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Measurements have been performed of the temperature dependence of highly exoergic interfacial electron transfer processes
from the conduction band of nanocrystalline titanium dioxide to the cation radicals of three different sensitizers, i.e al&in, a
merocyanine and a coumarin dye. Altbougb these reactions fall deep into the inverted Marcus region, they show practically no
activation energy. The results are interpreted in terms of a quantum mechanical model for non-adiabatic electron transfer including the treatment of high &equency molecular vibrations of the adsorbed sensitizer. This analysis provides apart from the electronic matrix coupling elements separate values for the internal and solvent reo~n~ation
energies. The behavior of the alizarinf
TiOz chelate is unusuaI in as much as the solvent reo~nization does not appear to contribute signifkantiy to the interfacial redox
process.

1. Introduction
Heterogeneous electron transfer reactions play a
vital role in a great variety of impo~ant phenomena
associated with the operation of electronic, electrochemical, photo-electrochemical and other devices
[ 11. The rate constant for charge transfer processes
across the solid-electrolyte interface is usually described in terms of the Tafel equation [Z]. For a
cathodic one-electron process:
k=kOexp[-ffF(E-~O)/R~].

(11

Here LYis the transfer coefficient, E is the electrode
potential, F is Faraday’s constant, and k” is the rate
constant at, the reference potential E”. Alternatively,
the rate constant may be expressed by the classical
Marcus relation for non-adiabatic electron transfer
131:
k = vOKexp[ - (ArGo+n)2/4/1RT]

,

(2)

where p. is a frequency factor, rcis the electronic coefficient, A,G” is the standard free energy of the reaction and n is the total reorganization energy. The Tafel
equation predicts that the reaction rate constant
should vary exponentially with 1/ T, Similarly, from
the classical Marcus expression one expects an expo030~~104/93/$06.@0

nential temperature dependence both in the normal
( -ArGo<A) and inverted ( -ArGoan) region. Only
for the case where --&Go equals n should the electron transfer process become activationless.
While the inverted Marcus regions has attracted
many investigators, these studies have focused on the
verification of the decrease in the electron transfer
rate with increasing driving force [ 41. Only two recent investigations address the question of temperature effects on the rate coeffkient in the inverted region [ $61. In both cases authors studied an
intramolecul~ charge transfer process. Activationless behavior was observed which was ascribed to vibronic coupling effects.
The present investigation scrutinizes for the first
time the effect of temperature on a heterogeneous redox reaction occurring in the inverted Marcus region. Due to their rapid nature and the limited temperature range accessible to liquid electrolytes, such
interfacial electron transfer processes are difficult to
follow by conventional electrochemical techniques.
The advent of nano~~sta~ine semiconductors forming transparent colloidal solutions has opened up the
way to monitor this type of reactions directly by time
resolved laser spectroscopy [ 7,g ] . Here we report on
investigations with dispersions of nanocrystalline ti-
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tanium dioxide particles whose surface has been derivatized with a monolayer of charge transfer sensitizer. The dynamics of the reverse electron transfer
from the conduction band of the semiconductor to
the sensitizer radical cation following light induced
charge injection have been investigated and are shown
to be surprisingly insensitive to temperature changes
extending over more than two hundred degrees.

2. Experimental
2.1. Materials
Alizarin supplied by Fluka was recrystallized three
times from hot ethanol-water solutions. The carboxylated thiazole rhodanine merocyanine, Mc2, was
purchased from Riedel-de-Ha&r and further purified
by r~~st~li~tion
in acidified water. Coumarin-343
(laser grade) was used as obtained from Kodak. The
molecular structures of these charge transfer sensitizers are shown in scheme 1. All three dyes are endowed with suitable interlocking groups whose role
is to graft the dye to the semiconductor surface via
chelation of surface titanium ions. Although absorption spectra of the merocyanine and coumarin-343
are only slightly affected by adsorption on the oxide
surface, a large 70 nm red shift and an increase of the
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OH
9

AE=2.2 eV

Y

0
Coumarin 343 / TiO2

OH

AE =2.6eV
qP(s+/s)=1.2ov

extinction coefficient from 3.6~ lo3 mol-’ Qcm-’ to
more than 1O4mol- ’ !?cm- ’ is observed for alizarin
upon complexation of the titanium dioxide surface.
In the latter case, a surface aliza~n-Ti(IV) charge
transfer complex has therefore to be considered as the
active chromophore. For all three sensitizers, photoinduced electron injection into the conduction band
of TiOl occurs with close to unit quantum efficiency.
The redox potentials of the sensitizers were determined in ethanol/methanol 5: 1 (v/v) mixture by
cyclic voltammetry. 4 urn thick nanocrystalline TiOz
film deposited onto a conductive glass support [9]
and surface derivatized with the respective dye was
used as the working electrode. Values for these potentials (versus NHE) as well as those for the O-O electronic transition energies are indicated in scheme 1.
Colloidal TiO:! solutions were prepared in ethanol
by a previously described procedure [ lo]. Methanol
was subsequently added to decrease the glass transition temperature to Z=S
100 K. The mean radius of the
anatase nanocrystals was between 5 and 10 nm.
All other chemicals were at least reagent grade and
were used as supplied by the vendor.
2.2. Methods
Time resolved absorption measurements were carried out using 8 ns, 530 nm Nd : YAG laser pulses as
the excitation source for alizarin and Mc2 systems on
a flash photolysis set up. 10 ns, 450 nm pulses from a
dye laser pumped by a frequency-doubled ruby laser
were used to excite coumarin-343. The optical signal
was detected using a Hamamatsu R928 PM tube.
Data acquisition and analysis were performed by a
Tektronix DSA 602A digital signal analyzer connected to an Apple Macintosh computer. For temperature control, the colloidal solution contained in
a square quartz cell was mounted in a Oxford Instruments DNl704 nitrogen bath cryostat equipped with
an ITC-4 controller. The temperature domain studied was between - 200°C and 30°C. All solutions
were carefully degassed by repeated freeze-pumpthaw cycles prior to use.

Merocyanine Mc2

AE =2.3eV
I$~(S+/S)=O.QOV
Scheme1

3. Results
Figs. l-3 show transient absorption spectra ob-
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Fig. 3. Transient absorption spectrum observed 200 ns after pulsed
530 nm laser excitation of the merocyanine Mc2 adsorbed on
colloidal TiOs. The titanium dioxide sol (1.0 g/Q) in 5: 1 (v/v)
ethanol-me~anol
solvent mixture at pH 3.5 was con~ning
2 x lo-$ M of the merocyanine. In such conditions, no dye aggregate is formed on the oxide surface.

arise from the cation radicals of the dye and the conduction band electrons, respectively. Inserted in fig.
1 are os~~los~o~ traces showing the temporal behavior of the absorption at three different wavelengths. The vertical rise in the 380 and 650 nm absorption is due to the formation of coumarin-343
cation radicals and conduction band electrons, respectively, while the concomitant decrease in the absorption at 440 nm indicates the bleaching of the
ground state. These optical changes are due to photoinduced electron injection from the dye into the
conduction band of titanium dioxide:
S+hv-+S*+S++e~(TiO,)
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Fig. 2. Transient absorption spectrum observed 250 ns after pulsed
530 nm laser excitation of alcoholic colloidal titanium dioxide
(0.5 g/P) surfacederivatized by alizarin 5x 1O-5 M. pH 3.5.
by laser photolysis
of dye coated TQ nanocrystals dispersed in the ethanol/ methanol 5: 1 (v/
v) solvent mixture at 23°C. The solvent was acidified by addition of 3.2 x 10W4M HCl to prevent precipitation of the colloid. Detailed experimental conditions are indicated in the figure legends. The end of
pulse spectra exhibit a bleaching in the vicinity of the
abso~tion maxima of the sensitizers. The transient
absorption peaks below 500 nm and above 600 nm
tained

800
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Fig. 1. Transient absorption spectrum observed upon pulsed 450
nm laser excitation of coumarin-343 adsorbed on colloidal titanium dioxide. The TiOz sol (2.0 g/l?) in 5: 1 (v/v) ethanolmethanol solvent mixture was containing 1.3 x 1O-5 M of the
coumarin dye. pH wasadjusted to 3.5 by addition of HCI. Inserts
show typical osciilograms recorded at the wavelengths L= 380,
440 nm and 650 nm. Full time scale is in each case equal to 2 ps.
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(3)

where S* and St are the excited state and the cation
radical of the sensitizer, respectively. For all the three
dyes tested here the injection is so rapid that it occurs
during the laser pulse. The decline in the transient
absorption and bleaching signals as shown as an example in fig. 1 is due to the thermal back reaction
involving recapture of the conduction band electron
by the dye cation radical.
S+ +e$(TiOz)A

.

(4)

This process follows first order kinetics. The rate
constant derived from the three oscillograms being
practically identical. This confirms that eq, (4) represents the only redox process that follows sensitized
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charge injection.
Scheme 2 gives a pictorial representation of the energy levels involved in the interfacial electron transfer process. The equation employed to derive the free
energy change, A,C” for the electron transfer (eq.
(4) ) is also indicated along with an example of the
calculation. The driving force for the reverse electron
transfer corresponds to the difference between the
quasi Fermi level of the conduction band electron in
the TiOz nanocrystals, E;, and the standard redox
potential of the sensitizer. The former is approximately equal to the equilibrium Fermi level Er and
flat band potential Es,, due to n-doping of the particles by oxygen vacancies. The flat band potential of
TiOz in alcohol was determined using a previously
published procedure [ 8,111 adapted to involve conduction band electron transfer to l-methyl-l ‘-tetradecyl-4,4’-bip~~nium
(C&MV*+ ) upon bandgap
irradiation of the colloidal semiconductor. At pH 3.5
the E,,, value in ethanol is -0.45 V against NHE.
Fig. 4 shows the effect of temperature on the rate
constants for back electron transfer. For coumarin343 there is practically no rate variation between 300
and 100 IL Similarly, for the merocyanine the temperature effect is very small. The rate constant decreases by less than a factor of two in the investigated
range. The largest tempemt~e effect is observed for
ahzarin. However, even in this case the decrease in
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Fig. 4. Temperature dependence of the rate constant k for back
electron transfer from colloidal Irio, conduction band to the mdical cation of adsorbed alizarin ( CI ), merocyanine Mc2 ( A ) and
coumarin-343 (0 ). Solid lines represent in each case the calculated optimal computer fit ofeq, (9) to the experimental points.
4G” value was set to 1.65, - 1.35 and - 1.65 eV for t&e three
sensitizers respectively. v= 1500 cm-’ was assumed for the vibrational mode frequency. Variation of the reorganization energy R, according to temperature dependence shown in table 2
was taken into account in the fitting procedure.

the rate constant is small, amounting to less than a
factor of 10 over the 200 degrees temperature change.

4. Discussion
hv
9t”( SJ-I s )

A@‘=-z

F [ I$‘( s+i’s

) - Efb ]

Efb(Ti02) = - 0.260 - 0.059 pH ( V! NHE )
pH = 3.5

+

Efb(TiG2) = - 0.450 V

tp”(S+/S)=1.20V

jArGO=-1.65eV

The results are interpreted in terms of current electron transfer theory. For a non-a~abati~ process the
rate constant is generally expressed in terms of the
electronic matrix coupling element 1VI and the
Franck-Condon factor FC [ 12 ] :
k= (2x/h) 1VI2 FC .

Within the classical limit where the energy of the vibrational modes associated with the activated complex fo~ation is smaller than the thermal energy
(hve=k,T):
FC=,/%&?exp(

Scheme 2

(5)

-AG’/k,T)

(6)
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and
AGt= (ArGo+A)2/4A,

(7)

where AC+ is the reaction acti~tion energy. This gives
eq. (2) for the rate constant of interfacial electron
transfer. However the classical expression is not adequate to describe the results observed in fig. 4. Introducing the quantum modification for the FranckCondon factor by assuming a single average high frequency mode yields [ 41
FC=,/m

exp( -.S,)
- (A~G”+~hv+L,)2

(8)

For the rate constant one obtains

where
S, =A,/hv
is the Franck-Condon displacement factor, Iv and il,
are the internal and solvent reorganization energies,
respectively, and v is the frequency of the vibrational
mode associated with the electron transfer.
Eq. (9) was used to interpret the data. Solid lines
of fig. 4 present the calculated optimal computer fit
obtained by application of a modified Marquardt
non-linear least-squares fitting procedure [ 13 1. An
average value of v= 1500 cm-r was assumed in ah
cases for the vibrational mode frequency. Such a
number was substantiated by resonance Raman experiments performed on alizarin/ colloidal TiOz systems, where the most active vibrational mode was
measured at v= 1450 cm-‘. The parameters derived
from the curve fitting are listed in table 1. The electronic matrix coupling element squared is 3 times
larger for alizarin than for the coumarin. This can be
rationalized from a consideration of the dye adsorption geometry shown in fig. 5. The configurations
presented were optimized by using Tektronix CAChe
molecular mechanics program package. The distances given indicate the separation of the center of
the z-electron cloud of the sensitizer molecule from

Table 1
Free energies of reaction and fitted parameters of eq. (9), associated to the back electron transfer from TiOz conduction band
to adsorbed sensitizers’ radical cations. v= 1500 cm-’ was used
in ail cases as an average vibrations mode frequency in the fitting of experimental data. Values for L, which is the only temperature dependent parameter, are given for T= 298 K
Sensitizer
alizarin-Ti”
merocyanine Mc2
coumarin-343

2298

-AC0
(eV)

IV12
(cm-‘)

:;v,

(LV)

1.65
1.35
1.65

5.6
4.1
1.7

0.32
0.28
0.30

0.004
0.08
0.25

the plane of titanium atoms located at the oxide surface. The distance is 0.3 nm for aiizarin, 0.4 nm for
the merocyanine and 0.5 nm for coumarin-343. The
decline in the value for electronic matrix coupling
elements observed for the three sensitizers clearly reflects the decreasing overlap between the 3d wave
function manifold of the surface titanium ions and
the highest occupied molecular orbital of the sensitizer. Absolute values of the electronic coupling matrix elements 1VI 2 are very low compared to homogeneous systems, where donor and acceptor molecules
are separated by comparable distances. This fact
arises from the delocalization of electrons in the
semiconductor conduction band, as well as from orthogonality of adsorbed dye molecules with respect
to the solid surface. The weak electronic coupling observed in these conditions ( 1VI2< 10B3 eV) justifies
here the application of a model which is restricted to
the non-adiabatic electron transfer case ( I VI 2< k,T
x0.025 eV).
The effect of temperature on the interfacial solvent
reorganization energy was taken into account in the
calculations. According to the Marcus equation for
heterogeneous electron transfer, ;1, depends on the
diameter of the dye molecule (d), the mean electron
transfer distance, i.e. the separation of the molecule
from the surface (r), the static dielectric constant of
the solvent (c), and the high frequency dielectric
constant which is given by its refractive index squared
(n2):
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Fig. 5. Ball and stick three-dimensional molecular models for the attachment of alizarin (A), merocyanine Mc2 (B), and coumarin-343
(C) onto the titanium dioxide surface. Geometries were optimized using CAChe molecular mechanics program package. In each case,
the distance separating the center of the r-electron cloud of the adsorbed sensitizer molecule from the plane of Ti atoms located at the
TiOz surface is indicated.

The temperature increment of the static dielectric
constant as well as that of the refractive index of
ethanol is listed in table 2. From this analysis the
variation of & over the investigated temperature range
of 200 K is about 2%.
While the internal reorganization energies derived
from the computer fit of the data points in fig. 4 are
close to 0.3 eV for all three sensitizers, the inte~acial
Table 2
Temperature dependence of static and high frequency relative dielectric constant of ethanol and of solvent reorganization energy
&a ( l/n2- l/t). Temperature coef?icients (Y= -d loge/dT=
2.9X 10S3 K-’ and/L -dlogn2/dT=2.0x
10Y4K-’ could be
considered as constant throughout the whole temperature domain25”GT>--120°C
f14]
T(“C)
2s

-60
-120

e

?i2

lfn2-

24.3
41.0
61.8

1.8526
1.9266
1.9805

0.499
0.495
0.489

I[e

solvent reo~anization energies vary greatly from one
sensitizer to the other. The couma~n yields the highest value Az9’= 0.25 eV, and this is followed by the
merocyanine for which A,298II:0.08 eV. For the alizarin-Ti(IV) chelate, 2:” is close to zero. Using the
electron transfer distances indicated in fig. 5 and for
the van der Waals molecular diameters values of alizarin, merocyan~e Mc2 and ~ouma~n-343 1.2, 1.4
and 1.5 nm, one obtains from eq. ( 10) the interfacial
solvent reorganization energies of 0, 0.10 and 0.2 1
eV, respectively. This is in satisfactory agreement with
the values derived from the data in fig, 4.
For the alizarin-TiOz chelate, solvent reorganization appears to play a negligible role in the interfacial
electron transfer process. This is supported by the
finding that the rate of conduction band electron recapture by the alizarin radical cation is insensitive to
the medium where the charge transfer is taking place.
Preliminary experiments carried out with al&in
derivatized nanocrystalline Ti02 films indicate that
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Fig. 6. Computer simulations of the temperature dependence of the electron transfer rate constant k according to eq. (9). Fixed parameters set in the equation were 4G”= - 1.5 eV, 1V1z=0.5 cm-‘, Y= 1500 cm-’ and 1,=0.25 eV. Values of the solvent reorganization
energy @‘* were varied from 2.0 down to 0.1 eV. The dashed isotherm curves display the dependence of the rate constant versus 1, at
various temperature values. They represent distorted Marcus parabolas as the result of the quantum treatment of one single high frequency vibrational mode.

the rate observed in dry argon gas is similar to that in
alcoholic solution. The rational for this unusual behavior is likely to be found in the very strong chelating interaction between the alizarin and the surface.
This manifests itselfby the fact that the oxidation potential and the absorption spectrum of the dye is profoundly affected by the binding to the TiOz surface,
although they are practically insensitive to the polarity of the medium. Redox reactions involving the
conduction band of the semiconductor and such types
of chelates are therefore apparently not greatly affected by solvation.
In order to facilitate the understanding of the temperature effects on the interfacial electron transfer
rates observed in the present study, we have plotted
in fig. 6 a simulation of eq. (9) for various solvent
reorganization energies, the other parameters being
kept constant at the values indicated in the figure legend. In the normal Marcus regime, &+A, =/i >
- ArGo, a pronounced temperature effect on the rate
constant is evident. An activationless behavior is attained when 1,+1 y= -ArGo and this persists in the
inverted Marcus region where 1, +1 y< - A,G”. Only
for very small values of A,, where quantum effects be-

come dominant,
restored.

is the temperature

dependence
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