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Charge injection (Eqn. 2) competes
kinetically with the decay of the sensitiz-
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Abstract. Photoinduced charge-transfer processes involving molecules adsorbed at
interfaces are a fascinating topic which is presently attracting wide attention. Our
investigations have focused on the identification of the factors that control the dynamics
of such processes. The goal is to design molecular electronic devices that achieve
efficient light-induced charge separation. Applications of similar systems in photochromic and electrochromic devices appear also feasible.

Dynamics of Charge-Transfer
Processes Involving Molecular

basis of redox photosensitization of wide
band gap semiconductors and is involved

Sensitizers

in most of the

Photoinduced interfacial charge trans-

fer between a discrete molecular excited
state and a continuum of acceptor levels in
a solid is the simplest photochemical sur-

face reaction. Besides its fundamental in-

terest, research in this field is strongly
motivated by a large number of practical
applications. This process is indeed the
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transfer rate is required to provide high

injection yields. Back electron-transfer
from the conduction band of the solid to
the dye's oxidized state S+ (.Eqn. 3) is
equally important for photochemical conversion, since its rate controls the efficiency ofthe overall charge separation t3lt4l.
Mesoscopic transparent thin films (410 Um thick) supported by a glass substrate and colloidal dispersions, both constituted of nanocrystalline particles (- 20
nm diameter) of TiO2 anatase semiconductor (band gap = 3 .2 eV), are employed.
These provide substrate material characterized by a very large effective surface
area. Dye molecules carrying carboxylic
or phosphonic anchoring groups, or a catechol moiety, are grafted onto the acidic

photographic and xero-

graphic processes as well as in the photochemical solar energy conversion t1lt2l
S+

er's excited state. Hence, for dyes that are
characterizedbyemissionlifetimes as short
as 1 ns, an ultrafast interfacial electron
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surface

of titania. A monolayer of

the

adsorbed molecules on the palticles results in optical densities that can easily
exceed unity. Upon pulsed laser-light excitation, electron injection fiom adsorbed

sensitizer molecules is nonitored by fast
spectroscopic techniq ues.
On titanium dioxide, the photoinduced
charge-injection process that leads to the
oxidized dye S+ takes place on time scales
ranging from I 00 fs to several ps, depending on the sensitizer wed (Tctble /). Such
a variation of 8 orders of magnitude can be
accounted for by very difTerent values of
the electronic coupling element. FrcmkCondon factors indeed are expected to
play only a negligible role in systems that
should be kinetically nearly optimum in
terms of theMarcrlstheory.In such acase,
where the system is coupled to a continuum of acceptor levels and nuclear degrees
offieedom are neglected, the rate constant
for charge injection is given by the golden

rule expression:

kioi= (2n/h).lIA2.p

(4)
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excited state prior to electron transfer, and
suggest that the reaction probably pro-

ceeds adiabatically tSlt10l. Vibrational

relaxation of the excited state of
RuL2(NCS)2 has indeed been observed to
take place within a fèw picoseconds. The
subsequent thermalization and trapping of
hot injected electrons is known to be extremely fast and to occur typically with k,1
= 10r3 s I [11]. Equilibrium which woLrld
tend to repopulate the excited state ofthe
sensitizer is therefore prevented.
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s-l certainly preclude
complete nuclear relaxation of the dye

l.m
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surface Ti4* ions.
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on TiO2, consists in exciting directly a
ligand-to-metal charge-transfer band,
where the role of the metal is played by

of

I

Table 2. Thernrcdynctmic ttncl Kinetic Dnttt ReLated to the BctckTrtutsfer Whi<:h Take.s Pla.ce betvreen
Condur:tion-Band Eler:rrutts and Oridized Dye Species Atlsorbed on the Surjuce

The rate of the back electron-transfer
process, which takes place between the
conduction band of the solid and the oxidized dye species S+, is slower by more
than 6 orders of magnitude compared to
charge-injectionrates ofefTicient sensitiz-

the order

l/2 (lilruù/l-ebrùù)

Ntuto- antl Femtosecond LcLser FLnsh PhotoLysis lor Vu'ious
@;,,., are the excited-state lifetime and the injection
quantum yield, respectively. In the sensitizers column, L stands fbr the 4.4'-dicarboxy-2,2'-bipyridyl

efficient sensitizers have to be designed in
a way that the fbrward electron-transfer
step is associated with strong electronic
coupling between the z* orbital of the dye
molecule's excited state and the empty
TiIV 3d orbital manifold of the semiconductor. which constitutes the acceptor levels in the conduction band of TiO". This is
effèctively achieved in directly linking the
sensitizer's moiety that carries the lowest

Observed injection rate constants of

Nr

Sensitiz.ers Adsorbed onto CoLloidaL TiOz. rr and

show that

zr* orbital to the surfàce. Another approach,
demonstrated by the caseof alizarin, which
lbrms strongly colored surface complexes

991)

Table l. Electronic CoLqtling Matrir Elenrent Yl CcLlctilated from E.rperintenlal Values ol the

where lVl is the electron coupling matrix
element and p is the density of electronic
acceptor states in the conduction band of
the semiconductor [9].
Results displayed in Table

j/ (

band and carriers trapping in remote defects of the solid.

Molecular-Based Photochromic and
Electrochromic Systems

driving

The linear, rigid molecular diad 1 constitutedof anelectrondonor(triarylamine,
inthekineticinvertedregion,nucleartun- D) linked to a chromophore (ruthenium
neling effects, due to high-fiequency vi- bis(terpyridine), S) has been synthesized
brational modes impliedin the inner-sphere [ 2]. The positive redox potential s of l are
reorganization, weaken the role of the 0.95 V and l.50Vvs. NHE,respectively,
Frank-Conclonfactor [3]. Therefore, elec- assigned to the D/D'* and the S/S* couples.
tronic coupling is found once more to The compound displays an MLCT abdictateinalargeextendthekinetics ofthe sorption band at 504 nm (€= 21 700 v I
charge-transferprocess,whichwasfound cml). Electrochemical oxidation to 1+
indeed to be temperature- and medium- (S-D+)isaccompaniedbyblue-shiftingof
independent [3][4]. Factors likely to be theMLCTband(/,..,"=438nm,e=22500
important in controlling the slow rate of M-l cm-l) and the development of the
charge recombination include delocaliza- absorption band of D+ at 750 nm, with e =

Although very large reaction

fbrces should make the system lying

deep

tionofinjectedelectronsintheconduction 15600 l,r I cm-1.
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ing the high surface area of these layers,
AG

roughness factor reachthickness, it was
possible to amplifybythis factorthe change
oflight absorbance produced by oxidation

charuclenzedby

S+ + e-cO(SC)

a

ing 1000 for l0 pm

and reduction of an adsorbed monolayer
of electrochromic molecules. Thus, when
a TiO2 film modified by a monolayer of an
adsorbable viologen like 2 (e = 9 000 v-l
cm-1, E" = -0.18 V vs. NHE) was stepped

to

-1 V, the electrode turned from colorin less than 1 s. The

less to deep blue

nuclear configuration
Fig. l. Conceptual drawing showing free-energy surface crossing for interfacial chargelransfer
processes depicted ày Eqns. 2 and3. While electron injection is kinetically nearly optimum (/G+=
0), charge recombination falls deep into the inverted region. In the latter case, nuclear tunneling is
likely to occur predominately, due to efficient contribution of the high-frequency vibrational modes
and important F rank- C ondon overlap.

related absorption change at 522 nmwas
as high as 2. Owing to the position of the
conduction-band edge of the TiO, (more
negative than the redox potential of the
viologen), reoxidation of the reduced 2 is
not feasible unless protons or lithium ions
are added to the electrolyte. In presence of
such strongly TiO2-adsorbed cations, the
conduction-band edge can be lowered to 0
V. Under these conditions, grafted viologens like 2 exhibitreversible electrochemistry. Electrochromic windows up to 10 by
10 cm and small displays were built, using
a counterelectrode made of Prussian blue

on conducting glass. Very sharp color
changes are achieved in 0.5-3 s.
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