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Introduction

In situ spectroelectrochemical and
theoretical study on the oxidation of a
4H-imidazole-ruthenium dye adsorbed on
nanocrystalline TiO, thin film electrodesf

Ying Zhang,#®° Stephan Kupfer,® Linda Zedler,?® Julian Schindler,?®
Thomas Bocklitz,? Julien Guthmuller,” Sven Rau® and Benjamin Dietzek*®®

Terpyridine 4H-imidazole-ruthenium(i) complexes are considered promising candidates for use as
sensitizers in dye sensitized solar cells (DSSCs) by displaying broad absorption in the visible range, where
the dominant absorption features are due to metal-to-ligand charge transfer (MLCT) transitions. The
ruthenium(in) intermediates resulting from photoinduced MLCT transitions are essential intermediates in
the photoredox-cycle of the DSSC. However, their photophysics is much less studied compared to the
ruthenium(i) parent systems. To this end, the structural alterations accompanying one-electron
oxidation of the Rulm dye series (including a non-carboxylic Rulm precursor, and, carboxylic RulmCOO
in solution and anchored to a nanocrystalline TiO, film) are investigated via in situ experimental and
theoretical UV-Vis absorption and resonance Raman (RR) spectroelectrochemistry. The excellent
agreement between the experimental and the TDDFT spectra derived in this work allows for an in-depth
assignment of UV-Vis and RR spectral features of the dyes. A concordant pronounced wavelength
dependence with respect to the charge transfer character has been observed for the model system
Rulm, and both RulmCOO in solution and attached on the TiO, surface. Excitation at long wavelengths
leads to the population of ligand-to-metal charge transfer states, ie. photoreduction of the central
ruthenium(n) ion, while high-energy excitation features an intra-ligand charge transfer state localized on
the 4H-imidazole moiety. Therefore, these 4H-imidazole ruthenium complexes investigated here are
potential multi-photoelectron donors. One electron is donated from MLCT states, and additionally, the
4H-imidazole ligand reveals electron-donating character with a significant contribution to the excited
states of the ruthenium(i) complexes upon blue-light irradiation.

Besides the nanocrystalline semiconductor, the redox electrolyte
and the platinum counter electrode the ruthenium polypyridyl

Ruthenium polypyridyl dyes have attracted considerable interest
in various applications due to their chemical stability, strong
absorption of visible light, and unique redox and catalytic
properties.”® For example, ruthenium polypyridyl complexes
are used as photosensitizers in dye-sensitized solar cells (DSSCs).

“ Institute of Physical Chemistry, Friedrich Schiller University Jena, Helmholtzweg 4,
07743 Jena, Germany. E-mail: benjamin.dietzek@uni-jena.de;
Fax: +49-3641-948302

b Leibniz Institute of Photonic Technology Jena (IPHT), Albert-Einstein-Strafe 9,
07745 Jena, Germany

¢ Faculty of Applied Physics and Mathematics, Gdansk University of Technology,
Narutowicza 11/12, 80233 Gdansk, Poland

4 Institute of Inorganic Chemistry I, University Ulm, Albert-Einstein-Allee 11,
89081 Ulm, Germany

+ Electronic supplementary information (ESI) available. See DOI: 10.1039/c5cp04484g

1 Both authors contributed equally to this work.

This journal is © the Owner Societies 2015

complexes are one of the main components of these devices.”°
In DSSCs, the direct conversion of light into electrical energy
occurs via visible light absorption by the dye molecules, followed
by a generally very fast electron transfer into the wide-bandgap
semiconductor.>'* Subsequently, the oxidized form of the
adsorbed dye is re-reduced by a redox couple in the electrolyte —
a process which is dominated by molecular collisions of the redox
couple with the adsorbed dye.’*™® The optimization of the perfor-
mance of DSSCs is based on a detailed understanding of the system
and its lightinduced dynamics at a molecular level, which allows
deeper insight into the structure-dynamics-function interplay in
complex systems for the conversion of sunlight into electricity'®
and other storable forms of energy.’”™® A significant amount of
work focused on improving the light-absorbing properties of the
sensitizer,**°"*” which should cover the visible range of the solar
spectrum and stretch far into the IR. In this context, herein the
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Fig. 1 (A) Molecular structure of Rulm. (B) CV obtained for the oxidation of Rulm in ACN with 0.1 M tetrabutylammonium tetrafluoroborate (TBABF,) as

supporting electrolyte with a scan rate of 50 mV s™2, the applied oxidation pot

ential (0.55 V vs. Ag/AgCl) during UV-Vis and RR spectroscopy is marked as

a grey circle in the curve. (C) UV-Vis spectra of Rulm (black curve) and electrochemically oxidized Rulm (blue curve) in 0.1 M TBABF4/ACN, with an
applied potential of 0.55 V vs. Ag/AgCl. The RR excitation wavelength (458 nm) is displayed as a vertical line in the spectrum. (D) Calculated spectra of
non-oxidized (black curve) and single oxidized (blue curve) Rulm. (E) Molecular orbitals involved in the S¢ MLCT transition of Rulm. (F) Molecular orbitals

involved in the ILCT and LMCT transitions of oxidized Rulm.

investigated ruthenium complexes coordinating 2-phenyl-4,5-
p-tolylimino-4H-imidazole (4H-imidazole) as an organic chromo-
phore, have been introduced as panchromatic dyes.*®*° Aside
from the 4H-imidazole a polypyridyl fragment, which consists
of 4,4',4"-tri-tert-butyl-2,2’:6’,2"-terpyridine and an additional
monodentate isothiocyanate ligand are coordinated to the
ruthenium(ir) metal center (Rulm) (Fig. 1A). Due to the direct
and strong interaction between each chromophore with the
metal center the complexes exhibit the photoelectrochemical
and photophysical properties related to the ruthenium(u)-
polypyridine fragment while displaying broad and strong
absorption in the visible range due to the presence of strong
"MLCT and ligand centered (*LC) transitions.>*”** Furthermore,
the redox and photophysical properties of the 4H-imidazole
coordinating ruthenium(r) complexes can be easily tuned by
varying the substituent pattern and the protonation state of the
ligand, as has been recently shown.***!**** These properties
render complexes like Rulm with promising structures for
use as molecular sensitizers in DSSCs, in which the electron
injection from the photoexcited light harvesting unit into the
wide bandgap semiconductor occurs via an anchoring group,
typically a carboxylate group (COO™).>*>?® High electron injection
yields are obtained by placing the anchoring group close to the
ligand that carries the excess charge density in the photoexcited
state,>”*® i.e., for Rulm at the 4H-imidazole ligand and the directly
connected phenyl ring, since the lowest initially excited "MLCT state
and the thermally relaxed *MLCT state, from which electron injec-
tion in the acceptor states of TiO, appears, are both dominantly
localized on the imidazole fragment.?>'***° Hence, the carboxyl
anchoring group has been introduced at the phenyl moiety of the
4H-imidazole ligand in order to facilitate the electronic coupling
between both, the "MLCT and the *MLCT state and the acceptor
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states of TiO, (RuImCOO, Fig. 3C). Furthermore, recently it was
reported that injection for closely related complexes occurs partially
from hot vibrational states, since the thermalized long-lived relaxed
3MLCT states fall within the bandgap of TiO,.**

In this contribution we focus on the spectroscopic properties of
the photo-oxidized ruthenium(m) species of RuImCOO, which
appear as essential mechanistic intermediates in the photoelectro-
chemical cycle underlying the function of the DSSC. The electronic
transitions in these species, which are exposed to visible light,
are studied by a combined experimental-theoretical approach
utilizing UV-Vis absorption and resonance Raman (RR) spectro-
electrochemistry (SEC) to study structural changes accompanying
one-electron oxidation and to characterize photoexcited inter-
mediates of the oxidized terpyridine 4H-imidazole-ruthenium(u)
complexes Rulm and RuImCOO in solution. Special emphasis
will be put on the identification of the predominant protonation
state of the 4H-imidazole ligand sphere in RuImCOO since
protonation strongly impacts the redox and photophysical properties
of the investigated complexes. Finally, RuImCOO was attached
to mesoporous nanocrystalline TiO, thin films and investigated
by means of SEC to derive influences of the interface between
the sensitizer and the semiconductor on the oxidation induced
spectral shifts.

Results and discussion
Spectroelectrochemistry on the Rulm precursor

To aid the study and rationalization of the electronic properties
of RuImCOO on TiO, surfaces, the complex without an anchoring
group, ie. Rulm, is initially studied as a benchmark system in
solution. The cyclic voltammogram (CV) of Rulm (Fig. 1B) exhibits
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a quasi-reversible oxidation peak at 0.46 V vs. Ag/AgCl. To gain
insight into the (electronic) structures of non-oxidized and oxidized
species, a combination of spectroelectrochemical UV-Vis and RR
techniques is utilized.

The absorption spectrum of Rulm recorded in acetonitrile (ACN)
exhibits two broad absorption bands in the visible region centered at
567 nm (¢=24100M " cm™ ") and 427 nm (6 =11600 M " cm ') as
well as a shoulder at approximately 700 nm (Fig. 1C). In order to
unravel the nature of the electronic transitions underlying these
absorption features quantum chemical simulations at the time-
dependent density functional theory (TDDFT) level of theory have
been performed (Fig. 1D and Table S1, ESIT). Based on the calcula-
tions, the first bright absorption band can be assigned to the bright
S¢ MLCT state (517 nm) with slight contributions from the MLCT
states S; (500 nm) and Sg (491 nm). Ss and S feature transitions to
the terpyridine as well as to the 4H-imidazole ligand sphere, while S,
merely exhibits transitions to the terpyridine ligand. The long-
wavelength shoulder at 700 nm is due to the weakly absorbing S;
(664 nm, localized on the 4H-imizazole) and S, (644 nm, localized on
the terpyridine) MLCT states. The second bright absorption band is
assigned to the bright MLCT state Sy (467 nm), featuring transitions
towards the 4H-imidazole and terpyridine ligand spheres, as well as
to the 4H-imidazole centered intra-ligand charge transfer (ILCT) state
S;0- Detailed information with respect to the computational results is
illustrated in Table S2 (ESIt). As predicted by TDDFT the first
bright MLCT band (567 nm) is dominated by transitions to the
terpyridine ligand, while transitions towards the 4H-imidazole
feature less weight. This finding is contrary to the expectations
based on the structurally closely related chloro-complex, where
merely the isothiocyanate ligand is replaced by a chloro
ligand.>*** For the previously studied chloro-complex, the first
bright MLCT band is dominated by 4H-imidazole transitions;
very similar results have been obtained for complexes with
variations of the substitution pattern in the periphery of the
4H-imidazole.*®?* In addition, changing the polypyridyl sphere
from terpyridine to bipyridine®*'~** induces no pronounced altera-
tions to the nature of the excited states underlying the MLCT band,
hence, the majority of the MLCT transitions in the visible range
involve charge density shifts towards the 4H-imidazole ligand.
Herein the reported phenomenon of enhanced terpyridine character
of the MLCT band in Rulm can be rationalized by means of the
molecular orbital (MO) d,,(187), which is involved in the terpyridine
centered MLCT transition of the bright S, state, see Tables S1 and S2
(ESIT). In contrast to the respective MO of the chloro-complex
(Fig. S1, ESIY), d,,(187) features an increased mixing with p-orbitals
of the isothiocyanate ligand. This leads in consequence to an
increased weight of the terpyridine transition.

Upon electrochemical oxidation of Rulm, the intensity of the
MLCT absorption band at 567 nm is quenched significantly,
while several new absorption features arise (Fig. 1C): in the low-
energy region between 1000 and 700 nm a broad yet rather
weak absorption band is formed. In addition, the absorbance of
the ILCT is increased substantially. This increase in absorption
is accompanied by a red-shift of the band from 427 to 440 nm
(~700 cm™") upon oxidation. Reversibility of electrochemical
reduction was confirmed by measuring UV-Vis spectra during
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the acquisition of a CV of oxidation (Fig. S2, ESIt). The origin of
these spectral alterations is elucidated by quantum chemical
calculations for the singly oxidized species of Rulm (Fig. 1D),
where oxidation was found to be almost entirely localized on
the ruthenium center (see Table S3, ESIf). The optimized
equilibrium structures of both oxidation states are very similar.
However, contrary to the non-oxidized singlet, the singly oxidized
doublet exhibits no intense MLCT states in the visible range, which
is directly correlated with the formation of the ruthenium(m)
species, ie., to the decreased electron density at the ruthenium
ion. Consequently, the intensity of the MLCT band is reduced in
the UV-Vis-SEC measurements. Likewise, the formation of the
absorption bands between 1000 and 700 nm and 440 nm can be
rationalized. TDDFT assigns the low-energy band to three weakly
absorbing ligand-to-metal charge transfer (LMCT) states,
namely, D;, D, and D¢ localized at 1030, 738 and 673 nm,
respectively. The rising absorption band at 440 nm is due to
several intense 4H-imidazole centered ILCT states, D4, D,; and
D3, at 484, 428 and 409 nm, as well as to a ligand-to-ligand
charge transfer (LLCT) state from isothiocyanate to terpyridine
(D, at 437 nm). The ILCT occurs from the terminal tolyl moieties
to the central 4H-imidazole fragment. Thus, a pronounced
wavelength dependency with respect to the charge transfer
(CT) character of the electronic transitions is observed for the
absorption spectrum of the oxidized RuIm: low-energy excitation
leads to the population of LMCT states and, thus, to the
formation of ruthenium(u), while high-energy excitation leads
to an ILCT of the 4H-imidazole ligand.

In order to investigate the nature of the excited states of the
non-oxidized as well as of the single oxidized Rulm within the
respective Franck-Condon points RR-SEC has been applied.*”
For these experiments, excitation at 458 nm is employed, which is
in resonance with the ILCT band centered at 427 nm (and partially
with the MLCT band at 567 nm) of the non-oxidized Rulm.

Based on the agreement of the measured RR-SEC spectra for
both redox states (Fig. 2) with the simulated RR intensity pattern
(non-oxidized singlet and single oxidized doublet depicted in
Fig. S3, ESIT and respective vibrational modes in Table S4, ESIT)
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Fig. 2 Experimental (A) and calculated (B) RR spectra for non-oxidized
(black) and single oxidized (blue) Rulm in 0.1 M TBABF4/ACN, excited at
458 nm.
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almost all intense Raman bands could be assigned to vibrational
normal modes. For the calculation of the RR spectrum of the
non-oxidized form contributions from the MLCT states Sg, S, Sg
and S, and of the IL state S;, have been taken into account,
while the excitation energy for all states has been red-shifted by
1000 cm ™. Following this procedure, the Raman active vibrational
bands at 1226, 1240, 1354, 1388, 1492, 1505 and 1564 cm ' have
been assigned to normal modes of the 4H-imidazole ligand at
1221.6, 1241.0, 1342.6, 1380.8, 1493.2, 1576.7 and 1581.7 cm ™}
(modes 163, 164, 178, 180, 205 and 207). In addition, the weak
shoulders at 1340 and 1537 cm ™" and the feature at 1609 cm™ "
have been associated with the terpyridine modes 177, 209 and 217
at 1324.0, 1550.7 and 1609.1 cm™ ', respectively. Hence, a maximum
absolute deviation (MAD) of 6.9 cm ™" is obtained for the assigned
normal modes. In general contributions of the terpyridine ligand to
the RR intensity pattern seem to be slightly overestimated, which
correlates with the increased terpyridine character to the MLCT
transition in the absorption spectrum of Rulm.

The excitation wavelength of 458 nm is in resonance with the
rising ILCT band centered at 440 nm and the increase in intensity
upon single oxidation. Consequently, alterations of the RR
spectra are observed upon oxidation, e.g., the most intense band
(1354 em™") is hypsochromically shifted by 9 em™". Further-
more, the intensity of the band at 1388 cm™ " decreases sub-
stantially, while the bands at 1492 and 1572 cm ™" become more
intense. The origin of the alteration of the RR intensity pattern is
unraveled based on the simulations. Taking into account the
contributions from D;6, Dy, and D,; states and shifting the
excitation energies of these states by ~1000 cm™ ", an excellent
agreement was achieved with respect to the frequencies as well
as to the relative RR intensities (MAD of 6.9 cm ™ '). Hence, the
shift of the most intense resonance Raman band from 1354 to
1363 cm ' is reproduced by the simulations (from 1342.6 to
1353.6 cm ™ '), while the underlying vibrational modes of the non-
oxidized (178) and single oxidized complex (179) are assigned to
4H-imidazole centered modes (see Fig. S3 and Table S4, ESIt).
Likewise the increase in intensity at 1492 and 1572 cm™ ' stems
from contributions of the intense 4H-imidazole normal modes
(205, 212 and 213) at 1490.8, 1566.1 and 1570.9 cm™ . Merely the
small shoulder at 1330 ecm™' (mode 177 at 1330.7 cm™ ') is
associated with the terpyridine ligand. Hence, the contribution of
the terpyridine ligand sphere is considerably reduced upon single
oxidation, which roots in the electronic nature of the electronic
states, which are in resonance with the excitation light at 458 nm,
Le. intense ILCT states D, and D,;.

RulImCOOH

Effects of protonation. It has been established that the
protonation of the 4H-imidazole ligand fragment has a determining
impact on the photophysical properties of the ligand and resulting
transition metal complexes.?*>%***3% In general, protonation of
ruthenium-4H-imidazole complexes induces a redshift of absorption
due to an increased energetic stabilization of the 4H-imidazole
n*-acceptor states.”®>®* Upon introduction of a carboxylic
acid anchoring group at the periphery of the phenyl moiety of
the 4H-imidazole ligand, four different protonation states are
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possible: (i) RuImCOO, where both nitrogen atoms of the
4H-imidazole and the carboxylic acid group are deprotonated;
(if) RuImCOOH, a single protonated form with a deprotonated
4H-imidazole and a protonated anchoring group; (iii) RuImHCOO,
a second single protonated form with a protonated 4H-imidazole
and a deprotonated carboxylic acid anchoring group; and,
(iv) RuImHCOOH, where both the bridging ligand as well as
the anchoring group are protonated. Since the preparation
procedure of the ruthenium(u)-terpyridine-4H-imidazole complex
with carboxylic anchoring group leads to a partial protonation of
the complex,” it is of major importance to identify the actual
protonation state of the sample. For structurally closely related
complexes a pronounced pH-dependence of the UV-Vis absorption
properties has been observed.”®**** In order to investigate the
pH-dependent absorption properties of the carboxylic ruthenium(u)-
terpyridine-4H-imidazole complexes, the sample was deprotonated
with 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) in ACN and afterwards
protonated in a step-wise manner using diluted trifluoroacetic
acid (TFA).

The absorption spectrum of RuImCOO, depicted in Fig. S4
(ESIY), features intense bands at 570 and 442 nm and shoulders at
approximately 700 and 420 nm. Thus, its absorption properties are
very similar to that of the Rulm precursor. Upon single protonation
both absorption features are bathochromically shifted to 582
(Ap = —362 ecm™') and 451 nm (A = —451 em™ '), while the
absorbance of red (700 nm) and blue-sided (425 nm) shoulders
decreases. Further protonation by TFA yields the double protonated
species RuImHCOOH, whose formation is accompanied by a
further red-shift of the first absorption band to 603 nm (A =
—960 cm ™' with respect to RulmCOO) and the disappearance of
the red-sided shoulder. In contrast, the blue absorption band is
shifted to shorter wavelengths (412 nm, A7 = +1648 cm ™" with
respect to RuImCOO). In order to obtain insight into the excited
states underlying the absorption pattern of the protonated
species TDDFT calculations have been performed within the
equilibrium structures of RulmCOO, RulImCOOH, RulImHCOO,
and RuImHCOOH.

The experimental results obtained for RuImCOO are almost
identical to the data of the RuIm precursor, and, hence similar
excited states properties are: the first absorption feature
(570 nm), shown in Fig. S5 (ESIt), is assigned to the MLCT
states Sg (518 nm), S; (503 nm) and Sg (498 nm) featuring
transitions to the 4H-imidazole as well as to the terpyridine
ligand. The second absorption band at 442 nm as well as the
blue-sided shoulder (420 nm) stem from the bright S;,
(469 nm), which is a MLCT state localized on both ligand
spheres, and the bright 4H-imidazole centered ILCT state S;3
(426 nm). Thus, the carboxylic acid anchoring group introduces
only minor alterations to the excited states properties as
compared to Rulm, which are based on its electron-withdrawing
character.>**** Protonation of RulmCOO can result in the formation
of the single protonated forms RuImHCOO and RulImCOOH, the
latter of which is more stable by 4000 cm ™. Hence, only the excited
states of RulmCOOH are used to interpret the experimental UV-Vis
data of the single protonated complex: the slight red-shift of the first
absorption band upon protonation is mainly represented by the
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bright MLCT state Sq (532 nm) and is accompanied by a substantial
increase of the 4H-imidazole character. Further contributions to this
absorption feature originate from the weakly absorbing MLCT states
S, (497 nm) and Sg (490 nm). The second band (at 451 nm) and the
blue-sided shoulder are assigned to the bright 4H-imidazole ILCT
state S;o (452 nm) and the weakly absorbing Sy (468 nm) MLCT state,
which is localized on the terpyridine ligand.

Double protonation leads to RulmHCOOH; in this protonation
state the MLCT band is further shifted to higher wavelengths (i.e.,
to 603 nm). TDDFT assigns this band to the S, MLCT state
(556 nm), while the bathochromic shift is associated with a further
increase of weight of the transition towards the 4H-imidazole.
However, the blue-shift of the ILCT band upon double protonation
to 412 nm is not correctly reproduced by considering the Sg state
(484 nm) in the quantum chemical simulation, a phenomenon
which was previously reported for other 4H-imidazole ruthenium(u)
complexes.”****'** This problem is related to the shortcoming of
TDDFT to give a balanced description for electronic states of
different electronic natures, such as MLCT, IL, ILCT, and LLCT
states. As shown in ref. 29 the B3LYP exchange correlation func-
tional gives the most balanced description for the involved excited
states. More detailed information concerning the computational
results is presented in Tables S5-S8 of the ESL

In general, successive protonation from RuImCOO via Rulm-
COOH to RulImHCOOH leads to a characteristic red-shift of the
MLCT band, which roots in the increasing 4H-imidazole (and
decreasing terpyridine) character of the underlying excited states.
In addition, wavelength shifts have been observed for the ILCT
band with respect to RuImCOO. Hence, the protonation state of the
investigated ruthenium complex can be monitored by means of
UV-Vis spectroscopy.
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In the following, the protonation state of the complex is
investigated upon anchoring onto the nanocrystalline TiO,
film. To this end, the UV-Vis absorption of the dye anchored
onto TiO, through the carboxyl group was measured in ACN
(depicted in Fig. 3E and Fig. S6, ESIt). The spectrum exhibits
strong absorption due to TiO, nanoparticles below 400 nm,*
an intense MLCT absorbing band at 576 nm and a less intense
4H-imidazole ILCT band at 445 nm. The position of the MLCT
band of the dye-sensitized TiO, film in ACN demonstrates that
the 4H-imidazole ring is deprotonated. The comparison with
the pH dependent UV-Vis spectra confirms the presence of
RuImCOO on the dye-sensitized TiO, film. Nevertheless, both
the MLCT and the ILCT band of the dye-sensitized TiO, film in
ACN (at 576 and 445 nm respectively) are localized at longer
wavelengths compared to the free RuImCOO in solution (at 570
and 442 nm, respectively). To illustrate the shifts, the UV-Vis
spectra of the dye-sensitized TiO, film were also recorded under
atmospheric conditions (Fig. S6, ESIT), where the spectral
shape is broader than that in ACN and the intense MLCT band
is bathochromically shifted to 582 nm (A7 = —179 cm ™). These
alterations indicate that the dye molecules anchored onto the
TiO, film aggregate slightly and exhibit weak intermolecular
interactions.**** Intermolecular interactions among the dyes
can be (partially) quenched by the solvent molecules (ACN)
acting as spacers; however, most likely aggregation of the dyes
on the surface cannot be suppressed completely. Thus, the
bathochromic shifts in the UV-Vis spectra upon anchoring of
RuImCOO onto the TiO, film are ascribed to the aggregation of
the dye on the surface.

Besides UV-Vis also RR spectroscopy has been proven to be a
powerful tool to discriminate different protonated states of

Ee !V vs. Ag/AgCI
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(A) and (B) CVs for the oxidation of RulmCOO in solution and on TiO, surface measured in 0.1 M TBABF4/ACN with a scan rate of 50 mV s™%, the

applied oxidation potentials (0.70 and 0.75 V vs. Ag/AgCl) during UV-Vis and RR spectroscopy are marked as grey circles in the curves. (C) and (E) In situ
UV-Vis spectra of non-oxidized RulmCOO (black curve) and electrochemically oxidized RuImCOO (blue curve) in solution and on the TiO, surface

measured in 0.1 M TBABF4/ACN. The RR excitation wavelength (458 nm)

is displayed as a vertical line in the spectra. (D) Calculated spectra of non-

oxidized (black) and single oxidized (blue) RulmCOO in solution. (F) Molecular orbitals involved in the S¢ MLCT transition of RuImCOO in solution.
(G) Molecular orbitals involved in the ILCT and LMCT transitions of oxidized RulmCOO in solution.
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ruthenium-polypyridyl-4H-imidazole complexes.”>*'~** As shown in
Fig. S7 (ESIT), only the double protonated species RuImHCOOH
displays characteristic bands of the protonated 4H-imidazole ring
at 1480 and 1516 cm ™ '; thus the absence of these signatures
further corroborates the conclusion that the dye molecule bound
to TiO, is the deprotonated RuImCOO.

Spectroelectrochemistry on RuImCOO in solution and on
the TiO, surface. After the identification of its protonation state,
RuIlmCOO both dissolved in ACN and anchored onto a nano-
crystalline TiO, film was investigated by CV and SEC. The fully
reversible (single) oxidation of RuImCOO takes place at 0.58 V
(Fig. 3A), measured vs. Ag/AgCl, and, hence, at a higher potential
than the oxidation of Rulm (0.46 V). These results confirm that
the electron withdrawing COO substituent impedes the oxidation
of the ruthenium(i) complex.*® For RuImCOO on the TiO, surface,
a quasi-reversible one-electron transfer process is observed
(Fig. 3B), with an oxidation potential of 0.65 V vs. Ag/AgCl, which
appears to be slightly higher compared to RuImCOO in solution
due to the working electrode material (Indium-tin-oxide (ITO)*’
instead of platinum) and dye aggregation on the surface of the
semiconductor.*®*® Furthermore, a decrease in the electrical
potential due to high ionic strength of the electrolyte is more
pronounced during measuring the oxidation potential of the
sensitizer in solution than of the sensitizer anchored to the
surface of TiO,, in accordance with ref. 49.

UV-Vis-SEC has been applied to study RuImCOO in solution
as well as on the TiO, surface. Firstly, the spectral alterations of
the single oxidized RuImCOO complex in solution are rationalized:
analogous to the single oxidation of the Rulm precursor, oxidation
of RuImCOO is almost entirely localized on the ruthenium atom
(see Table S3, ESIt); the absorption spectrum of the oxidized
species of RuImCOO features a significantly decreased MLCT band
(570 nm) upon oxidation, while a broad absorption band arises at
459 nm; in addition, the absorbance between 1000 and 700 nm
increases slightly (Fig. 3C). The slight red-shift of the absorption
band with respect to Rulm is associated with the introduction of
the electron-withdrawing carboxylic acid group. The evaluation of
the excited states of the oxidized complex performed at the TDDFT
level of theory enabled the assignment of these spectral alterations
to specific electronic transitions (Fig. 3D). The increasing absorp-
tion between 1000 and 700 nm stems from the underlying medium
bright LMCT states Dy, D, and Dy (at 1037, 754 and 665 nm), which
are associated with charge density shifts from the 4H-imidazole
ligand to the central ruthenium ion. The increasing absorption
band at 459 nm contains dominant contributions from the D,s,
D,5, D37, D3g and Dsq states at 485, 481, 441, 435 and 432 nm,
respectively. The ILCT states D,5 and D,; are mainly localized on
the bridging ligand, while the highly mixed Dj;,, Dsg and Ds, states
feature LLCT and ILCT character with contributions of all three
ligands. Hence, low-energy excitation leads to the direct population
of LMCT states and, thus, to a photoreduction of ruthenium(m). On
the other hand, excitation under blue light leads to an ILCT
towards the central moiety of the 4H-imidazole.

The UV-Vis-SEC of RuImCOO on the TiO, surface resembles the
respective data in solution with increasing LMCT and ILCT bands
and a decreasing MLCT band (Fig. 3E). Therefore, oxidized
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RuImCOO on the TiO, surface also shows the same wavelength
dependence of the CT features; with low-energy excitation
yielding ruthenium(n) and high-energy excitation leading to
an ILCT located on the 4H-imidazole ligand. Hence, anchoring
onto nanocrystalline TiO, does not affect the photophysical
properties of the dye significantly.

In order to investigate the potential applications of RuImCOO as
sensitizers in DSSCs, RR-SEC has been applied to study the
photophysical properties of the excited states. These measurements
have been performed for the complex bound to the TiO, surface as
well as in solution with an excitation wavelength of 458 nm, while
the quantum chemical simulations - due to the complexity asso-
ciated with the inclusion of the semiconductor surface - have been
carried out exclusively for RuImCOO in solution. Hence, at first the
RR-SEC data for the complex on TiO, will be discussed. The RR
spectrum of the non-oxidized RuImCOO on the TiO, film features
intense Raman bands at 1356, 1392, 1502, 1568 and 1607 cm ™' as
well as weak bands and shoulders at 1227, 1477, 1517 and
1537 cm™ " (Fig. 4A). Analogous to Rulm, the bands at 1227,
1356, 1392, 1502 and 1568 cm™ " are assigned to vibrational normal
modes of the 4H-imidazole ligand (normal mode displacements of
the respective modes are summarized in the ESIt), and the other
bands at 1477 and 1607 cm™ " are associated with the terpyridine
ligand (see Tables S4 and S9, ESIt). Upon electrochemical oxidation
of the dye-sensitized TiO, film, the intense bands at 1356 and
1568 cm™ " are slightly shifted to higher frequencies, i.e. to 1359
and 1576 cm™*. Furthermore, the band at 1392 cm ' decreases
upon oxidation, while the weak RR signals and shoulders arise at
1336, 1517 and 1478 cm ™. Likewise the most intense bands (i.e., at
1359, 1502 and 1576 cm™ ") are correlated with normal modes
associated with the 4H-imidazole ligand. Hence, the contribution of
the 4H-imidazole ligand is considerable for both the non-oxidized
and oxidized anchored RuImCOO.

The RR spectrum of the non-oxidized RuImCOO in solution
is illustrated in Fig. 4B and features intense Raman bands at
1356, 1389, 1496 and 1567 cm ™' as well as less intense bands
and shoulders at 1227, 1328, 1504, 1537 and 1609 cm™~'. Based
on the computed RR intensity pattern (Fig. 4C) which takes into
account contributions from the excited states Sg, S10, and S;3,
the respective excitations energies have been slightly red-
shifted by 1000 cm ™" (Fig. S8 and Table S9, ESI). Almost all
bands could be assigned to vibrational normal modes with a
MAD of 8.4 cm ™. All RR signals besides the weak bands at 1537
and 1609 cm~ ' and the shoulders at 1328 and 1504 cm ™' are
assigned to vibrational normal modes of the 4H-imidazole
ligand. Upon single oxidation the intense 4H-imidazole bands
at 1356, 1496 and 1567 cm ' are slightly shifted to higher
frequencies at 1359, 1502 and 1571 em ™, while the formation
of the weak RR signals (and shoulders) at 1336, 1402, 1478 and
1540 cm ™' is assigned to vibrational modes localized on the
terpyridine ligand. Analogous to the procedure for the oxidized
Rulm, the energies of the states contributing to the RR intensity
pattern (D,5, D,7, D35, D3g and Djo) have been blue-shifted by
1000 cm™'. A comparison of the RR-SEC spectra of the
anchored complex RuImCOO and RulmCOO in solution yields
merely minor alterations of the RR intensity pattern. Thus, the
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Fig. 4 (A) RR spectra of non-oxidized (black) and oxidized (blue) RulmCOO

on TiO; film, immersed in 0.1 M TBABF4/ACN; (B) and (C) Experimental and
calculated RR spectra of non-oxidized (black) and oxidized (blue) RulmCOO
in solution, measured in 0.1 M TBABF4/ACN; all the excitation wavelengths
were 458 nm.

excited states in both RuImCOO systems (on TiO, and in
solution) are centered on the 4H-imidazole ligand.

Hence, as shown by UV-Vis-SEC, RR-SEC in combination with
quantum chemical simulations the oxidized RuImCOO both on TiO,
and in solution features an ILCT state localized on the 4H-imidazole
upon blue-light irradiation, while photoexcitation with red light
leads to the regeneration of the ruthenium(u) species.

Experimental section
Sample preparation

The complexes Rulm and RuImCOOH were provided by Prof.
Rau.?® All samples were dissolved in anhydrous ACN (Sigma-
Aldrich, spectroscopic grade), which was dried using calcium
hydride (Sigma-Aldrich, 98%) and distilled twice. Dye solutions
were prepared with a concentration of 0.25 mM in ACN. To
obtain the non-protonated Rulm complex, additional traces of
DBU (Sigma-Aldrich, 98%) were added into the solution to
deprotonate the sample which is partly protonated due to the
preparation procedure.*® Protonation and deprotonation states
of RuImCOOH were adjusted by addition of aliquots of 0.02 M
TFA (Sigma-Aldrich, >99.5%) and DBU. 0.1 mM TBABF, in
ACN was used as an electrolyte for the electrochemical and
spectroelectrochemical experiments. Nanocrystalline and trans-
parent TiO, films were prepared according to Kallioinen et al.”®
from diluted anatase paste (Ti-Nanoxide HT) consisting of
8-10 nm diameter TiO, particles (Solaronix SA, Switzerland).
The paste was spread on a 1 mm thick, 7 mm width ITO glass
slide. After drying at room temperature, the slide was calcined at
450 °C for 15 min and then cooled off slowly. Afterwards the film
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was stained in a dye bath containing 0.5 mM RuImCOOH in ACN
for about 16 hours. After sensitization of the TiO,, physisorbed
dye was wiped off by purging the film with ACN. All measure-
ments were carried out just directly after the preparation of the
films to minimize the effect of aging of the samples.

Spectroscopic measurements

UV-Vis spectra were recorded on a double-beam Cary 5000 UV-Vis
spectrometer (Varian, USA) at room temperature. RR experiments
were performed through excitation by the visible lines of an Innova
300C Argon ion laser (Coherent, USA) and detected using an Acton
SpectraPro 2758i spectrometer (Princeton Instruments, USA) with
an entrance slit width of 100 pm, focal length 750 mm, and grating
1800 Blz/500 nm. The Raman signals were recorded using a
liquid-nitrogen-cooled SPEC-10 CCD detector (Princeton Instru-
ments, USA). The Raman spectra were subjected to a SNIP
baseline correction.’” The iteration parameter was set to 37 and
pre-smoothing was applied to allow for an adaptive baseline
estimate, which is not prone to noise artefacts. The ACN solvent
spectrum was subtracted from all RR spectra.

UV-Vis-SEC, RR-SEC and CV measurements were performed
either in a three-electrode thin-layer spectroelectrochemical cell
with a pathlength of 1 mm (Bioanalytical Systems, USA), for the
measurement of free dye in solution, or in a standard 5 mm
pathlength cuvette, for the measurement on the TiO, film.
The three-electrode system contains a Pt counter electrode,
an Ag/AgCl pseudo-reference electrode and either a Pt-gauze
working electrode or a dye-sensitized TiO, film on ITO glass.
The potential was adjusted using a PC-controlled potentiostat.
The potentials were measured with respect to the Ag/AgCl
reference electrode, against which the oxidation of ferrocene
was measured to be +0.42 V under the same experimental
conditions. CVs were obtained at a scan rate of 50 mV s .
The insulating properties of nanocrystalline TiO, films in the
probe potential range provide a background free platform for
monitoring the oxidation reactions of adsorbed dye molecules.
The spectra of the oxidized dye were taken after a certain time
until the spectra remain constant, allowing for saturation of the
dye oxidation processes. UV-Vis and RR spectra were recorded
before and after each spectroelectrochemical measurement to
check the quality and stability of the samples.

Computational details

In order to reduce the computational cost of the simulations
without affecting the spectroscopic properties of the complexes,
the three tert-butyl groups of the terpyridine ligand have been
approximated in the calculations by methyl groups. The struc-
tural and electronic data for the Rulm precursor as well as for
the respective complex featuring a carboxylic acid anchoring
group in the deprotonated (RuImCOO), single protonated
(RuImCOOH and RuImHCOO) and double protonated form
(RuImHCOOH) were obtained from quantum chemical simulations
performed using the Gaussian 09 program.®* All complexes have
been investigated in their non-oxidized singlet form, while Rulm
and RuImCOO have been studied additionally as single oxidized
doublets. The geometries, vibrational frequencies and normal
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coordinates of the electronic ground state (non-oxidized: singlet,
single oxidized: doublet) were calculated at the density functional
theory level of theory using the B3LYP**** exchange-correlation
functional and employing the 6-31G(d) double-{ basis set> for all
main group elements. For the ruthenium atom the 28-electron
relativistic core potential MWB>® was applied with its basis set
describing the valence electrons (4s, 4p, 4d and 5s) explicitly and
the inner shells by means of a core potential. In order to correct for
the lack of anharmonicity and the approximate treatment of electron
correlation the harmonic vibrational frequencies were scaled by a
factor of 0.97.>” The vertical excitation energies, oscillator strengths
and analytic Cartesian energy derivatives of the excited states were
obtained by TDDFT within the adiabatic approximation and by
utilizing the same exchange-correlation functional, basis set and
pseudopotential. As shown in ref. 28 and 29, B3LYP provides the
most balanced description of the absorption features for this class of
complexes.

The simulated absorption spectra have been determined based
on the excitation energies and oscillator strengths of the 120 lowest
excited states of the respective ground state multiplicity. The
integral equation formalism of the polarizable continuum model®
was applied to take interactions with a solvent (ACN: ¢ = 35.688,
n = 1.344) into account with respect to the equilibrium geometry,
vibrational frequencies, excitation energies, transition dipole
moments and excited state gradients. For the calculations of
the excitation energies and excited state gradients, where only
the fast reorganization of the solvent is important, the non-
equilibrium procedure of solvation was used.

The RR spectra have been calculated within the independent
mode displace harmonic oscillator model (IMDHOM) assuming that
the electronic ground and excited states potentials are harmonic
oscillators and merely displaced in the equilibrium position and,
hence, share the same set of vibrational modes.>>®® Detailed
information with respect to the computational method can be
found in ref. 39 and 61 and the references therein.

In order to calculate the RR intensities of the present
ruthenium complexes upon excitation at 458 nm a dumping
factor of I' = 1500 cm ™' describing homogeneous broadening
was assumed in the simulations to reproduce the experimental
broadening.

The RR intensity pattern for the non-oxidized form of Rulm has
been simulated by taking into account contributions from the S,
S, Sgy So and S, while all excitation energies have been shifted by
—1000 cm ™. The respective RR spectrum of the oxidized form was
obtained based on the excited doublet states D;q, D,, and D,g,
which have been hypsochromically shifted by 1000 cm™*. Likewise
a shift of 1000 cm™* has been applied for the S, S;o and S;5 states
of the non-oxidized RuImCOO and of —1000 cm " for the D5, D35,
D3g and Dsq of the single oxidized doublet. To reproduce the RR
intensity pattern for the non-oxidized single and double protonated
forms the excitation energies of the states Sg, S, Sg, So and S, of
RuImCOOH and S,, Sg, S;; and S;, of RuImHCOOH have been
bathochromically shifted by 1000 cm™™.

The baseline estimation of the experimental Raman spectra
was carried out applying the statistical language R°* using the
‘peaks’ package.®®
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Conclusion

A joint theoretical-experimental SEC study on the oxidation of
black absorbing dyes was reported. The photophysical and
photochemical properties of the precursors Rulm and RuImCOO
as well as their photoexcited intermediates have been studied by
using UV-Vis-SEC and RR-SEC methods. In addition, alterations
of the spectroscopic properties of RuImCOO upon anchoring
onto nanocrystalline TiO, have been investigated. Consequently,
a concordant pronounced wavelength dependency with respect
to the CT character has been determined for Rulm, the soluted
RulmCOO and RuImCOO on the TiO, surface, that is, low-energy
excitation leads to the population of LMCT states, thus yields the
formation of ruthenium(u), while high-energy excitation localizes
the excited state in the 4H-imidazole ligand. Therefore, these
4H-imidazole ruthenium complexes are potential multi-photo-
electron donors: one electron is donated from MLCT states, and
additionally, the 4H-imidazole ligand reveals electron-donating
character with a significant contribution to the excited states of
the ruthenium(m) complexes upon blue-light irradiation. Future
measurements will aim at the determination of the photon to
electron conversion efficiency (IPCE) since those experiments would
provide information about the potential of 4H-imidazole complexes
as multi-photoelectron donors in dye-sensitized solar cells.
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