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Visible sensitization of nanocrystalline TiO, by ad-
sorbed polypyridyl complexes of ruthenium has provided
a basis for the development of a family of solution-based
photovoltaic devices for energy transduction.l~8 We
report here a novel approach to the preparation of thin-
film structures on TiO, formed by reductive electro-
polymerization. The resulting structures open new
possibilities for the fabrication of surface microstruc-
tures and stabilization of the dye—metal oxide interface.

The adsorption to acidic oxide surfaces of carboxylic
acid-containing salts such as [Ru(dcb)s](PFe). (dcb is
2,2'-bipyridine-4,4'-dicarboxylic acid)® is well estab-
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2,2 bxpyndme -4,4’-dicarboxylic acid 4-methyl-4’-vinyl-2,2’-bipyridine
(dcb) (Vbpy)

lished.1356.1011 Adsorption of the vbpy derivative [Ru-
(vbpy)2(dcb)](PFe)2 (1; vbpy is 4-methyl-4'-vinyl-2,2'-
bipyridine) from CH3CN solution onto optically trans-
parent, 8—12 um thick films of nanocrystalline TiO; on
In,03:Sn (ITO) electrodes on glass!? results in highly
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absorbing films (TiO2/Ru'';q) with OD ~ 1.2—1.8 at the
metal-to-ligand charge transfer (MLCT) maximum at
467 nm.13

In cyclic voltammograms at 5 mV/s, oxidation of [Ru-
(vbpy)2(dch)](PFs). adsorbed by soaking the electrode in
an acetonitrile solution 5 mM in complex is observed,
with the Ru'"'' couple appearing at Ey, = +1.37 V
versus SSCE in CH3CN 0.1 M in [(n-C4Hg)sN](PF)
(TBAH) compared to +1.35 V in solution. Reductive
scans from —0.4 V to —1.7 V at 100 mV/s in 0.1 M TBAH
in CH3CN with 0.05 mM [Ru(vbpy)s](PFe). added ex-
hibit a large, featureless reductive wave for TiO, with
an onset at ~ —0.5 V. At these potentials, stable, thin
films of poly[Ru(vbpy)s](PFs). form on a variety of
conducting substrates including Pt, glassy carbon, and
ITO.14718 On TiO, they result in copolymeric, overlayer
thin films of poly[Ru(vbpy)s](PFs). on [Ru(vbpy).(dcb)]-
(PFe¢)2 (TiO2/Ru',¢/poly-Ru'). The mechanism of elec-
tropolymerzation involves reduction at 7*(vbpy) followed
by radical polymerization.’®> The TiO, electrodes deepen
in color upon reduction, but this is reversed when the
electrode is scanned oxidatively.

Evidence for electropolymerization is seen as an
increase in absorption at 464 nm and in peak current
for the Ru"""" wave in cyclic voltammetry. The waves
for the adsorbed and electropolymerized complexes
overlap. The rate of electropolymerization is dependent
on the amount of adsorbed complex,’® the number of
reductive scans, and the concentration of [Ru(vbpy)s]-
(PFg)2 in the external solution. By absorbance monitor-
ing at 464 nm, the amount of electropolymerized com-
plex increases linearly with the number of reductive
scans. For an electrode of initial surface coverage 1.2
x 1077 mol cm~2,20 a 2-fold increase in absorbance at
464 nm was observed after ~40 cycles with 0.1 M
TBAH—-CH3CN 0.05 mM in [Ru(vbpy)s](PFe). in the
external solution. In previous work, it was shown that
electropolymerization of [Zn(vbpy)s](PFs)2 on ITO elec-
trodes occurs at a rate comparable to that for [Ru(vbpy)s]-
(PFg)2.21 Ruthenium/zinc-modified TiO, surfaces (TiOy/
Ru'',¢/poly-Zn'") were prepared under the same conditions
except with [Zn(vbpy)s](PFs)2 in the external solution.
The Zn'" complex is colorless and electrochemically inert
to oxidation within the solvent limit.
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Figure 1. Plot of IPCE(4) versus A in propylene carbonate
0.5 M in Nal and 0.05 M in I, for colloidal TiO; thin film
electrodes sensitized with (A) adsorbed [Ru(vbpy)z(dcb)]?™
(TiOz/RuU",q) (a), (B) adsorbed [Ru(vbpy).(dch)]>™ and elec-
tropolymerized [Zn(vbpy)s]?" (TiO/Ru'.¢/poly-Zn') (@), (C)
adsorbed [Ru(vbpy)(dcb)]?t and electropolymerized [Ru-
(Vbpy)s]?* (TiOz/Ru",d/poly-Ru''(~1:1)) (M), and (D) electro-
polymerized [Ru(vbpy)s]?* (#).

Tapping mode AFM measurements were conducted
on a Nanoscope Ill from Digital Instruments, under
ambient conditions with a resonance frequency of ~300
kHz by using silicon cantilevers on TiO,, TiO»/Ru''yg,
and TiO,/Ru'',4/poly-Ru", the latter with a 1:1 ratio of
[Ru(vbpy)2(dcb)](PFe)2 to poly[Ru(vbpy)s](PFe).. These
measurements, combined with optical microscopy, re-
veal that the surface coverage is uniform and homoge-
neous, at least to a resolution of ~500 nm.

Photoelectrochemical measurements were carried out
in a thin-layer, two-electrode arrangement with propy-
lene carbonate 0.5 M in Nal and 0.05 M in I, as
described previously.??2 Results, reported as incident
photon-to-current efficiency (IPCE), are illustrated for
a series of derivatized electrodes in Figure 1. For TiO/
Ru',q4, IPCE values as high as 20—25% were obtained
with excitation at 464 nm compared to 35—40% for cis-
Ru(dch)>(NCS),2 under the same conditions on identical
electrodes. For TiO,/Ru",¢/poly-Zn' with Zn"/Ru'"" ra-
tios up to 2:1,23 IPCE values were the same as for TiO,/
Ru'',q. For TiO2/Ru',4/poly-Ru'!, IPCE decreases with
increasing polymer surface coverage with IPCE falling
to 10—12% at a 1:1 Ru'',¢/poly-Ru' ratio, reaching a
limiting value of ~3% at ratios greater than 1:4 Ru"' 4/
poly-Ru'.

One advantage to the electropolymerized, overlayer
structures is enhanced stability, presumably caused by
the formation of a cross-surface covalent bond network
in the electropolymerization procedure. For example,
for adsorbed [Ru(vbpy)(dcb)](PFe)2 in water, >50% loss
of complex occurs with soaking at pH 2 for 30 min and
100% after 10 min at pH 14, as shown by absorbance
monitoring. For 2:1 or larger Ru",4/poly-Ru'! ratios,
stability at pH 1—14 was observed for a period of over
3 weeks. Because of the lability of Zn2™ in aqueous
solution, ~86% of adsorbed [Ru(vbpy).(dcb)](PFs)2 on a
TiOy/ Ru',¢/poly-Zn'' surface is lost at pH 7 after 30 min.
The remaining 14% was stable to desorption for over 3
weeks.

Under the same conditions as for [Ru(vbpy).(dcb)]-
(PFe)2, [Ru(vbpy)s](PFe), adsorbs to TiO, films but at
~15% of the loading level. Electropolymerization occurs

(22) Argazzi, R.; Bignozzi, C. A.; Heimer, T. A.; Castellano, F. N.;
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Chem. Mater., Vol. 10, No. 7, 1998 1749

4 atasy
R
R N
0.2 | .ss fa

IPCE

0.1 .-

0.0 I ' I v !
360 445 530
Wavelength (nm)

Figure 2. As in Figure 1, with adsorbed [(bpy)2(NC)Ru(CN)-
Ru(vbpy)2(NC)Ru(CN)(bpy).]>" (@) and adsorbed [(bpy)2(NC)-
RuU(CN)Ru(vbpy)(NC)RU(CN)(bpy).]?* with electropolymerized
[(bpy)2(NC)RU(CN)Ru(vbpy)o(NC)RU(CN)(bpy)2]** ().

upon reduction of solutions containing this salt, but
compared to films of TiO,/Ru'',¢/poly-Ru'!, the growth
rate of the polymer is slower. At comparable total Ru
loadings, as shown by absorption measurements, IPCE
is lower by ~75% for the electropolymerized films.

The adsorbed assembly [(bpy)2(CN)Ru(CN)Ru(dcb),-
(NC)RuU(CN)(bpy).](PFé)2 has been shown to have IPCE
values in excess of 80% under the experimental condi-
tions described here.l” The vbpy derivative [(bpy)2(CN)-
Ru(CN)Ru(vbpy)2(NC)Ru(CN)(bpy)2](PFs), adsorbs on
nanocrystalline TiO, films at a level ~50% that of [Ru-
(vbpy)2(dcb)](PFe).. Electropolymerization with [(bpy).-
(CN)RU(CN)Ru(vbpy)2(NC)Ru(CN)(bpy)2](PFg). in the
external solution?* results in a total surface coverage
~2 times that of the adsorbed trimer. An IPCE of 29%
with excitation at 440 nm was measured for the elec-
tropolymerized film compared to 22% for the adsorbed
trimer (Figure 2). Correcting for the increased absorp-
tion in the electropolymerized film (from A = 0.39 to A
= 0.65) by dividing IPCE by the light harvesting
efficiency, (LHE(1) = 1—-10-A@W) gives comparable, ab-
sorbed photon-to-current efficiencies [APCE(1) = IPCE-
(A)/LHE(A)] of ~37% for the electropolymerized and
adsorbed trimer surfaces.

These results demonstrate that reductive electro-
polymerization can be used to prepare interfacial,
polypyridylmetal complex structures on nanocrystalline
TiO, films. This approach offers the advantage of
creating highly stabilized surface structures but, for
TiO,/Ru" ,¢/poly-Ru'!, with significant loss of photocur-
rent efficiency. The origin of the decrease upon elec-
tropolymerization of an overlayer of [Ru(vbpy)s](PFe)2
is currently under investigation. The results of a recent
photophysical study on poly[Ru(vbpy)s](PFs)2 have led
to the suggestion that the electropolymerization proce-
dure leads to the creation of trap sites which result in
excited-state quenching.?! This can be avoided by use
of nonchromophoric [Zn(vbpy)s](PFs), as the cross-
linking complex, but it decomposes in aqueous solution,
leading to a loss of stability of the films. Films of poly-
[(bpy)2(CN)RU(CN)Ru(vbpy)2(NC)RU(CN)(bpy)2](PFe)2 re-
tain enhanced stability toward dye desorption while the
conversion efficiency of the unpolymerized dye is main-

(23) The Ru'',¢/poly-Zn" ratio was assumed to be the same as in
films prepared under identical conditions with [Ru(vbpy)s](PFg)2.2%

(24) Electropolymerization was carried out on electrodes with
adsorbed [(bpy)2(CN)Ru(CN)Ru(vbpy)2(NC)Ru(CN)(bpy).](PFs). under
the same conditions as for [Ru(vbpy).(dcb)](PFe), with 0.1 M TBAH
and 0.5 mM [(bpy)2(CN)RuU(CN)Ru(vbpy)2(NC)RU(CN)(bpy)2](PFs)2 in
the external solution.
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tained. Additional experiments are required to eluci-
date the photophysical mechanism of TiO, sensitization
by electropolymerized films, but it seems clear that
these systems provide a novel approach for the prepara-
tion and exploitation of stabilized assemblies on TiO,
surfaces.
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