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ABSTRACT: A series of five organic donor-z-bridge-acceptor (D-7-A) sensitizers is
investigated within the context of their photoinduced charge-transfer properties. Thereby,
the focus is set on the impact of structural modifications of the molecular architecture on
the 7-systems of the dyes. In particular, two different modes of systematic extension of the
sensitizers’ 7-systems, namely, (i) within the electron donating site and (ii) within the z-
bridge, are investigated by means of steady-state and time-resolved spectroscopic methods.
The photophysical studies of the molecules in solution and as deposited on Al,O; or TiO,
films reveal that different effects on the charge-transfer characteristics evolve dependent
where — within the molecular structure — the modification of the 7-system is performed.
Hence, 7-extension of the donor sites, for instance, leads to a strong red shift of the
absorption features and a variation of light-harvesting properties. Modifying the z-bridges
results in a spatial decoupling of the HOMO and LUMO orbitals, which goes along with
changes of the electronic coupling to TiO,. Furthermore, solution studies show that the
electronic structure of the dyes governs their singlet excited-state features. As shown, the

results obtained from these studies then allow important predictions about the deactivation of the excited states of these
molecules adsorbed on TiO,. Finally, quantum chemical methods — among others, time-dependent density functional theory
calculations — provide conclusive insight into the relationship between the electronic structure of the dyes and its impact on the

photoinduced charge-transfer characteristics.

B INTRODUCTION

The advantages of metal-free organic sensitizers, for the
application in dye-sensitized solar cells (DSSCs), place them
more and more into the focus of sensitizer research and
development Superior to their ruthenium-containing alter-
natives' are their extinction coefficients and the nearly
unlimited possibilities of varying parameters such as the overall
m-conjugation, the distance between the donor and the
acceptor, and the nature of the anchoring groups by well-
established synthetic methods.” This allows for fine-tuning the
spectral and electronic features as well as for a control over
charge-transfer kinetics and electronic coupling to TiO,.
Understanding the influence of structural variations to the
sensitizer, such as the length of 7z-conjugation or anchoring/
acceptor group choice on the DSSC device performance, is
crucial for advancing this field and technology.>” Critical factors
that influenced performance properties are (i) the excited-state
redox potentials, which should be properly aligned with the
conduction band of TiO,, (ii) the light-harvesting features of
the sensitizer, (iii) the conjugation across the donor and
anchoring groups, and (iv) the electronic coupling between the
lowest unoccupied molecular orbital (LUMO) and the
conduction band of the TiO,> It has been shown that a
sensitive interplay between all of these factors governs a
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vectorial and efficient electron flow from the electron donating
moiety of the dye toward the semiconductor surface. Most of
these studies, however, concentrate on the variation of one
parameter at a time. The anchorlng groups have been varied
within one very similar system,’ the 7r—con)ugat10n,7 or the
distance between the donor and the acceptor.®

We wish to report on the systematic extension of the z-
system by introducing thiophene units at various positions of
the dye architecture. We believe that the impact of such
structural changes on the charge-transfer properties of the dyes
varies according to the modified site within the dye
architecture. Hence, it is possible to influence the charge-
transfer properties differently by extending the 7-conjugation at
different positions of the dyes. Throughout our investigations,
we mainly focus on monitoring the charge-transfer kinetics
between the dye and TiO, and correlate them with the
structural changes and the electronic properties of the dyes.

Starting with SD-1 as a reference, two strategies were
followed to extend the z-system. First, the distance between the
electron donor moiety and the anchoring group was increased
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Chart 1. Molecular Structures of SD Dyes”
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“Circles indicate the extension of the 7-system of the linker (yellow) and the 7-system of the donor moiety (green).

by inserting one and two thiophenes between the triphenyl-
amine (TA) and cyanoacrylic acid to yield SD-2 and SD-§,
respectively. The second strategy involves the extension of the
donor 7m-system, that is, SD-1 versus SD-3. Finally, in SD-4,
both strategies were combined, that is, extension of the donor—
acceptor distance and the 7-system of the donor (Chart 1).
The photovoltaic performances of SD-1, SD-2, and SD-§
have already been reported before.” It has been proposed that
in addition to the red shift of the spectral response caused by
inserting the thiophene units, their insertion favors the creation
of charge recombination centers. Nanosecond flash photolysis
studies of SD-1, SD-2, and SD-S, supported this contention,
showing significant differences of the charge recombination rate
constants with the insertion of thiophenes between the donor
and acceptor. Regarding the photovoltaic performance, the J
values also increased with insertion of the thiophenes, whereas
the V. values decreased. To obtain a better understanding of
these effects, we decided to include SD-3 and SD-4 and further
investigate further the role of additional conjugation and the
placement of this conjugation as an expansion of this dye series.
This allows us to concentrate our studies on the impact of
particular structural changes to the chemical architecture on the
charge injection and charge recombination of this sensitizer
class into and from TiO,. The photophysical investigation of
the entire SD series allowed, for the first time, a comparison of
the two different spatial options for extending the 7-system of
the dyes: extension between the donor and acceptor as well as
purely extending the donor conjugation. These results permit
us to address specific structural parameters within this
particular dye architecture and to learn more about how the

placement of extended conjugation affects charge injection/
recombination processes within these devices. Therefore, we
focus rather on the photophysical features of the dyes than on
their performance within working DSSC devices. Extensive
spectroscopic — steady-state and time-resolved — as well as
theoretical studies were employed to elucidate the photo-
physical properties of the dyes and their structure-dependent
interactions with TiO,.

B RESULTS AND DISCUSSION

Synthesis. The synthesis of SD-1, SD-2, and SD-S was
reported elsewhere.” The dyes SD-3 and SD-4 were
synthesized according to the steps depicted in Scheme 1.
Every step of the reaction sequence proceeded smoothly and
efficiently to give a good or moderate yield of the product. (See
the Experimental Section in the Supporting Information for the
synthetic details.) The aldehydes 3 and S were synthesized by
the Heck reaction using Pd(OAc), as catalyst. Compounds 3
and § were then reacted with cyanoacetic acid in the presence
of piperidine to produce the dyes SD-3 and SD-4, respectively.

Absorption Studies. The absorption spectra of all dyes in
0.1 mM dimethylformamide (DMF) solution and after
adsorption on 3 ym thick mesoporous TiO, films are shown
in Figure 1 and Figure S1 in the Supporting Information,
respectively.

In solution, all dyes exhibit a broad absorption maximum
between 380 and 550 nm. In accordance with the z-conjugated
donor—acceptor type chemical architecture of all dyes, these
maxima correspond to 7—z* intramolecular charge-transfer
transitions. The molar extinction coeficients do not vary
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Scheme 1. Synthesis of SD-3 and SD-4“
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“(a) Pd(OAc),, Bu,NBr, K,CO;, DMF, 95 °C, 16 h, 68.5% for 3, 66.9% for S. (b) Cyanoacetic acid, piperidine, chloroform, reflux, 16 h, 63.8% for

SD-3, 78.1% for SD-4.
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Figure 1. Normalized absorption spectra of the SD dyes as 0.1 mM
DMEF solutions.

significantly within the dye series and have been measured in
the range of 10* M™' cm™. The red shift of the absorption
clearly depends on the position of the inserted thiophenes. As
compared with SD-1, in SD-2 and SD-$ the red shift in DMF is
5 nm (202 cm™") upon insertion of the first thiophene and only
6 nm (242 cm™") upon inserting the second thiophene. Hence,
the second thiophene contributes to the broadening the
spectral breadth to a much lesser extent than the first, and

the main impact of this second thiophene is to increase the
donor—acceptor distance.

The situation is different when considering SD-3 and SD-4.
Here the thiophenes — as part of the donor moieties — impact
the spectral shift of the dyes to a much greater extent and lead
to red shifts of 30 (1335 cm™) and 20 nm (972 cm™") for SD-
3 and SD-4, respectively. Interestingly, the insertion of the
thiophene into the z-spacer of SD-4 effects a blue-shift
compared with SD-3. As shown in the theoretical studies, the
distribution of the electron density of the LUMO in SD-4 is
much more localized than in SD-3, which in turn affects the
absorption spectrum. The spectral features after adsorption on
TiO, (Figure S1 in the Supporting Information) follow the
trends as established in solution with slightly smaller differ-
ences. The absorption edges of all dyes are shifted to the blue
by ~30 nm (1074 cm™"). This shift of the absorption to higher
energies on TiO, may be ascribed to H-aggregation and the
deprotonation of the carboxylic acid.'® This effect appears to be
strongest for SD-S.

Molecular Modeling. To further understand how the
modifications of the electronic properties were affected by the
variation of the chemical structure of the dyes, we have
employed theoretical calculations at the density functional level
of theory. The geometries of all structures were optimized using
the M062X"" functional with the 6-31G*'? basis sets, as
implemented into the Gaussian 09" suite of programs.
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SD-1

Figure 2. Energy-minimized ground-state geometries of all SD dyes as computed using the M062X/6-31G* DFT method.

The influence of the position of the insertion of the
thiophenes is already visible when considering the ground-state
geometries of the dyes (Figure 2). Taking SD-1 as a reference,
it is seen that the insertion of the thiophene into the spacer
between donor and acceptor induces a twist between the
phenyl ring of TA and the anchoring group. In SD-1, the
anchor is coplanar with the TA moiety, whereas dihedral angles
of 27 and 12° are found in SD-2 and SD-§, respectively.
Furthermore, the inserted thiophenes are not coplanar with the
phenyl ring (SD-2) and with each other (SD-5). Considering
SD-3 and SD-4, the insertion of the thiophenes into the donor
moiety leaves the aromatic chains planar and rather extends the
m-conjugation in the donor part of these two dyes.
Representations of the frontier orbitals (Figure 3) corroborate
this assumption.

To calculate the frontier orbitals and excited-state features of
the dyes, time-dependent (TD) DFT methods have been
employed. The TD-DFT calculations were conducted on the
aforementioned optimized geometries using the MO062X
functional and the 6-31G* basis set. For each molecule, the
ten lowest excited states have been computed by applying the
polarizable continuum model'* to simulate solvent interactions
in dichloromethane.

Considering the frontier orbital schemes, Figure 3 shows the
two highest-occupied (HOMOs) and the three LUMOs
because these are the orbitals involved in the main excitations
of the molecules. Again, SD-1 will be considered as reference.
The HOMO is well-delocalized over the entire molecular
structure, whereas the electron density of the HOMO-1 clearly
shifts away from the anchoring part. Upon inserting the
thiophenes into the donor in SD-3 and SD-4, the delocalization
of the orbital coeflicients is extended onto the thiophene rings,

and the HOMO energies increase by 0.08 and 0.19 eV for SD-3
and SD-4, respectively, which facilitates the oxidation of these
two dyes as compared with SD-1. Equally, the delocalization of
the HOMO-1 in SD-3 and SD-4 increases as well, which
significantly raises their energies by more than 0.3 eV as
compared with SD-1. The two lowest computed excited states
(Table S1 in the Supporting Information) suggest that it is
these two orbitals that in the oxidized state accommodate the
positive charge. Hence, in SD-3 and SD-4, the hole can be
stabilized more efficiently due to the enhanced delocalization.
Furthermore, the LUMO+1, which is localized on the donating
sites and comprises the main contributions to the excitations
with the highest oscillator strengths, drops in energy by 0.20
and 0.18 eV for SD-3 and SD-4, respectively, in comparison
with the other dyes.

Inserting the thiophenes in the spacer between donor and
acceptor induces different effects, which is, in particular,
discernible in the LUMO representations of Figure 3. In SD-
1 and SD-3, the LUMO is delocalized from the anchoring part
entirely into the donor-site of the molecules. In SD-2, SD-4,
and SD-5, they are localized on the accepting moieties.
Obviously, such a localization of the electron density on the
spacer and anchoring groups results in lowering of the LUMO
energies by 0.25, 0.26, and 0.38 eV, as seen for SD-2, SD-4, and
SD-5, respectively. The decoupling of the HOMOs and
LUMOs is most likely due to the loss of planarity induced by
the thiophenes in the spacer. This is further accompanied by
significant lowering of the HOMO—LUMO energy gap owing
to the increase in z-conjugation length. This situation prompts
to a typical donor—acceptor type dye architecture in SD-2, SD-
4, and SD-5. As a consequence, photoinduced excited-state
formation effects a vectorial shift in charge density from the
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Figure 3. Frontier orbital representations with the corresponding energies and HOMO—LUMO energy gaps of all SD dyes as computed using the
MO062X/6-31G* TD-DFT method in simulated dichloromethane environment.

donor to acceptor, which implies an intramolecular radical ion
pair formation, as confirmed by transient absorption studies of
DME solutions (see later). In SD-1 and SD-3, the excited states
are characterized by rather delocalized excitations of one
electron within the strongly overlapping HOMO and LUMO
electron density cloud. Important in this context, the LUMO+1
in SD-3 and SD-4 is shifted to lower energies by more than 0.2
eV due to the extension of the donor conjugation by the
thiophenes. This particularly influences the excited-state
character of SD-3, where the LUMO+1 energy approaches
the LUMO level by 0.14 eV. In the other dyes, the energy
difference between the LUMO and LUMO+1 constitutes at the
minimum 0.31 eV, which is more than twice as much as in SD-
3.

For SD-§, the orbital representations suggest the strongest
decoupling of the LUMO and the longest 7-conjugation path,
which is evident in its lowest HOMO—LUMO gap. Thus, the
electronic structure in SD-$ is comparable to the one in SD-2
and SD-4, which explains the similar photophysical behavior of
SD-2, SD-4, and SD-5 (see below). In SD-1 and SD-3, the
LUMO coeflicients extend deeply into the donor sites, and this
appears to be less favorable due to the higher energies of these
orbitals and the increasing HOMO/LUMO energy gaps.

Scrutinizing the computed excited states of the dyes gives
further insights into the influence of the thiophenes at different
positions of the dye architecture. Table S1 in the Supporting
Information summarizes the five lowest excited states including
the contributions of the most significant orbital transitions.
Obviously, the lowest energy excitations in all compounds can
be assigned to HOMO — LUMO transitions with relatively
high changes of the dipole moments between 20 and 30 D.
With increasing conjugation length, contributions from lower
HOMOs such as HOMO-1 and HOMO-2 become significant
for the excitations as well. The corresponding energies and
excitation wavelengths of the lowest transitions match well with
the outcome of the absorption studies in solution and represent
the trends in the HOMO—LUMO energy gaps. Thereby, the
oscillator strengths increase from SD-1 to SD-2 to SD-$ to SD-
4 to SD-3, suggesting the highest extinction coefhicients for SD-
4 and SD-3. Considering the second excited states, although
higher in energy, the oscillator strengths and dipole moments
(30—40 D) exceed the values of the first excited state.
Remarkably, in SD-3 and SD-4 the energies of the second
excitation differ by <0.1 eV compared with the first excited
state. Furthermore, they are significantly shifted to the red in
contrast with SD-1, SD-2, and SD-S. Regarding the fact that
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the main contributions to the second excited states stem from a
HOMO — LUMO-+1 transition, this is well-explained by the
significantly lower LUMO+1 level in these two dyes. In other
words, the insertion of the thiophenes into the donor impacts
the absorption cross sections of SD-3 and SD-4 to a much
higher extent than in the remaining dyes. Additionally, as seen
in Figure 3 the energetic proximity of the LUMO and LUMO
+1 in SD-3 suggests the strongest mixing of the first two
excitations. Because of the significantly lower oscillator
strengths of the higher excited states, their contributions to
the optical properties may be neglected.

On the basis of these results, it is safe to assume that by
inserting the thiophenes into the spacer between the TA and
the cyano acrylic acid it is possible to extend the 7-conjugation
length and lower the energies of the HOMO to LUMO
excitations, which in all dyes constitute the energetically lowest
excited states. Inserting the thiophenes into the donor has a
strong effect on the LUMO+1 and hence on the second excited
state, allowing for a mixing between the first and the second
excitations in SD-3 and SD-4. Conclusively, the singlet
excitations are directly correlated with the 7-system architecture
of the dyes, so that even slight changes of the chemical
structure will have an impact on the absorption properties.

Noticeably, decoupled HOMO/LUMO orbitals and lower
energy gaps most likely increase the radical ion pair character of
the singlet excited states, leading to facilitated intramolecular
electron transfer between localized states. As a consequence,
the spectral signatures of the TA radical cation will broaden and
shift to the red, as seen throughout the transient absorption
studies.

In summary, the theoretical calculations show the different
effects of structural changes performed on two different sites of
these donor-7-spacer-acceptor type dyes. The results imply that
the z-conjugation may be influenced by 7-extension of either
the donor or the z-spacer, leading to two main types of
electronic transitions. The relative intensity and energy of these
transitions depends on the electronic structure of the molecules
and impacts their spectral and charge transfer properties.

Time-Resolved Spectroscopy. To probe the charge-
transfer kinetics of the dyes and their dependence on the
structural variations, we have employed time-resolved spectro-
scopic techniques. Apart from investigating the dyes as-
deposited on 3 um thick TiO, films, further studies have
been performed on 0.1 mM DMF solutions of the dyes and as-
deposited on 3 ym thick AL,O; films.

As confirmed by the TDDFT calculations (see above),
singlet excitation leads to an intramolecular charge-transfer
event: the HOMO-to-LUMO, n—r*-excitation shifts charge
density from the electron-donating TA moiety to the electron-
accepting cyanoacrylic acid anchor/acceptor moiety. Additional
orbital involvement, such as HOMO to LUMO+1 charge
density shifts, also contributes. Figure 4 shows the spectral
fingerprints after photoexcitation of SD-1 and SD-3. Character-
istic for the formation of the charge-separated (CS) state is a
negative feature below 580 nm, which is associated with the
singlet bleach due to the absorption of the chromophore and a
rather broad maximum in the region between 600 and 750 nm,
which corresponds to the absorption of the radical cation of
TA." Both features vary in accordance with the extension of
the z-system and depend on the position of the inserted
thiophenes. In SD-3 (Figure 4) and SD-4, for instance, the
bleaching is significantly shifted to the red by 50 nm, as
compared with SD-1, SD-2, or SD-5 (Figure S). Hence, the

AA/ 0
a.u.

500 550 600 650 700 750

Wavelength / nm

Figure 4. Spectral signatures of the singlet excitation in 0.1 mM DMF
solutions of SD-1 (black) and SD-3 (green) resulting from
femtosecond transient absorption studies at 480 nm excitation. The
arrows indicate the shift of the corresponding signals upon structural
modifications as mentioned in the text.

insertion of the thiophenes into the donor moiety directly
affects the photoinduced absorption and leads to a bath-
rochromic shift of the spectral characteristics of SD-3 and SD-
4. On the contrary, the insertion of the thiophenes into the
spacer between donor and acceptor does not influence the
spectral positions of the maxima and minima of the
photoexcited state, as seen from the comparison of the spectra
of SD-1, SD-2, or SD-5 in Figure S. Therefore, the modification
of the chemical architecture has less impact on the spectral
properties when placed between the donor and acceptor than
when simply extending the donor z-conjugation length. The
TDDFT calculations (see above) show that the increased
donor m-conjugation changes the orbitals involved in the
photoexcitation processes, given that the HOMO-to-LUMO
and HOMO-to-LUMO+1 excitations play the major role in
these systems. In particular, the LUMO+1 in SD-3 and SD-4
drops in energy due to the increased donor conjugation, which
allows for a mixing between the HOMO — LUMO and
HOMO — LUMO+1 excitations. The mixing is reflected by
the fact that the energy difference between the first and the
second excited states is <0.1 eV in SD-3 and SD-4, whereas it
exceeds 0.3 eV for the other compounds.

From a comparison among SD-1, SD-2, and SD-5 (see
Figure 5) a dependence of the kinetics on the distance between
the donor and the acceptor is found. In SD-1, the singlet
population (associated with the negative feature below 600 nm)
and the appearance of the radical cation signature occur
simultaneously, which suggests that the charge density shifts in
a coherent step, immediately on the time scale of the excitation.
In SD-2 and SD-§, the bleach recovers faster with increasing
number of thiophenes. This spatial separation of the donor and
the acceptor decreases the coextensivity of the HOMO and the
LUMO and increases the radical ion pair character of the
resulting singlet excited state. As a consequence, the bleaching
is less pronounced in SD-2 and SD-$ than the corresponding
maximum of the TA radical cation for SD-1. The rate constants
for the formation of the CS states (kcg) have been determined
from the rise of the cation signatures at 650 nm. The
corresponding time-absorption profiles have been approxi-
mated, chirp-corrected, and fitted exponentially to give rise
times on the order of hundreds of femtoseconds.
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Figure S. Femtosecond transient absorption (4., = 480 nm) spectra
of the formation of the radical cation in 0.1 mM DMEF solutions of SD-
1 (top), SD-2 (middle), and SD-§ (bottom) showing an accelerated
recovery of the bleaching when going from SD-1 to SD-2 to SD-S..

Adsorption of the dyes on Al,O; leads, in general, to an equal
scenario, as found in the solution studies: the singlet excitation
results in spectral signatures that are comparable but slightly
broadened. The broadening on Al,O; stems from the

13811

deprotonation of the cyanoacrylic acid and from intermolecular
interactions, due to closer contacts between the dye molecules
when adsorbed onto the Al,O; surface, which results in a
delocalization and thus stabilization of the radical cation. As a
consequence, the dependence on the position of the inserted
thiophene is relativized, and the signal solely depends on the
number of inserted thiophenes. In other words, SD-1 lacks the
bleaching and exhibits a sharper TA cation signal, whereas the
bleaching in SD-4 is red-shifted with a TA radical cation
(TA*") absorption from 540 to 750 nm, as seen in Figure 6.
The rate constants for the intramolecular charge separation
(kcg) and singlet deactivation (kgp) are given in Table 1.

6

AA/
a.u.

550 600 650 700 750

Wavelength / nm

Figure 6. Transient absorption spectra showing the formation of the
radical cation upon singlet excitation in 3 um Al,O; films of SD-1
(black) and SD-4 (green) resulting from femtosecond transient
absorption studies at 480 nm excitation. The arrows indicate the
corresponding signals as mentioned in the text.

The situation changes after adsorption onto TiO,. The
deprotonation of the anchoring group upon binding and the
electronic coupling to the Ti(3d) conduction band states of
TiO, lead to changes of the 7-conjugated system of the dyes.
Vibrational redistribution and solid-state interactions between
the dye molecules and TiO, result in broad positive bands,
which correspond to the oxidized states of the dyes.

For all dyes, a broad maximum between 550 and 750 nm
develops on the time scale of <1 ps (Figure 7). This
corresponds to extremely fast charge injection into TiO, with
injection rates, as listed in Table 1. Thereby, the charge-
injection rates were found to depend on the chemical structure
of the dyes. In other words, the differences in z-conjugation
and the variation of the donor—acceptor distances within the
dye series impact the charge injection into TiO, in a similar
fashion as they influence the charge separation in solution. In
this regard, considering the results of our theoretical
investigation (see above) provides further understanding.
Thus, inserting the thiophenes results in a localization of the
LUMOs, which in turn changes the electronic coupling into
TiO, and increases the distance between the positively charged
oxidized TA center and the TiO, surface. Therefore, the fastest
charge injection is expected for SD-1 and the slowest is
expected for SD-S. Certainly, the increasing donor—acceptor
distance plays a major role in the retardation of the charge-
injection rates from SD-1 to SD-2 to SD-5. Thus, the
energetically low-lying and localized LUMO and the large
donor—acceptor distance in SD-§ decrease the driving force for

dx.doi.org/10.1021/jp402411h | J. Phys. Chem. C 2013, 117, 13805—13815
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Table 1. Charge Separation/Charge Injection (kcg/kc;), Singlet Deactivation (kgp), and Direct Recombination Rate Constants
(kpg) for All Dyes from the SD Series in 0.1 mM DMF Solutions on 3 gm AL O; Films and on 3 gm TiO, Films As Obtained by
Femtosecond Transient Absorption Measurements with 480 nm Light Excitation at High Charge-Carrier Concentrations®

SD-1 SD-2
DMF
kes/s ™" 62 + 1.6 x 10" 5.1 + 1.1 X 10"
kgp/s™! 9.79 x 10° 1.01 x 10'°
AlLO,
kes/s™! 69 + 12 x 102 49 + 12 x 102
kgp/s™! 2.50 x 10" 3.85 x 10°
TiO,
key/s™! 5.6 + 2.1 x 10? 43 + 1.8 x 107
Kpr/s™ 7.63 X 10° 3.09 X 10°

SD-3 SD-4 SD-$§

4.6 + 1.4 x 10"
531 x 10°

52 + 1.4 X 10"
1.19 x 10%°

6.0 + 1.7 x 10"
1.69 x 10%°
4.5 + 1.6 x 1012

6.4 + 1.5 x 102 53 + 1.1 X 102

8.43 x 10° 3.42 x 10° 217 x 10°
49 + 1.4 x 10 42 + 1.6 x 10" 3.8 + 1.5 X 10
6.05 x 10° 3.52 x 10° 1.20 x 10°

“Corresponding time-profiles are given in Figure S3 of the Supporting Information.
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Figure 7. Transient absorption spectrum (A,. = 480 nm) of SD-1 on
3 pum mesoporous TiO, with several time delays between 1 and 1100
ps. All dyes from the SD series show comparable spectral signatures.

charge injection, which lowers the rate constants in both
directions.

The relatively high excitation intensity generates more than
one electron per particle during one pulse. Because of the
relatively short distance between the donor center and the
anchoring group, most of the electrons recombine faster than
the diffusion time in TiO,—intraparticle electron—hole
recombination.'® Hence, under such conditions (high carrier
concentrations) the signal of the oxidized state of the dyes
decays on the time scale of ~1ns — direct recombination (DR).

Two trends can be observed from the analysis of the
corresponding decay dynamics, as found in the femtosecond
transient absorption experiments. First, increasing the distance
between the electron-donating and the electron-accepting
moieties decelerates the DR from SD-1 to SD-2 and SD-§
(Figure 8). For SD-1, the curves reveal a monoexponential
decay with shorter lifetimes than for SD-2 and SD-§, where the
decay is biexponential with increasing lifetimes. Accordingly, in
SD-2 and SD-5, the larger distances allow for a greater spatial
separation of the positive and negative charge. This stabilizes
the oxidized states of the dyes and leads to longer lifetimes.

Concerning SD-3 and SD-4, the insertion of thiophene into
the donor seems to exhibit a lower impact on the DR from
TiO, than increasing the distance and, therefore, leads to
comparable rate constants between SD-3 and SD-1 and
between SD-4 and SD-2.

Hence, by changing the z-system of the dyes at different
positions of the chemical structure, it is feasible to selectively
influence either the light-harvesting properties or the charge-
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Figure 8. Time-absorption profiles at 650 nm as extracted from the
transient absorption spectra (.. = 480 nm) of SD-1 (black), SD-2
(orange), and SD-5 (red) on 3 um mesoporous TiO, showing the
change from the monoexponential decay in SD-1 to biexponential
behavior in SD-2 and SD-$ and the increasing lifetimes.

transfer properties. Furthermore, the femtosecond studies show
that under high charge-carrier concentration conditions the
dynamics of the injection of electrons into TiO, and their
recombination correlate well with the dynamics of singlet
excitation in solution and on AL,O; Assuming that singlet
excitation results from 7—z* HOMO to LUMO transitions, it
is directly linked to the z-system of the dyes. In other words,
structural modifications, which affect the 7-conjugation, have a
direct effect on the charge transfer into TiO, in such organic D-
7-A dyes.

To observe the charge recombination between single
electrons injected into TiO, and the oxidized states of the
dyes we have employed nanosecond flash photolysis measure-
ments. Thereby, the excitation intensities were kept at a much
lower level than in the corresponding femtosecond studies so
that per pulse less than one electron was injected into one
nanoparticle. Under these conditions hole trapping can
compete with charge-carrier recombination. In the trapped
state, the hole is relatively unreactive toward electrons, which
survive in the particles for many microseconds.'® This allows
for probing the regeneration of the dyes’ ground state by back-
electron transfer from TiO,. Again, the spectral signature of
TA®" can be used as a probe for the oxidized states of the dyes.
Therefore, we have monitored the decays of the signals at 750
and 900 nm (Figure 9).
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Figure 9. Normalized time-absorption profiles at 900 nm as extracted
from the nanosecond flash photolysis spectra (4. = 480 nm) of all
dyes from the SD series on 3 um mesoporous TiO, showing the
different decay dynamics at low charge-carrier concentrations.

Biexponential fitting of the time absorption profiles at these
wavelengths gave rise to two different rate constants (Table 2).
Commonly, non-single exponential kinetics are a result of back
electron transfer from trap states at different distances from the
adsorbate with different trap energies. Electrons in deep trap
states and at longer distances recombine more slowly with the
adsorbate due to a smaller electronic coupling matrix element.'”
Furthermore, the electronic coupling matrix element is
governed by two other factors, namely, the energy and electron
density distribution of the frontier orbitals on the anchoring
parts of the dyes and the distance between the oxidized TA
center and the TiO, surface. In general, the stronger the
electronic coupling between the electron and the hole the faster
the recombination kinetics. As seen from Figure 9 and Table 2,
both components of the charge recombination rate constants
(kcri and kcg,) show comparable dependencies on the dye
structures. For SD-3 and SD-3, the relative contributions of the
slow component kcp, to the overall decay behavior vary
significantly. In SD-3, the decay kinetics are mainly dominated
by the faster component kcg;,. In SD-§, the recombination
occurs with the slower dynamics of kcp,.

Because of equal anchoring groups in all dyes and therefore
comparable electronic coupling of the anchor to TiO,, one
would expect that the back electron transfer mainly depends on
the charge-separation distance between the oxidized TA center
and the TiO, surface or, in other words, on the length of the
spacer between donor and acceptor. This is, however, not the
case because the electronic structure of the dyes — the spatial
distribution of HOMOs and LUMOs and their energies —
changes significantly with the insertion of thiophenes at
different positions of the dye architecture (see Molecular
Modeling). Hence, the electronic coupling matrix element
depends on the sum of the different contributions, that is, the

anchoring moiety, the HOMO/LUMO distribution, and the
separation distance between the electron and the hole.

As shown in Table 2, SD-1, SD-2, and SD-4 exhibit
comparable back electron transfer kinetics, which are faster
than for SD-3 and SD-S. The similar donor—acceptor distance
and the comparable HOMO/LUMO distribution are respon-
sible for this trend in SD-2 and SD-4 (see Figure 3). The
energetically low-lying LUMOs, which are localized on the
anchoring part of SD-2 and SD-4, provide strong electronic
coupling to TiO,, which facilitates the recombination even from
deeper trap states. Hence, the insertion of one thiophene
results in a localization of the LUMO on the anchor and favors
the electronic coupling between the dye and TiO,. As a
consequence, the recombination occurs on a similar time scale
as for the shorter SD-1, where HOMO and LUMO are
conjugated throughout the entire molecular structure. In SD-3,
one would expect a similar recombination behavior as for SD-1
due to a comparable electronic structure and equal donor—
acceptor distances. The extension of the z-system in the
electron-donating part of SD-3, however, allows for a better
spatial distribution of the positive charge, which stabilizes the
oxidized state in energy and retards the back electron transfer as
compared with SD-1. As seen from the LUMO in Figure 3, the
electronic coupling of SD-3 into the TiO, surface will be less
efficient than for SD-2 or SD-4. Therefore, mainly states with
low trap energies are stabilized and k¢, is the main component
of the decay. Different is the situation in SD-5, where the
strong localization of the LUMO on the anchor leads to good
electronic coupling into the TiO, and the recombination occurs
from deeper trap states, which is reflected in the main
contribution of kcp, for this process. The obviously slower
rate constants in SD-$ result from the fact that apparently the
increased distance between donor and acceptor comes into play
and the back electron transfer becomes dependent on the
separation distance between donor and acceptor.

To obtain further insight into this dependence of the rate
constants on the distance, we analyzed the charge separation
and recombination kinetics as a function of the distance
between the TA center and the cyanoacrylic acid acceptor. This
prompts to an exponential relationship (kop = kgx exp-
(=Prpa)),"® which states that the electronic coupling between
the donor and acceptor as mediated by the 7-conjugated bridge
decays exponentially with the separation length between the
donor and the acceptor (rp,). Accordingly, the slopes of the
linear fits (Figure S2 of the Supporting Information) of the
logarithmic plots of the charge-transfer rate constants (kcr) as a
function of donor—acceptor distance give rise to the so-called
attenuation factor f. Applying this relationship to the SD dye
series yielded different f values for charge separation and
charge recombination in solution and on TiO,.

As shown above, photoexcitation in solution results in a
charge shift from the TA localized HOMO to the cyano-acrylic-
acid-localized LUMO. This charge-separation process most

Table 2. Charge Recombination Rate Constants (kcg) for All Dyes from the SD Series on 3 ym TiO, Films As Obtained from
Bi-Exponential Fitting of the Time-Absorption Curves from Nanosecond Laser Flash Photolysis Studies with 480 nm Light

Excitation at Low Charge-Carrier Concentrations

SD-1 SD-2
TiO,

keri/s™! 59 x 10* 52 x 10*
kcra/s™! 52 % 10° 6.0 x 10°

SD-3 SD-4 SD-5
4.0 x 10* 59 x 10* 1.9 x 10*
3.0 x 10° 53 x 103 2.1 X 10*
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likely involves a charge transfer through the linker, which
interconnects donor and acceptor. Because of the fully
conjugated structure of the molecules it is safe to assume that
those spacers are rather rigid and therefore may be treated as
molecular wires. Applying the above-mentioned exponential
relationship for the distance dependence of the electronic
coupling mediated by 7z-conjugated spacers yields the
attenuation factor . In DMF, 8 was determined to 0.08 A™!
for charge separation and 0.10 AL for charge recombination,
which corresponds to values in the range of highly conjugated
oligoene, oligoyne, and oligofluorene molecular wires'® and
corroborates the highly #-conjugated structure of the SD dyes.

On TiO,,  was determined to 0.01 A™" for charge injection,
which states that it is nearly independent of the distance
because of the very efficient coupling of the anchoring group to
the conduction band of TiO,. Efficient 7-conjugation mediates
this coupling effectively. For charge recombination, f is 0.25
A, This considerably higher value complies well with the fact
that the electronic coupling becomes dependent on the
separation distance between the donor and acceptor moieties.
As shown above, the length of the spacer between the TA
center and the anchoring group to a great extent governs the
coupling. However, regarding the charge recombination, further
factors such as the electronic structure of the dyes and the
specific structure-dependent 7-conjugation play a significant
role, which might impact the back electron transfer mechanism.

In summary, the photophysical studies show that variations
of the chemical structure and the 7-conjugation strongly impact
the charge -transfer properties of organic D-7-A dyes, which, at
a first glance, seem to comprise comparable features. In fact, it
turned out that not only the structural variations themselves but
also their particular locality within the molecular architecture
affect the photophysics.

B CONCLUSIONS

In conclusion, we have investigated the photoinduced charge-
transfer processes of a series of five analogous organic D-7-A
dyes. In particular, two different modes of systematic extension
of the dyes’ 7z-system were examined by steady-state and time-
resolved spectroscopy. Additionally, quantum-chemical meth-
ods provided insight into the electronic properties of the dyes.
It was found that the two different substitution patterns, that is,
substitution of the donor versus substitution of the z-spacer,
lead to significant variations of the electronic structure of the
investigated systems. It has been shown that singlet excitation
both in solution and on Al,O; as well as charge injection and
recombination on TiO, films not only depend on the 7-
conjugation length and the donor—acceptor distance but also
depend on the specific alternation of electronic structure. Our
studies reveal that the modifications of the 7-system performed
at different positions of the chemical architecture induce
different effects on the charge-transfer properties. Thus, the
insertion of thiophenes into the donor moiety directly affects
the photoinduced absorption and the spectral characterstics of
the excited states of SD-3 and SD-4. On the contrary, the
insertion of the thiophenes into the spacer between donor and
acceptor does not influence the spectral positions of the
maxima and minima but leads to distance-dependent charge-
transfer features in SD-1, SD-2, and SD-5.

The rate constants for charge separation and charge
recombination have been analyzed under different conditions
and correlated with the chemical structures of the dyes. Inter
alia, this also allowed for the determination of the distance-

dependence of the charge-transfer processes, which lead to
attenuation factors /3 in the range of 0.1 to 0.01 A™".
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