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Interfacial photoinduced electron transfer reactions are of crucial
importance in a multitude of chemical and physical applications,
including solar energy capture and conversion devices, molecular
nanoelectronics, and photocatalytic pollutant treatment.' However,
the exact molecular mechanism of ultrafast electron transfer when
there is strong electronic coupling between donor and acceptor,
such as that in dye sensitized solar cells (DSSCs), is not clear.>?
In these systems, electron transfer occurs on the 5 femtosecond
(fs) to several picosecond (ps) time scale.* With such rapid transfer,
the donor does not have time to thermally equilibrate, as is
traditionally assumed in models of electron transfer. Thus specific
vibrational excitation and postexcitation nuclear motions are
expected to play a significant role in the charge transfer process,
preempting the conventional thermalized adiabatic ET mechanism.’

Here we examine the initial structural dynamics of a dye
sensitizer attached to semiconducting nanoparticles before and after
interfacial electron transfer, with the goal of providing insight into
which vibrational modes mediate the electron transfer pathway. We
also determine the localization of the hole after donation, which
may affect the efficiency of unwanted back electron transfer
reactions. These time dependent nuclear motions are revealed by
femtosecond stimulated Raman spectroscopy (FSRS), a spectro-
scopic technique that provides well-resolved vibrational structural
information that is not compromised by features from fluorescence
or scattering.®” These experiments represent an initial demonstration
of the feasibility of using FSRS to obtain Raman spectra of colloidal
dye sensitized nanoparticle solutions.

Coumarin 343 (C343) is an ideal system for studying electron
transfer into TiO,, as it is known to undergo fast electron
injection®™®~!! with ~80—90% efficiency®'? according to the
following scheme:

hv fast ET
TiO,—C343 — Ti0,—C343*% ——

slow recomb

TiO; —C343°" TiO,—C343

C343 and its derivatives have been successfully used in organic
dye-sensitized solar cells.'*™'> The chemical structure of C343, as
well as the bathochromic shift in the absorption band upon
formation of the C343—TiO, charge transfer complex, is presented
in Figure 1. It is thought that the carboxyl group of C343 binds
directly to titanium atoms on the surface of the nanoparticle.”
Transient absorption in the visible®'® and probing the infrared
conduction band of TiO,” both indicate that electron injection from
the C343 to the nanoparticle occurs in <100—180 fs. However,
these techniques probe only the overlapping electronic states and
are not structurally specific. Here we use two vibrational spec-
troscopies, resonance Raman and femtosecond stimulated Raman,
to probe the structural changes of this system during and after
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Figure 1. Structure and normalized absorption spectra of Coumarin 343
in methanol (dashed) and bound to TiO, nanoparticles (solid). The shift in
the absorption is due to formation of the charge-transfer complex.

interfacial electron transfer. The ground state resonance Raman
spectrum gives information on the initial motions after excitation
to the Franck—Condon region, and femtosecond stimulated Raman
provides direct information on the structure from 50 fs to 50 ps.

To probe the Franck—Condon dynamics in the first femtoseconds
following photoexcitation, we examined the resonance Raman
intensities. Resonance Raman intensities give information on initial
excited state dynamics by determining which vibrational motions
are coupled to the electronic excitation.'®'” Modes which are
intense in the resonance Raman spectra are those which lead the
geometric distortion out of the Franck—Condon region of the
potential energy surface. In the C343—TiO, charge transfer system,
traditional continuous wave Raman techniques are hindered by the
strong fluorescence from unbound C343 molecules as well as
scattering from the nanoparticles at low wavenumbers. To minimize
the fluorescence and scattering background, we used stimulated
resonance Raman'® with an 800 fs Raman pump pulse at 530 nm
to examine the initial excited state vibrational dynamics which
contribute to the ultrafast charge transfer process in C343—TiO,.

The ground state resonance Raman spectrum of C343 bound to
TiO, nanoparticles is shown in Figure 2. Solutions of TiO, or C343
alone in methanol exhibit no significantly enhanced vibrational
modes with 530 nm excitation. However, upon formation of the
charge-transfer complex, dramatic mode enhancements at multiple
wavelengths are evident, revealing modes at ~500, 632, 784, 1366,
1471, and 1651 cm™! that are not seen in unbound C343 either off
(Figure 2) or on (Figure S2) resonance. The character of these
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ground state resonance Raman modes of the charge-transfer
complex have been determined by comparison with DFT calcula-
tions at the B3LYP/6-31G level.'” The 632 and 784 cm™' modes
are ring breathing, 1366 cm™! is C—C stretching, 1471 cm™! is a
C—C, C=C, and C—N stretching mode, and 1651 cm™' is a C=0
stretch. The cluster of modes between 400 and 550 cm ™' in Figure
2 are not predicted by the DFT calculation and correspond to Ti—O
stretching modes.?° Since only C343 is resonantly enhanced at this
wavelength, these modes likely arise from the direct binding of
the carboxylic acid foot to the nanoparticle surface, and the broad
peaks result from multiple binding configurations. The presence
of these modes also indicates a significant degree of orbital overlap
between the dye and the nanoparticle surface.
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Figure 2. Ground state resonance Raman spectra of the C343—TiO, charge
transfer complex compared to the individual components of the solution
(MeOH = methanol). Resonance enhancement of at least six modes of the
C343—TiO, complex is evident. Asterisks mark detection artifacts.

The surprisingly large number of modes enhanced in the
resonance Raman spectra of C343—TiO, suggest that multiple
vibrational motions play an important role in the ultrafast charge-
transfer process. This observation has important implications in
theoretical models of electron transfer, as traditionally only one or
at most two nuclear degrees of freedom are implicated in the
transfer. Additionally, the modes which are most enhanced are those
with greatest contributions from carbon backbone motions, such
as the 632 and 784 cm™! ring breathing modes and the higher
frequency modes at 1366 and 1471 cm™! which consist of
predominantly carbon stretching motions. Modes involving prima-
rily C—N stretching features, which would have indicated hole
localization on the nitrogen, are not significantly enhanced. The
rapid speed of electron transfer and relatively strong coupling
between the dye and semiconductor indicate that enhanced modes
will be ones which lead directly to electron transfer. Based on the
nature of the modes observed here, it seems likely that the donated
electron density comes from the delocalized pi backbone system,
rather than from the nitrogen or the unconjugated rings.

We next investigated this photoinduced electron transfer with
FSRS to examine the changes in vibrational structure following
the charge-transfer process. FSRS is a technique which provides
high resolution structural information over the course of a photo-

chemical reaction, with simultaneous 10 cm™! vibrational resolution
and 50—200 fs time resolution.® In FSRS, a femtosecond actinic
pulse initiates the photochemistry, and a picosecond 800 nm Raman
pump pulse and femtosecond probe pulse interrogate the time-
resolved structure at various time delays. The details of the
experimental setup are described elsewhere?' (and see Supporting
Information). The charge-transfer complex was photoexcited at 500
nm to avoid exciting any unbound C343 molecules.

The time-resolved vibrational spectra of the C343—TiO, system,
along with the neutral ground state spectrum, are presented in Figure
3A. The time-resolved spectra are characterized by the immediate
appearance of ground state radical cation peaks at 1205, 1358, and
1549 cm™!. A comparison with the neutral ground state spectrum
reveals that the doublet at 1565 and 1592 cm™! has downshifted to
a single intense cation peak at 1549 cm™!. The weak neutral feature
at 1372 cm™! shifts to 1358 cm™!, and the lower frequency 781
cm™! ground state mode has no corresponding features in the radical
cation spectrum. A kinetic plot of the amplitude of the 1549 cm™!
peak is shown in Figure 3B. The amplitude is fit to two exponentials
convolved with the cross correlation time of 140 fs, and the
dynamics of this peak fits nicely with a 120 fs risetime. The decay
of this peak is characterized by a long time decay (250 ps), which
is assigned to charge recombination,’ and a 1.3 ps time constant
which has not been previously observed. Additionally, we observe
a 4 cm™! blue shift in the 1549 cm™! peak on the 3 ps time scale
(Figure 3S) which can be assigned to vibrational cooling.

We assign the spectra that are seen at early times and persist
until many picoseconds to the ground state radical cation of C343.
This assignment is in agreement with previous transient absorption
measurements which found a similar risetime in the growth of an
absorption in the conduction band of the oxidized TiO,.° The time-
resolved vibrational spectra reveal that the structure of the radical
cation does not change significantly throughout its lifetime. The
vibrational frequencies and intensities of the peaks are significantly
different from the neutral ground state indicating a major structural
rearrangement following loss of an electron. No signatures of the
initially prepared Franck—Condon region or states during the charge
transfer process were resolved, presumably due to their short
lifetimes.

Peak assignments for the radical cation can be inferred by
comparison with DFT calculations. Calculations were performed
at the B3LYP/6-31G level on the neutral C343 and neutral C343
bound to a solvated titanium atom, and open-shell DFT at the
ub3lyp/6-31G* level for the radical cation. Theoretical frequencies
for the radical cation match remarkably well to those observed in
the FSRS data. We assign the 1549 cm™! mode to a C=C/C—N
stretch. The weak 1205 ¢cm™!' mode is assigned to a CH, rock/
C—C stretch with the rocking motion localized to the piperidine
ring in line with the conjugated rings. The 1358 cm™! feature, which
is small but reproducible in all data sets, is primarily an in-plane
hydrogen rocking motion. The calculated structures show a 0.3 A
increase in the C—N bond length as the molecule goes from neutral
to the radical cation. This change supports the conclusion from the
resonance Raman data that the hole is localized on the carbon
backbone, and the single C=C stretching frequency and the
increased electron density in the C—N bond indicate that the hole
is stabilized over the entire conjugated ring system.

The 1.3 ps decay constant observed in the C=C stretching
amplitude has not been reported by previous transient absorption
studies. Electron donation from a photoexcited outer sphere dye
molecule into TiO, could account for dynamics on this time scale
but should result in a rise, not decay, of the radical cation amplitude.
A similar argument exists for the possibility of donation from a
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relaxed excited state.® Possible explanations for this decay include
a fast back electron transfer component, a change in resonance
conditions due to solvation, or electron donation to the bound cation
from unbound C343. Previous transient absorption experiments
which should be sensitive to fast back electron transfer did not
reveal changes at this time scale.?”> Experiments performed in H,O
and CH;OD solvents, which perturb either the dielectric constant
or solvent reorientation times, did not result in a conclusive change
in the dynamics; however, the vibrational signals in the H,O
experiments were quite small, and the nature of solvation at the
nanoparticle interface is unknown. Given the available data at this
point, solvation or hole transfer from bound to unbound C343 in
our highly concentrated solution are likely explanations for the 1.3
ps decay component.
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Figure 3. (A) Time-resolved femtosecond stimulated Raman spectra of
Coumarin 343 bound to TiO, nanoparticles, with the neutral ground state
spectrum. Excited state peaks at 1205, 1358, and 1549 cm™! grow in with
the 120 fs time constant assigned to the formation of the radical coumarin
cation. The asterisk represents a solvent artifact. (B) Amplitude of the 1549
cm~! peak fit to two exponentials convoluted with the cross correlation
time. Data were obtained with 140 fs time resolution.
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The combination of ground and excited state Raman techniques
used here indicates that the injected electron comes from the pi
backbone structure of Coumarin 343, the donation mechanism
involves multiple nuclear coordinates including ring breathing and
carbon bond stretching motions, and the delocalized hole resides
in the carbon backbone. Additionally, direct binding through the
carboxylic acid is verified through the enhancement of local surface
Ti—O stretching modes, which indicate significant orbital overlap
upon binding.

Coumarin’s success as a solar cell sensitizer is limited by the
width of its absorption spectrum and the efficiency of unwanted
charge recombination. DSSCs made with coumarin derivatives,
which increase the conjugated system by introducing linkers in the
carboxylic acid foot and methyl groups on the unconjugated rings,
as well as adding electron-withdrawing cyano groups near the
binding site, have reached solar energy conversion efficiencies of
5.6%,'* with absorptions extending past 600 nm. However, with
the knowledge that the donated electron in the highly efficient
Coumarin 343 transfer process comes from the conjugated rings,
extending this ring conjugation to phenalene or phenanthrene-like
structures to increase the absorption window, while leaving the
carboxylic acid/cyano foot unmodified, might result in higher
efficiency solar cells with slow recombination times.
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