scribed on an apparatus previously describeglectrolyte of mass from the functionalized electrode. At 50 mV/s (and
solutions consisted of 0.1 M LiCln pH 3 buffer (Fisher) or  faster), the mass loss appears irreversible. This phenomenon
acetonitrile (distilled from Cab) and were deoxygenated by takes place in both aqueous (water/buffer/electrolyte, Figure 1)
bubbling with nitrogen prior to each experiment. Electrochemi- and nonaqueous (acetonitrile/electrolyte) solutions. Furthermore,
cal measurements were made in a one-compartment cell usinghe onset potential for the frequency increase is, in both
a platinum wire counter electrode and an ssce, Ag/AgCl, or environments, slightly positive of the apparent conduction-band-
silver wire pseudoreference. Potentials are reported versus ssceedge energy. Repeated cyclings result in cumulative dye

desorption, the magnitude decreasing slightly with each suc-
Results cessive scan (Figure 2). Unlike previous experiments on,SnO

EQCM experiments were performed on dye-coated, nanoc- a.”d ZnQ, the Ti@eleptrodes proved §tab|e o repeated cyclings,
rystalline films of TiQ. Figure la shows the current versus displaying unchanging electrochemistry after many cycles.
potential plot from an aqueous EQCM scan. As the ;Tfin
is scanned to potentials negative of the conduction band edge,
cathodic current arises from reduction of the Tifdm. The The mass loss in Figures 1 and 2 is notable in that it (1)
voltammetric response is similar to that reported previously for coincides with the potentials measured for induced fluorescence
naked (underivatized) electrodes, implying that the response isnoted in previous studies, (2) is reversible or irreversible,
electrode based rather than dye based. Monitoring the funda-depending upon the scan rate, similar to the luminescence
mental frequency of the quartz crystal substrate versus potentialresponses reported earlier, and (3) occurs only with dye-coated
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SCHEME 1 induced dye desorption occurs in both aqueous and nonaqueous
environments. The desorption effects are reversible under slow
scan conditions and are most prominent in the vicinity of the
conduction band edge. As such, they provide a compelling
alternative or additional explanation for the observation of
reversible, potential-induced photoluminescérciom such
interfaces. We hope to investigate the effect of substituting
phosphonate (P$) anchors for the carboxylates; presumably
stronger surface binding will inhibit dye desorption and alter

semiconductor electrodeNakedfilms of TiO,, SnG and ZnO the luminescence behavior.
display only mass uptake due to charge-compensating cation
intercalatior® We conclude that the mass decrease is associated
with dye desorptior?

The observation of dye desorption has interesting implications
in the context of “interfacial” luminescence behavior. If 5O
surface-site r_eduction results in dye desorption,_dye lumines- References and Notes
cence can arise from desorbed Ru(dtbas shown in Scheme

1. . . . (1) (a) Kormann, C.; Bahnemann, D. W.; Hoffmann, M. BRwiron.
Dye readsorption appears to be a relatively slow process: fastgg; Technol1988 22 798. (b) Schmelling, D. C.; Gray, K. A.; Kamat, P.

surface reduction and reoxidation (cyclic voltammetry performed v. Environ. Sci. Technol1996 30, 2547.
at 50 mV/s and faster) of the Tidilms evidently releases dye _ o _
molecules that do not re-adsorb within the time frame of the . ((i)) Eg@;ﬁ;g&‘:&gﬁfm (";? ,Fgrl"”,\‘/laé')'o I;!dongﬁériftué:lfggezgg
electrochemical scan. Slower electrochemical scann#tp( 57 T o ' ' '
mV/s) allows the dye time to re-adsorb within the measurement
window. This compares favorably with the known potential- (3) See, for example: (a)'Regan, B.; Grzel, M. Nature1991, 353
dependent luminescence behavior of Ru(gtb)n related j?gég)rsﬁgfsldén?é;rfggigg'\g'ghzeén' Re. 1995 95, 49. () Meyer, G.
SnGy’2and TiGP electrodes. We speculate that in both types ™ T T
of experiments (EQCM and luminescence) eventual dye re-  (4) Liao, K. H.; Waldeck, D. HJ. Phys. Cheml1995 99, 4569.
attachment is f_aC|I|tated by the mESOporoqs nature of the (5) Representative reports: (a) Hannappel, T.; Burfeindt, B.; Storck,
electrode material. Thus, dye molecules can likely be desorbed,y . wilig, F. . Phys. Chem. B997 101 6799. (b) Tachibana, Y.; Moser,
from the electrode surface without escaping from the porous J.; Grazel, M.; Klug, D. R.; Durrant, J. R]. Phys. Cheml996 100, 20056.
metal-oxide network and entering the surrounding electrolyte , _ _ _ _ _
solution. Such an interpretation, if correct, might account for Pattfr)séﬁ) LV 'EO?(%%?ZL* g'\aHgi’y;('bE:r?&gggegygg' 1t)'é8L3aFEEI)n'z :Bar?"
the previously observed potentiostatic dependence of thea . Ferrere, S Gregg, B. Al Phys. Chem. B998 102, 452. ‘
Ru(dcb}*~ (or the related sensitizer, Ru(dcb)(bgygxcited-
state lifetime” A desorbed dye molecule would still be subject _ (7) () Kamat, P. V.; Bedja, |.; Hotchandani, S.; Patterson, LJK. -
to energy- or electron-transfer quenching by any remaining (P;:g’éélcﬁ’gli?g/slogh‘éz?l%ég)gg g?gg”'(gh'\e"igf:rr’g" AA,”,‘\’A‘Zf;grr"GM'
proximal bound dye molecules. Time-resolved luminescence j j | yminescence996 70, 468, and references therein. T
measurements would thus report on the rates of these processes
rather than the direct electron injection process. (8) (a) Lyon, L. A;; Hupp, J. TJ. Phys. Chem1995 99, 15718. (b)
Finally, it is important to note that Scheme 1 doesaccount ~ -°or B 1/ UPP, J. 1o, Phys. Chemml 996 100 14578. (c) Lemon, B.
. L .; Lyon, L. A. J. Phys. Chem. BL997, 101, 2426. (d) Lyon, L. A.; Hupp,
directly for the potential-induced loss of photocurrent and the ;' 13 phys. Chem. Baccepted for publication.
decrease in injection yield encountered in functioning photo-
clectochemical el 00 smal  fraton o the chro- ) 10 g ere o srstet it Rulodtsehy, et
mophorlc material is desorbed to accommOd.ate either 0pser_EQCM measuremené perfor?ned on these filmslz produced results simillar
vation. For example, the-80 Hz frequency shift recorded in 5 hose obtained from the Ru(dgb)-sensitized films.
Figure 2 corresponds to a mass loss~®&00 ng or 1.4ug per
cm? (geometric electrode area). This, in turn, corresponds to  (10) It Szeg'd;‘zr:‘t?;esd(ws; i:;esv’zfst‘bt';’ t‘:])éec‘i)ensdol:gttiigg g‘;ﬁgb:éa”et)iar']'gs
only ~3 x ':I'(Tlo moles of dye (13t 5 monmayers of dye on [)neogﬁ I’T??)%?ted p?eviously. See: Zal?an, A.; Meier, A.; Gregg, B. Rhyg.
a hypothetical flat surface) or approximately 7% of the dye chem. B1997 101, 7985, and ref 7a.
initially present in our experiments. We suggest, however, that
Scheme 1 does likely account for the potential-induced dye (11) Implicit in anexclusie Scheme 1 interpretation of potential-induced

. . . S luminescence effects is that surface-attached dye molecules, i.e., the majority
luminescenceffect. Absolute luminescence intensity informa of the available dye molecules, remain spectrofluorimetrically silent (even

tion is lacking in the various literature reports, thereby preclud- 4 applied potentials negative Bts, where electron injection is known to

ing a quantitative comparison to the EQCM experiments. be inefficient or absent). Obviously, if bound dyes did remain nonlumi-
Nevertheless, we find that dissolution (in water) of a quantity nescent at these potentials,_then qL_Jenching mechanisms ot‘her than ele_zctron
of dye equal to that desorbed in a typical EQCM experiment |njecrt]|on_ wou_ldbneed c:ohexst. Whlfleha search fordalternlatlve quenchénc?

. - - - mechanisms is beyond the scope of the present study, at least two candidate
yields a read'_ly observable lummescence reSponse’_ "e_" “schemes can be suggested: (1) energy transfer frorg?Ruto filled trap
response that is orders of magnitude above the detection limitsjies (sites displaying an absorbance overlap with the dye emission
for a standard spectrofluorimeter such as a Spex Fluoroldg 3. spectrum), or (2) reductive quenching by filled trap sited!! (i RuLs?**

— Ti'V 4+ RuLs'"; AG ~ —35 kcal/mol, assuming that the putative trap
Conclusions sites are energetically close to the apparent conduction band edge). Note
. . . . that both schemes would become operative only at potentials cldgg;to
EQCM measurements involving dye-functionalized nanoc- or negative ofEcs, consistent with the very high injection yields typically
rystalline TiQ electrode/solution interfaces show that potential- encountered at more positive potentials.

Acknowledgment. We thank the Office of Naval Research
for support of this work.



