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Electron transfers (ET) between a donor (D) and an
acceptor (A) through a molecular bridge (B) are of
great importance in biological systems, molecular
electronics and molecular based light-energy conver-
sion systems. Here, the back and the forward electron
transfer rates have been measured by femtosecond
and nanosecond spectroscopy in a heterogeneous donor—
bridge—acceptor (D-B-A) system, where D = ruthenium
terpyridine complex, B = p-oligo(phenylene) and
A =TiO;. The forward ET rate (from 0.85 to 3.7 ps_l)
is faster than the nonequilibrium vibrations relaxation
rate of the hot "MLCT (metal-to-ligand charge trans-
fer) state of the donor (12 ps_1 in solution). The back
ET occurs on the microsecond time scale. Regarding
the distance dependence behaviour, damping factors
0.16 and 0.47 A of the forward and the back ET
respectively are obtained. These results confirm that
the damping factor is not only linked to the nature of
the molecular bridge but to the full D-B—A system.
This unusual low damping factor observed for the
forward ET is attributed to a decrease of the tunnel-
ling energy gap AE, which is induced by the nonequi-
librium vibrations at the donor—bridge interface. This
enhanced electron transmission is briefly discussed
within the concept of a nonequilibrium polaron
relaxation towards the dissipative acceptor. In this
case, the dissipation of the excess vibrational energy
and the electron transfer occur in a synchronized
cooperative way.

Keywords. Cooperative effect, molecular electronics,
nonlinear phenomena, nonequilibrium phenomena, syn-
chronization, vibronic coupling.

ELECTRON TRANSFER (ET) processes between an electron
donor (D) and acceptor (A) separated by a molecular
bridge (B), the so-called D-B—A systems, are ubiquitous
in biological systems'™®. Originally, the studies of elec-
tron transport in D-B—A systems began with biological
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systems with the goal of understanding the mechanisms
of the efficient energy flows through proteins or DNA at
the molecular level . Recently, D-B—A systems have
gained much interest due to the emergence of important
potential applications. Indeed, a key element for the
design and the development of molecular electronics'' >
and molecular based light-energy conversion systems
concerns a deeper and global understanding of the factors
governing the molecular conductivity. A better knowl-
edge of the relation between the molecular structure and
the electron transfer properties of the molecular bridge as
well as the physics underlying the charge transport may
give new interesting directions for the development of
bio-inspired opto-electronic devices.

Among the current open issues on charge transfer
through molecular bridges, there is growing interest on
the role of molecular vibrations on the electron transmis-
sion properties. These vibronic effects may lead to
intriguing phenomena such as hysteresis, bistability or
negative differential resistance. The consequences of the
coupling between tunnelling electrons and molecular
vibrations are of crucial importance in molecular bridges
due to the following reasons: (1) the current flow can gene-
rate local heating with subsequent device degradations,
(i1) the vibrational energy may be harnessed to enhance
the electron transmission properties of the bridge and (iii)
the energetic and dynamical interplay between the elec-
tronic and nuclear degrees of freedom may lead to the
emergence of complex behaviours.

Earlier studies on the charge transport properties indi-
cate that the current displays an exponential dependence
with the molecular bridge length according to the expres-
sion I = I, exp(=f1), where [ is the length of the molecu-
lar bridge and f the so-called damping factor. In general,
the damping factor £ depends on the degree of conjuga-
tion of the molecular bridge and increases from 0.1 A™ in
highly conjugated molecules such as oligo(phenylene-
ethynylene) (OPE) to 1 A™ in alkyl bridges.

Previously, the distance dependence of charge transport
properties of p-oligo(phenylene) bridges was studied with
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17-19
self-assembled monolayers by current measurements '~

time-resolved spectroscopy in solution®*** and quantum
conductance of single p-oligo(phenylene)®”. All these
studies report a charge transport by coherent tunnelling
illustrating the intimate relationship between the ET rates
and conductance through molecules™”.

The objective of the present study is to gain informa-
tion on electron transmission properties of p-oligo(pheny-
lene) bridges on ultrafast time scale by femtosecond
pump—probe transient absorption spectroscopy. For this
purpose, we have assembled a heterogencous D-B-A
system, where D = ruthenium terpyridine complex, B = p-
oligo(phenylene) and A = TiO; (see Figure 1). These het-
erogenecous D-B-A systems have specific properties. In-
deed, FET rates in these heterogeneous D-B—A systems
are expected to be two orders of magnitude faster with
respect to homogeneous D-B-A systems™ >, This is due
to the high density of empty electronic states of the TiO,
conduction band, which leads to a giant electronic cou-
pling between the donor and the acceptor. As an impor-
tant consequence, ET rate can be compared to the rate of
nonequilibrium vibrations relaxation. Compared to ho-
mogeneous D-B-A systems, where the molecular bridge
is coupled to discrete electronic state of the acceptor, here
the phenylene bridges are connected to a quasi-continuum
of states of the TiO, substrate. In addition, as the acceptor
used in the present D-B—A system is a solid, it can act as
a heat bath via phonon emission upon the relaxation of
nonequilibrium molecular vibrations. Very recently, stud-
ies on the distance dependence were also made by time-
resolved spectroscopy with a metal oxide semiconductor
as the acceptor. For example, ET rates have been mea-
sured in a series of Re complexes with alkyl chains
adsorbed onto TiO, and SnO,* 2%, perylene-based tripo-
dal sensitizers®™*" and p-OPE bridges’".

The molecules used here to build the D-B-A systems
are (C4Hg)4N[2,27:6",2"-terpyridine-4’-phosphonate(NCS);-
Ru] (Po), (C4Hg)4N[2,2:6".2"-terpyridine-4’-phenyl-4”-
phosphonate(NCS);Ru] (P;) and (C4Hg)4N[2,27:67,2”-

TiO,

D e B A

Figure 1. Structure of the D-B-A systems with (D) the ruthenium
terpyridine dye as a sensitizer chromophore (B) the oligophenylene
bridge and (A) the TiO, semiconductor as an acceptor. The distances
between the donor and the acceptor in Py, P; and P, systems are 9, 13.4
and 17.8 A respectively.
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terpyridine-4’-diphenyl-4”-phosphonate(NCS);Ru]  (P»).
The choice for these ruthenium terpyridine dyes has been
motivated by their well characterized spectral properties.
In contrast to Ru polypyridyl complexes, Ru terpyridine
dyes exhibit a clear spectral separation between the
excited and the oxidized state, which allows unambigu-
ous measurements of the electron transfer rates. Due
to their rigidity, the p-oligo(phenylene) bridges allows to
find the distance between the donor and the acceptor in
contrast to flexible bridges such as alkyl chains. Finally,
p-oligo(phenylene) bridges are a class of rigid molecular
bridges with the highest damping factor, due to the mod-
erate conjugation of p-oligo(phenylene) bridges originat-
ing from the torsion angle between the phenyl units. This
is advantageous to observe changes in the damping fac-
tor. The attachment of the donor-bridge system onto the
Ti0, surface is identical for the three D-B-A systems
and occurs via the phosphonate groups with a bidentate
binuclear mode, i.e. two oxygen atoms of phosphonate
group are linked to two surface titanium atoms™.

The topic of electron transfer dynamics in dye-—
semiconductor nanosystems is well documented®>™. The
electron transfer processes occurring in these systems can
be summarized as follows: upon visible light absorption
by the adsorbed dye molecule (eq. (1)), an electron injec-
tion occurs from the dye excited state into the conduction
band of TiO, (eq. (2)). The long-lived charge separated
state is followed by a recombination (eq. (3)).

D-B-TiO, + hv — D*-B-TiO, (1)
D*-B-Ti0, — D*-B-TiO, (¢") 2)
D*-B-TiO;, (¢)) — D-B-TiO-. 3)

To determine the dynamics of the forward and the back
electron transfer processes between D and A the Ru
terpyridine complex and the TiO,, we first measure the
differential transient absorption spectra of the excited and
the oxidized state of the Ru terpyridine species. From
these spectra, we choose an appropriate wavelength
allowing to probe the temporal evolution of the dye excited
state as well as the formation of the charge separated
state (eq. (2)). Using this approach, we can determine the
dynamics of forward electron transfer from the Ru ter-
pyridine complex to the TiO, surface (eq. (2)) as well as
the back electron transfer (eq. (3)) as a function of the
bridge length.

Experimental methods
Dye synthesis

Details on molecular bridges synthesis and characteriza-
tion, available as supporting information, can be obtained
from the authors.
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Samples preparation

The three D-B-A systems were prepared under identical
conditions. Nanocrystalline TiO; films (8 um thick) were
soaked for 16 h in the dye solutions (0.3 mM in ethanol).
The resulting dye-sensitized TiO, films were carefully
washed with ethanol and dried before taking the time-
resolved measurements.

UV-Vis spectroscopy

Steady-state absorption was carried out on a HP-8353
spectrophotometer (Hewlett—Packard).

Femtosecond spectroscopy

The femtosecond laser system has been described else-
where®®. Briefly, the femtosecond transient absorption
set-up features a Ti:sapphire-amplified femtosecond
laser with a repetition rate of 1 kHz, a fundamental wave-
length at 775 nm, a pulse width of 120 fs and an energy
of 1 mJ per pulse. The output beam was split into three
parts for pumping two double-stage noncolinear optical
parametric amplifiers (NOPAs) and to produce a white
light continuum in a 2 mm thick sapphire plate. The
signal from the detector was connected to a lock-in
amplifier tuned at 220 Hz by a chopper modulating the
pump beam.

Flash photolysis

Nanosecond flash photolysis experiments were carried
out with a Q-switched Nd: YAG laser set-up with 5ns
pulses at a repetition rate of 30 Hz. The third harmonic
(355 nm) of the fundamental wavelength (1064 nm) was
sent into an optical parameteric oscillator (OPO) to tune
the excitation wavelength. The absorbance changes were
measured using a Xe lamp and a fast photomultiplier after
passing through a monochromator.

Results
Electronic absorption spectra

Figure 2 shows the electronic absorption spectra of P,
Py and P, in ethanolic solutions. All the three dyes
exhibit comparable spectra in the visible range. The
bands at 570, 520 and 370 nm are linked to the lowest
metal to ligand electronic transitions (MLCT), whereas
bands at 310 and 264 nm are due to 7#7z* transitions
in the terpyridine rings. The similar spectra of the three
dyes in the visible range indicate that the phenylene
bridges in P, and P, do not participate in the MLCT tran-
sitions.
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Excited state lifetime in solution

The differential transient absorption spectra of P§ were
identified by flash photolysis spectroscopy. Figure 3
shows the transient spectrum of P, in methoxy proprio-
nitrile solution recorded 30 ns after pulsed excitation at
520 nm. The absorption maximum observed at 570 nm is
attributed to the excited state. The absence of a bleach of
the excited state of the Ru terpyridine chromophore is
rationalized by the higher extinction coefficient of the
terpyridine radical anion compared to the ground
state™*®. The excited state of P, has a lifetime of 34 ns in
aerated methoxy proprionitrile as measured at 570 nm by
flash photolysis (see inset of Figure 3).

Absorbance
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Figure 2. Absorption spectra of Py, P; and P, systems in ethanolic
solutions.
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Figure 3. Differential transient absorption spectra of P, in 3-methoxy
proprionitrile (triangles) recorded 30 ns after pulsed excitation at
520 nm. Differential transient absorption spectra of P, adsorbed onto
TiO, surface (circles) recorded 1 us after pulsed excitation at 520 nm.
Inset: Transient absorption data recorded at 570 nm after pulsed excita-
tion at 520 nm. The trace can be well fitted with a single exponential
function convoluted with a Gaussian instrument response (full width at
half maximum (FWHM) = 7.1 ns).
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Transient spectra of P,

Figure 3 shows the differential absorption spectra
recorded 1 ps after laser pulsed excitation at 520 nm. In
contrast to spectra of P§ obtained in solution, a bleach is
observed between 450 and 620 nm, which is attributed
to the ground state depletion whereas an absorption is
observed from 620 to 900 nm due to the spectral signature
of P} and injected electrons into the TiO, nanoparticles.
Indeed, the spectrum of the oxidized state of the carboxy-
late analogue of P, obtained by spectroelectrochemical
measurements exhibits a bleach and an absorption at
610 and 760 nm respectively”. Therefore, these spectra
are attributed to the charge-separated state (eq. (2)).
Another indication for the assignment of these spectra
to the charge-separated state comes from the lifetime of
the bleach at 600 nm, which falls in the microsecond
regime.

Ultrafast dynamics of the donor Py in solution

Figure 4 shows the transient absorption data obtained by
probing the donor excited state at 570 nm in ethanolic
solutions. At this probe wavelength, the thermalized
*MLCT state is monitored. The signal exhibits a fast rise
within the instrument response time followed by a slower
rise until a plateau is reached. The non-instantaneous rise
indicates that the transient absorption spectrum of the
thermalized *MLCT state is not fully developed within
the first tens of picoseconds. The data can be well fitted
with a bi-exponential function. The fast component
occurs within the instrument response (54%) followed by
a slow component with a time constant of 12 ps (46%).
The fast component is attributed to the formation of the
hot *MLCT state after internal system crossing™®. On the
basis of ultrafast photophysics of metal polypyridine

Absorbance change (a.u.)

20 40 60 80 100 120

Time (ps)
Figure 4. Transient absorption data of the donor P, ((C,H,),N[2,2":
67,2”-terpyridine-4’-phosphonate(NCS);Ru]) in ethanolic solution.

Pump and probe wavelengths at 530 and 570 nm respectively. Data ob-
tained in 1 mm path length quartz cuvette.
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complexes, the slow component can be attributed to the
vibrational cooling of the *MLCT state” ™. A combined
study by picosecond time-resolved Raman and absorption
spectroscopy showed that the growth of the transient
absorption is linked to the thermalization of the "MLCT
state®. The higher extinction coefficient of the therma-
lized *MLCT compared to the hot *MLCT can be attri-
buted to an increase in the electronic transition moment
and/or the vibrational overlap during the vibrational cool-
ing™. The vibrational cooling times measured here in the
ruthenium terpyridine complex are in line with recent
femtosecond data on metal polypyridine complexes’'.

Forward electron transfer

In order to determine the electron transfer rates from the
Ru terpyridine complex into the TiO,, we simultaneously
monitor the decay of the dye excited state and the forma-
tion of the oxidized state with the probe wavelength at
570 nm. As shown in Figure 3, a large extinction coeffi-
cient changes is expected at this probe wavelength due to
the different spectral signature of P% and Py,

Figure 5 shows the transient absorption data obtained
for the Py, P, and P, systems. The signal recorded at
570 nm for the three systems exhibits a rise within the
instrument response, which is attributed to the formation
of the hot *MLCT state. The decay of the signal recorded
at 570 nm reflects simultaneously the decay of the hot
*MLCT state and the formation of the dye oxidized state
(eq. (2)). Transient absorption data for the three systems
can be well fitted with a bi-exponential function convo-
luted with a Gaussian instrument response giving the fol-
lowing time constants and amplitudes (in parentheses):
850 fs (48%) and 16 ps (52%) for Py, 1.8 ps (39%) and
72 ps (61%) for P; and 3.7 ps (60%) and 51 ps (40%)
for P,.

Absorbance change (a.u.)

0 10 20 30 40 50
Time (ps)

Figure 5. Femtosecond transient absorption data in P, (circles), Py
(triangles) and P; (squares) systems recorded at 570 nm after pumping
at 535 nm.
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Back electron transfer

The dynamics of the back electron transfer (BET) (eq.
(3)) between the injected electrons and the oxidized dyes
has been studied by flash photolysis by probing at
680 nm. Figure 6 shows the transient absorption data
obtained for the Py, P; and P, systems. The traces exhibit
rise within the laser pulse duration (5 ns), reflecting the
oxidized dye formation, followed by a slow recovery,
which corresponds to the BET process (eq. (3)). In order

0 10 20
Time (us)

| IH«' lW N

-2 | | 1 | 1
0 100 200 300 400
Time (us)

Figure 6. Transient absorbance decay kinetics of the oxidized states
of Py, P; and P, dyes adsorbed on nanocrystalline TiO,. Absorbance
changes were measured at a probe wavelength of 680 nm upon 600 nm
pulsed laser excitation (5 ns FWHM pulse duration, 40 pwJ/em™ pulse
fluence, 30 Hz repetition rate). Signals shown were obtained by typi-
cally averaging over 2000 laser shots.
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to compare the three different systems within the same
conditions, the measurements were performed at very low
light excitation intensity. Within this regime, less than
one electron per TiO, nanoparticle on an average is
injected and the recombination rate constants are inde-
pendent of light intensity. This method allows a clear
comparison of the ET rates among the three systems. Un-
der these conditions, the traces recorded at 680 nm are
well fitted with a single exponential decay. This approach
avoids complex kinetics arising from nonlinear effects.
Moreover, trapping and detrapping processes, which can
alter the distance dependence, are also avoided within
this regime. Data obtained for the forward and the back
ET rates for the three systems are summarized in Table 1.

Distance dependence of electron transfer rates

For the forward electron transfer, the distance corre-
sponds to the spatial separation between the 7z* orbital of
the terpyridyl ligand and the nearest Ti"" of the TiO, sur-
face. These distances in Py, P, and P, D-B-A systems
were calculated from semi-empirical geometry optimiza-
tion (ZINDO) carried out with the CAChe software pack-
age assuming that ET occurs through the phenylene
bridges. The distances between the donor and the accep-
tor are 9, 13.4 and 17.8 A in Py, P, and P, systems re-
spectively. In general, the distance dependence of ET
rates in D-B—A systems is described by (eq. (4)) (refs 52
and 53). In this expression, £ corresponds to the so-called
damping factor of the ET rate, k; is the ET rate constant
at the contact distance and d the distance between the
donor and the acceptor.

kET = ko eXp(—ﬂd). (4)

Figure 7 presents the semi-log plot of the forward ET
rates as a function of the distance. The slope of the semi-
log plot of the fast component of the FET rates gives a
damping factor value S of 0.16+0.02 A", The slow
component, which arises from adsorbed molecules in the
aggregates forms®’, does not exhibit a clear trend in
the FET dynamics. The amplitudes of the rate constants
are comparable in P, and P; and slightly different in P,
system. The plot of the average rate of FET as a function
of the distance gives a f value of 0.13 £0.05 A™". For
BET, a damping factor value of 0.47 +0.05A7" is
obtained from the slope of the plot shown in Figure 8.

Table 1. Time constants for the FET and the BET in P, P, and

P, systems adsorbed on nanocrystalline TiO,

BET time
constants (Us)

FET time constants (ps) and

Distance (4) weight (in brackets)

9 0.85 (48%) and 16 (52%) 7.7
13.4 1.8 (39%) and 72 (61%) 42
17.8 3.7 (60%) and 51 (40%) 476
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Figure 7. Semi-log plot of the forward electron transfer the rate con-

stants as a function of the distance between the donor and the acceptor.
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constants as a function of the distance between the donor and the
acceptor.

Discussions

The main findings of the present study can be summa-
rized as follows: (1) the relaxation of the nonequilibrium
vibrations of the *MLCT Ru terpyridine complex donor
takes place in 12 ps in solution; (ii) a sharp difference in
the damping factor values is observed (0.16 A™ for FET
versus 0.47 A7 for BET); (iii) the damping factor for
FET is the lowest reported so far for p-oligo(phenylene)
bridges; (iv) FET takes place on an ultrafast time scale,
about six orders of magnitude faster than BET and (v)
the forward ET occurs far from equilibrium during the
relaxation of the donor nonequilibrium vibrations as pre-
viously observed®>**1~,

Damping factor values of A=05+0.1A" in p-
oligo(phenylene) bridges obtained by current measure-
ments with self-assembled monolayers are reported
earlier’”'*2 In addition, beta values of 0.4, 0.65 and
0.46-0.67 A™ are reported in molecular D-B—A systems
with zin¢ porphyrin®, ruthenium polypyridine™ and phe-
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nothiazine” as the donors respectively. Thus, the beta
value found here for BET lies in the range of the previ-
ously reported values. Photoinduced electron transfer
rates have also been reported in conjugated and non-
conjugated rigid-rod bridges anchored to TiO, accep-
tors”’. However, to the best of our knowledge, charge
transfer properties of rigid molecular bridges linked to a
semiconductor as the acceptor are poorly documented.
Myahkostupov ef al.”! reported an ultrafast ET and a low
damping factor (8=0.04 A™) with an OPE bridge and
Ti0, nanoparticles as the acceptor.

ET rate from a donor to an acceptor can be written as
follows.

2z
kgr = 7|HDA|2FC’ &)

where Hp, is the electronic coupling between the donor
and the acceptor and FC the Franck—Condon weighted
density of states factor that contains the driving force
(AG) and the reorganization energy A.

Intuitively, the exponential decay of ET rate is often
attributed to the exponential decay of the electronic cou-
pling (decrease of the overlap between the donor and the
acceptor orbitals)™>>. Therefore, eq. (5) can be simplified
to eq. (6) where H, is the electronic coupling at the con-
tact distance. The contribution of AG and A on the dis-
tance dependence of ET rate is small when the donor—
acceptor distance is larger than 10 A (refs 58 and 59).

\Hpal” =|H|* exp(-Bd). ©

In the present D-B-A system, the Franck—Condon factor
can be neglected since the electronic coupling is the main
factor that governs ET rate from a dye excited into the
conduction band®. Finally, the Marcus description assumes
that the vibrations of the donor are in a thermal equili-
brium on the time scale of the ET transfer process™. This
is not the case for the forward ET since the donor is in a
highly vibrationally excited state during the ET process.
As shown in Figures 7 and 8, the extrapolation to the
contact distance indicates that the electronic coupling at
the contact distance for FET (Howrr) 1s much larger than
for BET (Hoerm)- Different H, values are expected since
different orbitals are involved in FET with respect to
BET. Basically, in the FET process the electronic coupling
corresponds to the overlap between the 3d orbitals of the
surface titanium atom and the 7 orbital of the terpyridine
ligand. In contrast, BET consists of a charge transfer
from a trapped electron onto the Ti0, surface towards the
highest occupied molecular orbitals (HOMO) of the
donor, which are shared by Ru(Ill) and the SCN ligands.
However, using eq. (6), the damping factor beta is inde-
pendent from / and so from the orbitals, since the damp-
ing factor is obtained from the slope®. Thus, the different

CURRENT SCIENCE, VOL. 99, NO. 3, 10 AUGUST 2010
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beta values do not originate from the different orbitals
involved in FET and BET processes.

The unusual low damping factor value for FET may be
explained by a partial delocalization of the lowest
unoccupied molecular orbitals (LUMO) of the Ru ter-
pyridine sensitizer along the phenylene bridge. This
would reduce the distance between the donor and the
acceptor leading to a low beta value. However, the com-
parable electronic absorption spectra of Py, Py and P, do
not provide indications of an electronic delocalization
through the molecular bridge.

The different beta values obtained for FET and BET
suggest that the damping factor is not only sensitive to
the molecular bridge but to the full D-B-A system®"*. In
fact, it was observed that the beta value is also dependent
on the donor-bridge energetics’®. The relation between
the energetics of the donor/bridge interface and the damp-
ing factor can be formulated within the McConnel
model® by

2
=—1In
£ %,

AE

l (7)

Here AE is the tunnelling energy gap, Hp the electronic
coupling between adjacent molecules in the bridge and R
the length of a bridge unit a. Only the energy gap AFE is
related to the energetics of the donor/bridge interface, the
two other parameters are specific to the molecular bridge.
Recently, experimental and theoretical investigations
have shown that the damping factor is indeed dependent
of the energy gap according to the McConnel model® .
Within a simple picture, the electron transfer in a D-B-A
system can be seen as an electron moving from the
LUMO (or higher states) of the donor through the LUMO
(or higher states) of the bridge to be injected into the
quasi-continuum of empty electronic states of the TiO,
conduction band. Basically, the tunnelling energy gap AE
can be defined as AE = Fpyo(bridge) — Epmo(donor).
However, it is difficult to estimate AE of the present
D-B-A system because the electron transfer occurs under
nonequilibrium conditions. Indeed, in the present hetero-
geneous D-B-A system, there is a temporal overlap
between the ET process and the relaxation of the non-
equilibrium vibrations. The different subsystems, the
donor, the bridge and the acceptor are not in thermal
equilibrium and the full D-B-A system cannot be
described by means of a statistical distribution. The non-
equilibrium vibrations at the donor-bridge interface
strongly perturb the tunnelling energy gap, may bring the
donor and the bridge states into resonance or may lead to
the formation of electronic states in the energy-gap by
vibronic coupling®. We note that the damping factors of
p-oligo(phenylene) bridges reported for homogeneous
D-B-A systems were obtained at thermal equilibrium®*=*.
Here, in contrast to homogeneous D-B—A systems, the
presence of an excess energy strongly affects the ET
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process as described here. The donor is photoexcited at
the blue side of the MLCT band with a photon energy of
2.3 eV. The electronic transition induced by the femto-
second laser pulse involves the promotion of an electron
from the Ru(Il) dz orbital to the 7* orbital of the terpyri-
dine ligand with an excess energy of about 0.3 eV (refs
66—68). The excess of photonic energy injected into the
donor is deposited in the vibrational modes coupled to the
photoinduced electronic transition. This generates a
population of nonequilibrium vibrations in the terpyridine
ligand with candidates as the accepting modes at 1600,
1468 and 1413 em™ (ref. 69). Our femtosecond data on
the dynamics of the donor excited state indicates that the
lifetime of these nonequilibrum vibrations is as long as
12 ps in solution.

To fully account for the unusual low damping factor
for FET, inclusion of the population of nonequilibrium
vibrations of the donor is necessary because strong
electron/vibration couplings exist in the present D-B-A
system. Indeed, calculations’ confirmed by inelastic
electron tunnelling spectroscopy’' indicate that the v(8a)
and v(18a) stretching modes at 1140 and 1580 cm™ of
the biphenyl, according to Varsayni nomenclature’®, are
strongly coupled to the tunnelling electrons. The main
vibrational modes observed in the FT-IR spectrum of the
donor-bridge P, located at 1600 and 1135c¢m™ corre-
spond to the vibrational modes that are strongly coupled
to tunnelling electrons.

The charge transfer through molecular bridges has
been studied within a Green function formalism’®. It can
be shown that the behaviour of the tunnelling electron
evolves from a free-electron-like to a polaron-like when
the system enters the regime wherein the vibrational cool-
ing and the charge transfer times are comparable’. This
is accompanied by a change in the tunnelling energy
gap”> . In addition, quantum versions of the Su—
Schriffer-Heeger (SSH) model’* predict that the coupling
between tunnelling electrons and vibrations induces a
decrease of the energy gap, which is associated with the
formation of a virtual polaron’>’®. According to eq. (7) a
decrease of the energy gap lowers the damping factor.

In brief, our results in accordance with theory suggest
that the low beta value is due to the transport of a non-
equilibrium polaron, which induces a decrease of the tun-
nelling energy gap. A nonequilibrium polaron can be
envisioned as a photoexcited electron accompanied by its
own nonequilibrium vibration initiated during the
photoinduced electronic transition. This nonequilibrium
polaron is a transient particle since an ultrafast thermali-
zation occurs to dissipate the excess energy in order to
reach a stationary regime, i.e. a self-trapped electron onto
the TiO; surface. The motion of a nonequilibrium polaron
is thus not slowed down compared to the free tunnelling
electron since it occurs in a dissipative system far from
equilibrium. Indeed, the dynamics of the nonequilibrium
polaron is expected to be governed by the rate of the intra-
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molecular vibrational redistribution (IVR) within the D—
B-A system. The rate of excess vibrational energy dissi-
pation of the D-B system toward the TiO, surface
(excitation of phonons) plays a crucial role on the life-
time of the nonequilibrium polaron. Unfortunately, the
rate of vibrational energy transfer of metal polypyridyl
complexes toward a metal oxide surface remains un-
known. To set a time scale, the vibrational energy flow
from the 1510 cm™ mode toward the 860 cm™ mode
occurs within 4 ps in a aromatic derivative (p-nitro ani-
line and betaine)’”’®. This is comparable to the FET rate
measured here in the P, system. At least two conditions
must be fulfilled to observe the enhancement of the elec-
tron transmission due to the transport of a nonequilibrium
polaron: (1) the ET rate must be comparable to the non-
equilibrium vibrational relaxation rate and (i1) a coupling
between the photoexcited electron and the vibrational
modes must exist in the D-B—A system. The use of TiO,
as acceptor in D-B-A systems with molecular bridges
wherein vibronic couplings exist (for example, OPE)"
may fulfil these conditions™.

Conclusions

We have measured by transient absorption spectroscopy
both the forward and the back ET in the same D-B-A
systems. We observed a dramatic difference in the time
scales between FET and BET as well as for the damping
factors. FET occurs in the femto-picosecond regime with
a beta value of 0-16 A™ whereas the BET takes place in
the micro-millisecond regime with a beta value of
0.47 A™. These results confirm that the damping factor is
not only dependent on the nature of the molecular bridge
but to the full D-B—A system as previously reported™ %,
The unusual low beta value obtained for FET is linked to
the specific properties of the present D-B—-A system, i.e.
the occurrence of ET during the nonequilibrium vibra-
tional relaxation of the donor. The nonequilibium vibra-
tions at the donor/bridge interface induce a decrease of
the tunnelling energy gap and thus an unusual low beta
value. In other terms, FET and the vibrational energy
flow occur in a synchronized cooperative way (nonequi-
librium polaron). On the basis of vibrational spectra of
Py, P; and P, and the vibronic coupling in p-oligo(pheny-
lene) bridges, we propose that the nonequilibrium polaron
is formed by the photoexcited electron accompanied by
the high-frequency longitudinal nonequilibrium mode at
1600 cm™. In the present system, the excess energy can
be harnessed in a nonequilibrium nonlinear process to
achieve an efficient energy flow along a molecular chain.
The TiO; as the acceptor in this heterogeneous D-B-A
system fills up different roles: (i) the high density of
empty electronic states of the TiO, conduction band leads
to a giant electronic coupling at the contact distance H;
(i1) this high H, value brings the heterogeneous D-B-A
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system into a regime wherein the entanglement between
the dynamics of the tunnelling electron and the nonequi-
librium vibrations become possible and (iii) new channels
of vibrational energy dissipation from the D-B systems
with the excitation of surface TiO, phonons are open. We
speculate that rich physics can be observed by using such
heterogeneous D-B—A systems, in which the propagation
of polarons, solitons, breathers could be observed in real-
time by combining ultrafast vibrational and UV-Vis
spectroscopy. Such studies are currently in progress.
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