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to esters 1b—4b was marked by a blue shift in fluorescence observed
under long-wavelength UV light (Scheme 1), and a slight change in
Rf on TLC. The esters were then hydrolyzed in basic conditions, fol-
lowed by acidification to obtain the corresponding propanoic acid
derivatives 1-4.

A. Film sensitization

A 0.1 mM solution of the sensitizer in a mixture of 95%
anhydrous toluene and 5% anhydrous methanol was prepared. The
solution was used for sensitizing 10 m thin colloidal anatase TiO
films on 70 m thin glass substrates following this procedure. The
TiO, films were heated to 450 °C for 45 min prior to sensitiza-
tion to remove water and other adsorbents. Subsequently, the films
were submerged in the sensitizer solution for 30 min. After sensi-
tization, the films were rinsed eight times with 1 ml 95% toluene
and 5% methanol solvent mixture to remove unbound or weakly
physisorbed molecules. The removal of unbound sensitizer was ver-
ified by the disappearance of fluorescence from the supernatant.
The films were dried under argon gas and transferred to a vac-
uum chamber at 1077 mbar. The procedures for synthesizing anatase
nanoparticles and preparing the films are described in more detail in
the supplementary material.

B. Transient absorption spectroscopy

The transient absorption (TA) setup is based on a 10 kHz
Ti:sapphire amplifier. The 440 nm pump pulse is generated by the
second harmonic generation of the output of a home-built two-
stage non-collinear optical parametric amplifier, and compressed
by a prism compressor. The pump pulse passed through a 5 kHz
chopper for differential measurement. The supercontinuum probe
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pulse is generated by a sapphire white-light setup and is compressed
by a pair of chirped mirrors and a pair of fused silica wedges. The
signal is collected by a home-built high-throughput prism polychro-
mator, and acquired by a 10 kHz line-scan camera that enables
shot-to-shot referencing. The samples are placed in a high vacuum
environment to prevent photodegradation. Control measurements
on the unsaturated peri acrylic acid, the homolog to 1, were per-
formed to ensure comparability with previous measurements.”” IET
from the vibrationally excited chromophore were performed with
a 430 nm pump pulse. Measurements were performed at room
temperature.

lll. RESULTS AND DISCUSSION
A. Photophysical properties of the sensitizers

UV-vis spectra of the sensitizers are shown in Fig. 2. Compared
to the absorption of 2,5,8,11-tetra-tert-butylperylene (without linker
or anchor group), a 5 nm red shift of the maximum was observed for
peri, and a 10 nm red shift was observed for bis-peri sensitizers. The
saturated ortho and bis-ortho sensitizers showed a negligible redshift
of less than 5 nm. As expected, this is a much smaller shift com-
pared to the unsaturated acrylic acid homologs.”” The overall small
red shift of the sensitizer indicates a much weaker delocalization of
the lowest unoccupied molecular orbital (LUMO) over the saturated
bridge groups when compared to the unsaturated ones.”’” In addi-
tion, the small shift and limited broadening of the UV-vis spectra
upon binding to the surface (Fig. 2 red line) is consistent with a rel-
atively weak electronic coupling to the TiO, acceptor states when
compared, for instance, to Pe-COOH, which is a strongly coupled
sensitizer (Fig. S1).”!

FIG. 2. Normalized absorption spectra of perylene propanoic acids bound to TiO, (red lines). The absorption spectrum of the TiO, film (black dashed line) was subtracted
in each case. Normalized absorption spectra of perylene propanoic acids 1-4 in the THF solution (blue line). The insets show the structures of the corresponding sensitizer
molecules.
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B. Interfacial electron transfer dynamics

Transient absorption (TA) maps of all four sensitizers at an
excitation wavelength of 440 nm are shown in Fig. 3. The excited-
state absorption at ~710 nm (A in Fig. 3, 1) and the cation absorption
at ~570 nm (B in Fig. 3, 1) are well separated. This property is one
of the main reasons why perylenes are useful as model sensitizers for
IET studies on semiconductors. It allows to individually monitor the
excited state and cation population following photoexcitation. Tran-
sient absorption spectra for the dual-linker sensitizer are slightly
red-shifted by about 15 nm compared to the single-linker sensitizer.
The transient absorption (AmOD) of the excited state is more than
four times stronger than the transient absorption of the cation and
partly overlaps with the signal in the cation-absorption region.

Previously, IET dynamics from perylene-based sensitizers were
globally fitted with a two-state model accounting for excited state
and cation dynamics, as well as the instrument response function
(IRF).*”” Application of the same model to the TA maps of the
sensitizers 1-4 resulted in poor fits and unreasonable spectral line
shapes for the cation that contained significant contributions from
the excited state. Therefore, maps were generated by employing the
global two-state model with a fixed short injection time, which was
extracted from the excited state transients, and spectral contribu-
tions of the excited state (A) and cation (B) measured at t, and 16 ps,
respectively. The simulated TA maps were subtracted from the mea-
sured ones to gain access to the spectra and IET times of the slow
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residual components. Figure 4(a) shows an example of the result-
ing difference map for the peri sensitizer (1) with a fixed short IET
time of 180 fs. The remaining long-lived excited state TA signal indi-
cates that a fraction of the excited sensitizers gave rise to slower IET
dynamics. The same procedure was applied to sensitizers 1-4 bound
to TiO,—the fast dynamics was globally fitted with the two-state
rate model, while the slow dynamics was fitted at the excited state
wavelength with a single exponential decay. The slow component is
present in TA measurements of all four sensitizers and shows IET
times of ~1.3 and 2.6 ps for the peri (1,2) and ortho (3,4) sensitizers,
respectively. The excited state spectrum of the slow component is
slightly narrower compared to that of the fast component [Fig. 4(b)].
This is in agreement with a weaker electronic coupling for the slow
component. The relative amplitudes of slow vs fast components
were around 1:2, except for bis-ortho 4 that has a smaller contribu-
tion from the long-lived component. The excited state lifetimes and
weights for both contributions are listed in Table .

As mentioned above, the IET times of the additional popula-
tions of sensitizers can be well described by a single exponential
decay. IET times of both fractions are well separated (Table I)
and cannot be simulated by a broad distribution of time constants
(supplementary material, Figs. S2 and S3). This excludes the most
intuitive explanation that the flexibility of the saturated linker gives
rise to a broad distribution of conformations on the surface and,
hence, results in a broad distribution of injection times.
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FIG. 3. TA maps of the saturated ortho, bis-ortho, peri, and bis-peri sensitized films with 440 nm excitation. The position of excited-state absorption and cation absorption are

indicated with arrows at A and B, respectively.
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FIG. 4. TA difference map of peri sensitizer (1)/TiO,. A map generated from a two-state model was subtracted from the measurement on the peri sensitizer. The residue

gives access to the IET dynamics and spectrum of the long-lived component.

Next, we excluded that a fraction of the sensitizer was not
bound to TiO; at all but simply physisorbed inside the porous
TiO; film. UV-vis spectra prepared by dropcasting 2,5,8,11-tetra-
tert-butylperylene (without linker or anchor group) onto TiO; film
were compared to those prepared as described above with sensitizers
1-4. After dropcasting and drying the solution but before rinsing, an
absorption signal that was smaller than that of regular samples with
linker group was observed (Fig. S4). After rinsing this signal was
at least one order of magnitude smaller (15 mOD) than the small-
est absorption measured on samples 1-4 after rinsing (150 mOD)
(Fig. S4). In addition, the dropcast and rinsed sample without linker
did not give rise to a TA signal, and thus, we exclude the significant
contribution from unbound sensitizer.

Other explanations such as binding to defect sites or conforma-
tional effects are unlikely to result in two distinct fractions of excited
states. Binding to surface oxygen vacancies, a common point defect
in anatase TiO;, has been predicted to result in stronger coupling
and faster IET.*> However, stronger coupling to point defects can-
not explain an additional long-lived component, and other types of
defects that are less common and not as well defined, such as co-
adsorbed contaminants, are unlikely to result in clearly separated
population.

We also considered whether these results could be explained
by the presence of two distinct orientations of the chromophore
with respect to the surface, i.e., upright and flat-lying. These bind-
ing configurations were investigated theoretically for a structurally

TABLE 1. Comparison of the injection time from the saturated sensitizers to TiO, from
a bi-exponential fit of the excited state TA signal (A in Fig. 3).

Saturated sensitizers ty (fs) ty (fs) Aj:A,
Peri 180 1379 1.8
Bis-peri 197 1231 1.31
Ortho 329 2686 241
Bis-ortho 227 2517 5.1

related pyrene chromophore.”” The simulation showed that an
upright binding orientation via carboxylic acid results in weaker
donor-acceptor coupling, while through-space interaction between
a flat-lying chromophore and the TiO, surface gave rise to strong
coupling. However, there are several reasons why it is not likely that
this model applies to our system. First, the model might explain
our experimental results only if we assume that the flat-lying, strong
coupling configuration is present for the chromophores with unsat-
urated linker studied previously,” as well as for the fast fraction
of the saturated linker in compounds 1-4, while the upright con-
formation is only present for the population that gives rise to the
slow IET component of 1-4. However, it has been shown that the
unsaturated acrylic acid bound perylene that gave rise to a single
exponential, fast 36 fs IET time previously”’ is bound in an upright
conformation on rutile TiO>.** In addition, it has been predicted
that the bi-dentate bridging bound carboxylic acid gives rise to an
upright binding position on (101) anatase. $435:30 econd, in the sim-
ulation,” the flat-lying configuration required binding through a
second anchor group placed at the top of the molecule (two anchors
on opposite sides), whereas in our case, both linkers are on the same
side.

Finally, we considered that the presence of two different bind-
ing modes of the carboxylic anchor group to the surface such as
dissociative bi-dentate bridging vs non-dissociative mono-dentate
binding [Fig. 1(b)] could be a viable explanation for two distinct IET
times. FT-IR-ATR spectra of 1-4 bound to TiO, films, which were
prepared using the same conditions used for the IET experiments,
were collected to investigate the carboxylate binding mode. How-
ever, the spectra were too weak to confirm the presence of a second
binding mode or to provide information regarding single vs dual-
linker binding for the dual-linker sensitizers (Fig. S5). Typically,
the absence of the carbonyl asymmetric stretch (C=0) of carboxylic
acids and the presence of broad bands at ~1515 cm ™ is an indication
that the COOH group binds to TiO; through carboxylate (COO-)
bonds. However, in our case, the signal-to-noise ratio was too low.

Binding modes and binding-mode-dependent IET have
been investigated theoretically for different chromophores with
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carboxylic acid anchor groups on the anatase (101) TiO, surface. 37:39
The two most stable binding modes have been predicted to be mono-
dentate non-dissociated and bi-dentate dissociated bridging. The
former is slightly more energetically favorable than the latter.””””
Martsinovich and Troisi have compared simulated injection times
for saturated peri (without the tert-butyl groups) in dissociated and
non-dissociated binding modes [Fig. 1(b)].** They found IET times
of 1.6 ps and 507 fs for non-dissociated and dissociated modes,
respectively. This result agrees surprisingly well with the IET times
for 1 reported here (1.3 ps and 180 fs). In their paper, Martsinovich
et al. compared their results with experiments on the peri sensitizer
bound to anatase TiO, that showed 57 fs IET time.!” These mea-
surements were performed by two-color pump-probe spectroscopy.
While the IET time of 180 fs presented here is significantly slower,
the transients at the cation-absorption wavelength are identical for
both measurements (Fig. S6). The resulting time constants differ
significantly because the two-color experiment did not give access
to the excited state dynamics and could not account for the spec-
tral overlap of the excited state with the cation. This contribution
leads to an apparent fast rise of the cation signal at early times
and results in a misleading fast IET time constant. Simulations of
the unsaturated acrylic acid-bound peri sensitizer by Martsinovich
et al. showed sub-10 fs IET for both binding modes. These results
also agree reasonably well with the IET that we reported previ-
ously, 36 fs,”” and explain the absence of a slow IET component in
the measurement.”””” These simulations suggest that the saturated
linkers presented here show two different binding modes, mono-
dentate non-dissociated and bi-dentate bridging dissociated. Since
the binding modes have comparable binding energies in theoretical
studies,””” we suggest that the actual binding on the surface is influ-
enced by the presence of surface irregularities such as contaminants,
edges, or different surface planes that lead to preferential binding of
the anchor in one of the two modes. Whether both modes have been
present in our previous measurements””” is unclear because IET
times for these strongly coupled systems are almost identical for both
modes.

The injection times from dual-linker sensitizers are not signifi-
cantly different from those of single-linker sensitizers. Previously, we
concluded from experimental injection times and quantum mechan-
ics/molecular mechanics simulations of the unsaturated bis-peri and
bis-ortho sensitizers that, in both cases, only one linker was bound
covalently to the surface of TiO,, while the second linker was bound
weakly via vdW or hydrogen-bonding interactions.” However, even
though the second linker was only weakly bound, the resulting injec-
tion time for unsaturated bis-ortho was twice as fast compared to
unsaturated ortho. Considering that the saturated propanoic acid
linkers are flexible compared to the unsaturated acrylic acids pre-
viously reported, we expected that the saturated dual-linker would
be less restricted and could bind covalently with both linkers. We
anticipated that differences in the number of bound linkers would be
reflected in differences in the binding mode and IET rates. Instead,
almost identical injection times for the saturated single- and dual-
linker sensitizers in peri (1 and 2) and ortho (3 and 4) positions were
observed. As mentioned above, FT-IR-ATR measurements were
inconclusive. However, the comparable injection times and, thus,
electronic coupling for single- and dual-linker sensitizers strongly
suggest either binding with only one linker for the dual-linker
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sensitizer or secondary effects that disrupt electronic coupling
through the second linker.

The measurements revealed a significant effect of the substi-
tution position, i.e., ortho vs peri, on the IET dynamics. Ortho
sensitizers showed much longer IET time constants compared to
peri sensitizers. To estimate the effect of substitution position on
the overlap of the excited state orbital onto the linker group, den-
sity functional theory (DFT) calculation of the LUMO orbitals for
the two sensitizers was performed (Fig. S7). The simulations predict
that the partial LUMO electron density on the linker for the ortho
derivatives is less than 0.019 e /au®, while the electron density for
peri derivatives on the linker is 0.026 e~ /au’. The stronger overlap of
the excited state on the linker in the peri position can explain the
faster injection. For comparison, the unsaturated ortho sensitizer,
which was previously measured and gave rise to a 36 fs time con-
stant,”” showed a much larger partial electron density on the linker
group of 0.0796 e~ /au’.

IV. CONCLUSIONS

In summary, a set of perylene-based sensitizers with different
substitution positions of one or two propanoic acid linkers were
employed to study light-induced IET in TiO; films. Sensitizers sub-
stituted in ortho position (3 and 4) showed an overall slower IET.
This has been rationalized by the smaller LUMO orbital overlap on
the linker group in the ortho position compared to the peri position
that resulted in weaker electronic coupling between the sensitizer
and TiO,. The addition of a second linker group did not significantly
change IET times. This suggests that the second linker in bis-ortho
and bis-peri did not bind or alter the electronic coupling between the
excited state of the molecule and the TiO; conduction band states.
Finally, a bi-exponential injection dynamic was observed for all four
sensitizers. The fast and slow IET times agree well with the pre-
dicted values for dissociative and non-dissociative binding modes
of the acrylic acid anchor group. Bi- and multi-exponential injec-
tion dynamics have been observed for many sensitizers on TiO; and
have often been explained by environmental factors, different con-
formations, different binding orientations, surface heterogeneity,
or irregularities.””*’ It will be important to investigate if concur-
rent binding modes are an exception or the norm for carboxylic
acid binding on TiO; and for other anchor/metal-oxide combina-
tions. The strong dependence of IET times on the binding mode,
which is in contrast to the negligible effect of multiple linker groups,
raises the question of how the second anchor interacts with the sur-
face. We found previously that a second hydrogen-bound acrylic
acid linker can accelerate IET. It will be important to understand
what factors govern binding and IET for sensitizers with carefully
designed complex linker units. This knowledge could allow us to
predict the magnitude and relevant molecular degrees of freedom
for conformational control of electron dynamics.

SUPPLEMENTARY MATERIAL

See the supplementary material for experimental details, syn-
thetic procedures, additional results, FTIR, and nuclear magnetic
resonance (NMR) spectra of the compounds.
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