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ABSTRACT: This work involved a detailed investigation into the infrared vibrational spectra of ruthenium polypyridyl
complexes, specifically heteroleptic [Ru(bpy),(bpm)]** (bpy = 2,2'-bipyridine and bpm = 2,2'-bipyrimidine) and homoleptic
[Ru(bpy);]*", in the excited triplet state. Transient spectra were acquired SO0 ps after photoexcitation, corresponding to the
vibrational ground state of the excited triplet state, using time-resolved infrared spectroscopy. We assigned the observed bands to
specific ligands in [Ru(bpy),(bpm)]** based on the results of deuterium substitution and identified the corresponding normal
vibrational modes using quantum-chemical calculations. Through this process, the more complex vibrational bands of
[Ru(bpy);]*" were assigned to normal vibrational modes. The results are in good agreement with the model in which excited
electrons are localized on a single ligand. We also found that the vibrational bands of both complexes associated with the ligands
on which electrons are little localized appear at approximately 1317 and 1608 cm™". These assignments should allow the study of
the reaction dynamics of various photofunctional systems including ruthenium polypyridyl complexes.
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I. INTRODUCTION associated with the excited states of coordination metal
complexes make it difficult to perform such analyses.

One of the best means of solving this problem is time-
resolved infrared (TR-IR) vibrational spectroscopy.'*'® In this
method, a metal complex is excited by an ultrashort pulse of
visible light, following which IR absorption spectra are
measured after a specific time delay, using an ultrashort IR

Ruthenium(II) polypyridyl complexes are widely used in
photofunctional systems, such as photocatalysts and organic
solar cells, as well as in biophysical applications, because they
exhibit significant absorption over a wide range of visible light.
Such absorption allows the efficient generation of an excited

triplet state with a lifetime of more than 100 ns.' ™' Recently, pulse. In this manner, vibrational spectra of the excited states
the application of these materials as visible-light photoredox can be obtained straightforwardly, allowing ready examination
catalysts has also attracted the attention of groups working in of the electronic structures and dynamics in the excited state by
the field of organic synthesis."' ' If the excited complexes can analysis of the transient spectra. Moreover, because only signals
be followed in real time during these photochemical processes, modulated by the pump pulse are detected, information
this becomes a powerful tool for understanding their

mechanisms, as well as for designing new systems. Unfortu- Received: September 30, 2013

nately, the complicated electronic structures and dynamics Published: February 14, 2014
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[Ru(bpy)s](PFe).

Figure 1. Molecular structures of the complexes investigated.
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concerning the complex of interest is selectively obtained, even
in the presence of a solvent and other reactants having strong
IR absorption, by employing a high-intensity IR laser in
conjunction with a high-sensitivity detector.

To date, this method has been applied primarily to
coordination metal complexes with simple ligands that exhibit
strong IR absorption, such as CO and CN.'*'® In order to
apply this method to a wider range of complexes, it is necessary
to be able to observe more complex ligands, such as polypyridyl
moieties. The C=C and C=N double bonds present in such
ligands are very sensitive to variations in charge and structure
during photoexcitation and thus represent a useful mechanism
for p{éobligg electronic structures and dynamics in the excited
state.

Several studies of the IR vibrational spectra of such ligands in
the excited state using TR-IR spectroscopy have been
reported,'#'>'*”>5 but the vibrational mode assignments in
these studies have been either incomplete or simplified. For this
reason, we undertook the comprehensive study of the IR
vibrational spectra of polypyridyl ligands in excited-state
ruthenium(II) polypyridyl complexes. We chose homoleptic
[Ru(bpy);]** (bpy = 2,2"-bipyridine) and heteroleptic [Ru-
(bpy),(bpm)]** (bpm = 2,2'-bipyrimidine) shown in Figure 1
and acquired their vibrational spectra in the metastable excited
triplet state using high-sensitivity TR-IR. [Ru(bpy);]*" is
prototypical and the most studied ruthenium polypyridyl
complex, whereas no TR vibrational spectrum of [Ru-
(bpy),(bpm)]** has been measured, despite it differing from
[Ru(bpy);]** by only one ligand and the fact that its derivatives
show interesting photochemical and photophysical phenom-
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ena.*”® We assigned the observed vibrational bands to normal
vibrational modes obtained from quantum-chemical calcula-
tions, applying data obtained from deuterium substitution
studies.

Quantum-chemical calculations based on the density func-
tional theory (DFT) method are a powerful means of
elucidating the molecular and electronic structures of various
transition-metal complexes. However, it remains difficult to
precisely describe the excited states of complicated molecules
using DFT, so we therefore initially studied heteroleptic
[Ru(bpy),(bpm)]** because its asymmetric structure results in
a simpler vibrational spectrum. By comparing the experimental
spectra obtained for deuterated complexes with the simulated
spectra derived from DFT calculations, we confirmed the
validity of the calculations. On the basis of these results, we
went on to examine [Ru(bpy);]**, which generates more
complex vibrational spectra because of its higher symmetry. As
a result, we succeeded in assigning almost all of the observed
vibrational bands associated with the bpy and bpm ligands over
the range of 1000—1700 cm™'. These assignments should
become a powerful tool for studying general ruthenium
polypyridyl complexes during various photochemical processes.

Il. EXPERIMENTAL SECTION

II.1. Materials. /.1.1. Synthesis of Deuterated Ligands. The
syntheses of 2-aminopyrimidine-d;>” and 2-chloropyrimidine-d;>® were
carried out following reported procedures, as shown in Scheme 1,
steps I and ii (2-aminopyrimidine-d;, 72% yield, m/z 98; 2-
chloropyrimidine-d;, 30%, m/z 117). The synthesis of 2,2'-
bipyrimidine-d, was performed using a standard nickel coupling
reaction® with 2-chloropyrimidine-ds, as shown in Scheme 1, step iii,
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to yield the desired product (37%, m/z 164). Deuterated 2,2'-
bipyridine (2,2-bipyridine-dg) was also synthesized, as described in
refs 27 and30 (88%, m/z 164).

.1.2. Synthes:s of [Ru(bpy),(bpm)](PFs), and Its Deuterated
Complexes.’’ 3 The mononuclear ruthenium complexes [Ru(bpy-
d,),(bpm-d,)](PFs), were synthesized using the deuterated 2,2'-
bipyridyls and bipyrimidines, following previously published methods

(eq 1).
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I1.1.3. Evaluation of the D Content of the Deuterated Complexes.
The D content in the deuterated complexes [Ru(bpy-hg),(bpm-
d,)](PFg), and [Ru(bpy-d,,),(bpm-hs) ] (PF), was evaluated using 'H
NMR and electrospray ionization mass spectrometry (ESI-MS)
spectral data. In the "H NMR spectra of the ruthenium compounds,
the integral intensity of the nondeuterated ligand was used as an
internal standard to estimate the D content of the deuterated ligand.
Thus, in [Ru(bpy-hg),(bpm-d,)](PFs), bipyridyl signals and their
integral intensities were used to evaluate the D content of the bpm-d,,
ligand (74%). Similarly, the D content of the deuterated bpm ligand
was estimated to be 98% in [Ru(bpy-d,,),(bpm-hs)](PF),. The D
content value was also supported by the ESI-MS spectral data. These
spectra are shown in the Supporting Information (SI; Figure SI).

11.2. Instrumentation. IR vibrational spectra in the excited state
were acquired by the pump—probe method. The details of the
experimental setup have already been regorted in a previous paper and
so are only described briefly here.'®'®** A mid-IR probe pulse was
generated using a combination of optical parametric amplification and
difference frequency generation applied to the output of a femto-
second Ti:sapphire amplifier (pulse duration = 120 fs, wavelength =
800 nm, and repetition rate = 1 kHz). The bandwidth and tunable
range of the IR pulse were 150 and 1000—3700 cm ™, respectively, and
the 400 nm pump pulse was obtained by doubling the output of the
amplifier. The sample solution flowed through an IR cell equipped
with BaF, windows with an optical path length of 0.1 mm. Typical
diameter and pulse energy values were 350 ym and 17 yJ pulse™ (~18
mJ cm™2) for the pump pulse and 150 pm and 0.2 uJ pulse™ for the
probe pulse. The linearity was checked by plotting the spectral change
as a function of the pump pulse fluence, as shown in Figure S2 in the
SI. The probe pulse passed through the IR cell and was subsequently
dispersed by a 19 cm polychromator and acquired with a 64-channel
mercury—cadmium—telluride (MCT) IR detector array. The laser
apparatus was carefully adjusted prior to each measurement so as to
obtain the optimal signal-to-noise (S/N) ratio. Each sample solution
was prepared at a concentration of 1 mM acetonitrile, and
measurements were conducted in air. The typical absorbance change
(AAbs) was 5 X 107* and the noise level was less than 1 X 1075, The
pronounced IR absorption of the solvent precluded the acquisition of
the vibrational spectra of ground-state complexes in solution, and thus
we prepared KBr pellets incorporating a small amount of the sample
and acquired the IR spectra of the resulting specimens using a
commercial Fourier transform infrared (FT-IR) spectrometer. By
comparing the ground-state spectra of the KBr pellet samples
measured using the MCT array and FT-IR, we were able to calibrate
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the pump—probe system and determined a wavelength accuracy of +1
cm™.

II.3. Quantum-Chemical Calculations. All calculations were
performed at the DFT level using the Gaussian 09 package.>* The
geometry optlmlzatlons were performed using the mPWIPW9I
functional.®® and the LanL2DZ basis set was employed for all atoms
and extended by a polarization function (except for hydrogen).*¢~**
The lowest triplet excited states were optimized with the unrestricted
DFT (UmPWI1PW91). To address solvation effects, the polarizable
continuum model® was used for the lowest triplet excited states.
Frequency calculations were then performed to confirm the optimized
structures to be an energy minimum and obtain vibrational spectra
(frequencies scaled by 0.97). The comparison of the vibrational
spectra using different methods together with the experimental spectra
is shown in Figure S3 in the SI. The orbital plots, as well as the
graphical representations, were generated using Molekel** The total
zero-point energies and Cartesian coordinates of the computed
structures are given in Tables S1 and S2 in the SIL Time-dependent
DFT (TD-DFT) calculations were performed to investigate the
vertical excitations. Both lower singlet and triplet excited states were
considered in the calculations.

lll. RESULTS AND DISCUSSION

lI.1. [Ru(bpy),(bpm)]** and Its Deuterated Com-
plexes. lil.1.1. Vibrational Bands of the Ground and Excited
Triplet States. Figure 2a shows the IR absorption spectra of
KBr pellets of [Ru(bpy),(bpm)](PF¢), and its deuterated
complexes, [Ru(bpy),(bpm-ds;)](PFs), and [Ru(bpy-
ds),(bpm)](PF¢),, in the ground state, acquired using FT-IR
spectroscopy. If a normal vibrational mode consists of only
vibrations of the bpy ligand, its energy is significantly shifted by
deuteration of the bpy ligand but not changed by deuteration of
the bpm ligand, and vice versa. Thus, one can judge which
ligand, bpy or bpm, a vibrational band should be assigned to by
comparing these three spectra. As shown in Figure 2a, there
were no changes in the three bands at 1407, 1545, or 1577

m~" following deuteration of the bpy ligand (bpy-ds); by
contrast, these bands are not present subsequent to deuteration
of the bpm ligand (bpm-ds). These three bands are
consequently assigned to vibrational modes localized at the
bpm ligands, as indicated by red solid circles in Figure 2a. In the
same manner, the nine bands at 1124, 1163, 1244, 1275, 1315,
1427, 1448, 1468, and 1606 cm™" were assigned to vibrational
modes localized at the bpy ligands and are indicated by blue
solid circles.

This procedure was also applied to the assignments of the
vibrational bands of the triplet excited state in the CH;CN
solutions of these three complexes. Figure 2b shows the
absorption change spectra of these three complexes 500 ps after
photoexcitation with a 400 nm pulse. In general, ruthenium
polypyridyl complexes are known to be the v1brat10nal ground
state in the long-lived triplet state at this point in time.' > Both
positive and negative peaks are evident in these spectra; the
positive peaks are attributed to transitions from the vibrational
ground state (v = 0 — v = 1) of the excited triplet state,
whereas the negative peaks correspond to bleaching of the
vibrational transition in the ground state because the
population of the ground state is reduced by photoexcitation.

The six positive bands at 1104, 1182, 1243, 1383, 1475, and
1554 cm™" are unaffected by deuteration of the bpy ligand but
disappear following deuteration of the bpm ligand, and so these
bands are assigned to vibrational modes localized at the bpm
ligands. In contrast, the two positive bands at 1318 and 1607
cm™! are assigned to vibrational modes localized at the bpy
ligands. The three negative bands at 1402, 1544, and 1578 cm™"
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Figure 2. IR vibrational spectra of [Ru(bpy),(bpm)]** and its
deuterated analogues, [Ru(bpy),(bpm-d¢)]** and [Ru(bpy-
dg),(bpm)]**: (a) FT-IR spectra of the complexes as KBr pellets;
(b) TR-IR spectra of CH;CN solutions of the complexes 500 ps after
photoexcitation with a 400 nm pulse; (c) comparison of the FT-IR and
TR-IR spectra of [Ru(bpy),(bpm)]**. The red and blue circles
represent bands associated with vibrations localized at the bpm and
bpy ligands, respectively, based on wavenumber shifts following
deuterium substitution, as detailed in the text.

are changed only by deuteration of the bpm ligand and so must
be due to vibrational modes of the bpm ligands. This result is
consistent with the observation that the positions of these
negative bands correspond to those of the peaks assigned to the
bpm ligands in the ground state, as shown in Figure 2c. The
slight differences in wavenumbers between the bleach and TR-
IR bands are presumably due to solvation effects.

On the basis of the above assignments resulting from
deuterium substitution studies, several general characteristics of
the vibrational spectra are derived. First, it appears that the
majority of the vibrational bands in the ground state are
assigned to the bpy ligand, whereas most of the bands in the
excited state are associated with the bpm ligands. In addition,
all of the negative bands can be assigned to the bpm vibrational
modes. These findings are explained by the model that the
excited electrons are primarily localized on the bpm ligands,
meaning that photoexcitation of these compounds results in
electron transfer from the metal to the bpm ligands. This is in
good agreement with the results of the electrochemical
measurements.*'

II.1.2. Normal Vibrational Modes by Quantum-Chemical
Calculations. To assign the observed vibrational bands to the
normal vibrational modes of the complex, we compared the
experimentally derived spectra to the results of the DFT
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calculations, taking into account the above assignments based
on deuterium substitution. Figure 3a compares the observed
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Figure 3. Comparison of the observed and calculated vibrational
spectra of [Ru(bpy),(bpm)]**: (a) experimental FT-IR spectrum
(upper) and calculated S, state spectrum (lower); (b) experimental
TR-IR spectrum (upper) and calculated T, state spectrum (lower).
The bars in the experimental spectra provide the wavenumber and
intensity of each vibrational mode, and their colors indicate the ligand
on which the vibrations are localized, based on the displacement of
each normal vibrational mode obtained from calculations (Figures 4
and S). Color code: blue, bpy; red, bpm; green, both ligands.

FT-IR spectrum and the calculated spectrum of ground-state
(So) [Ru(bpy),(bpm)]**. The wavenumbers and intensities of
the colored bars correspond to the values derived for normal
modes via calculations, while the color of each bar indicates the
ligand to which each mode belongs. The blue and red bars
represent the modes associated with bond vibrations in the bpy
and bpm ligands, respectively, while the green bars represent
the modes associated with both the bpy and bpm ligands.
These assignments are based on the vibrational motions
obtained from the quantum-chemical calculation results shown
in Figure 4. The convoluted spectra were obtained from a
Lorentzian function with a 15 cm™' bandwidth (fwhm) along
with the calculated intensity at each wavenumber.

Although the convoluted vibrational bands are composed of
several normal vibrational mode peaks, each band can be
assigned to a single main vibrational mode, and the
experimentally observed bands are well matched by the
calculation results. We therefore assigned each observed band
to a calculated band, by considering to which ligand each
vibrational band belongs, as shown in Figure 3a. The
correspondences between the observed and calculated bands
together with their normal modes are also summarized in
Figure 4. It is noted that the vibrational spectra of the
deuterated complexes should be reproduced by the same
calculation considering deuteration; however, they did not
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Figure 4. Normal vibrational modes associated with the S, state of
[Ru(bpy),(bpm)]**.

agree well, probably because of imperfect deuteration, as noted
in the Materials section.

Figure 3b shows the experimental TR-IR spectrum and the
calculated spectrum of the lowest triplet excited state (T;) of
[Ru(bpy),(bpm)]**. With the exception of the bleach bands,
the transient absorption bands correspond to the transition
from v = 0 to 1 of the excited triplet state because the
population has fully relaxed at the observed delay time of 500
ps. It is thus reasonable to compare the observed transient
absorption bands and the calculated bands of T}. On the basis
of the assignments made from deuterium substitution results
and the wavenumbers of the bands, we assigned most of the
observed bands to the normal vibrational modes of the triplet
state, as shown in Figure 5.

The spectral feature that the positive absorption bands are
prominent compared to the negative bleach bands in the TR-IR
spectra is also reproduced by the calculation. The intensities of
the calculated bands in the excited state (approximately S00)
are about 5 times as high as those in the ground state
(approximately 100), as shown in Figure 3. These intensities
are determined by the dipole moment change that accompanies
the vibrational transition in each potential. Thus, this difference
indicates that reduction of the bpm ligand by metal-to-ligand
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Figure S. Normal vibrational modes associated with the T state of
[Ru(bpy),(bpm)]**.

charge transfer (MLCT) largely deforms the vibrational
potentials of bpm in the excited state.

II.1.3. Emergence of the bpy Bands in the Excited Triplet
State. Although the major vibrational bands associated with the
excited state are assigned to the bpm ligands, there are two
exceptions: the bands assigned to the bpy ligand at 1318 and
1607 cm™" shown by the blue circles in Figure 2b. These bands
are also well matched by the results of theoretical calculations,
as shown by the blue bars in Figure 3b. Moreover, these bands
are observed at almost the same wavenumbers, 1315 and 1606
cm™’, in the ground-state spectrum, as shown in Figure 2c. It is
noted that the slight energy difference cannot be discussed here
because we measured the spectra of the ground and excited
states under different conditions, that is, using a KBr pellet and
a MeCN solution, respectively. The corresponding normal
modes of S, (caled 1312 and 1618 cm™' in Figure 4) and T,
(caled 1316 and 1620 cm™ in Figure S) are also the same,
respectively. These results indicate that the transition moments
of these modes become significantly larger in the excited state
although there is almost no potential change of the bpy ligands
due to little charge localization by photoexcitation. Another
interesting feature is that the observed intensities of the bands
at 1606 cm™ in FT-IR and 1607 cm™ in TR-IR are much
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higher than the corresponding calculated intensities, as shown
in parts a and b of Figure 3, respectively. The same bands are
observed for [Ru(bpy);]**, as described in detail later.

Il.1.4. Contributions of Molecular Orbitals. Figure 6 shows
the selected molecular orbitals related to the excited triplet state

the results obtained for [Ru(bpy),(bpm)]** to assist in analysis
of the resulting spectra.

In the analysis of [Ru(bpy),(bpm)]**, the vibrational
spectrum of [Ru(bpy);]** in the ground state was obtained
and is shown in Figure 7a, together with the spectrum of

LUMO+1

State Maijor contribution [%]
T1 HOMO (Ru) — LUMO (bpm) 70
(2.45eV) HOMO-1 (Ru) — LUMO (bpm) 7
HOMO (Ru) — LUMO+1 (bpm) 6

HOMO-6 (bpm) — LUMO (bpm) 5

Figure 6. Contributions of molecular orbitals to the T, state of
[Ru(bpy),(bpm)]** based on TD-DFT calculations.

(T,) together with their contributions, as estimated from the
TD-DFT calculations. Considering that the calculated vibra-
tional spectra are in good agreement with the experimental
spectra, as discussed above, the potentials of the ground state
and the lowest triplet state are accurately represented by the
calculated values. While the highest occupied molecular orbital
(HOMO) and HOMO-1 are primarily centered on the
ruthenium atom, the lowest unoccupied molecular orbital
(LUMO) and LUMO+1 are localized on the bpm and bpy
ligands, respectively. The major contribution of the transition
from HOMO to LUMO (70%) clearly shows the transition of
orbital localization from the metal to the bpm ligand, indicating
that the electron is highly localized on the bpm ligand upon
photoexcitation. The charges of the bpy and bpm ligands in the
excited triplet state are therefore regarded as neutral (bpy’) and
negative (bpm™"), respectively.

ll.2. [Ru(bpy)s]**. lll.2.1. Vibrational Spectra of the
Ground and Excited Triplet States. [Ru(bpy);]** is the most
fundamental ruthenium polypyridyl complex, and thus many
studies of its excited state have been carried out.!”>*73!
However, to the best of our knowledge, there have been only
two reports concerning examination of the excited state using
TR-IR."*" One report is a review that presents spectra without
analysis,'* while the other presents step-scan FT-IR spectra, but
only over a limited range of wavenumbers (1400—1620 cm™"),
and does not contain clear transient absorption bands.'” The
weak IR absorption and complicated vibrational spectra of
[Ru(bpy);]>" have prevented us from generating detailed
assignments of the observed vibrational bands, although we
have succeeded in obtaining distinct vibrational spectra in the
case of [Ru(bpy),(bpm)]*" and have assigned the vibrational
bands in those spectra. We therefore applied the same method
to the study of the excited state of [Ru(bpy);]** and employed
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Figure 7. IR vibrational spectra of [Ru(bpy);]** (upper), along with
that of [Ru(bpy),(bpm)]** (lower) for comparison purposes: (a) FT-
IR spectra of the complexes as KBr pellets; (b) TR-IR spectra of
CH;CN solutions of the complexes 500 ps after photoexcitation with a
400 nm pulse; (c) comparison between the FT-IR and TR-IR spectra
of [Ru(bpy);]*". Red and blue circles have the same meaning as that in

Figure 2.

[Ru(bpy),(bpm)]** for comparison purposes. Considering that
all of the ligands of [Ru(bpy);]** are bpy, the intensities and
wavenumbers of the spectral bands are in good agreement with
the corresponding vibrational bands assigned to the bpy ligands
in [Ru(bpy),(bpm)]?**, indicated by blue solid circles.

Figure 7b shows the transient absorption spectra of
[Ru(bpy);]** and [Ru(bpy),(bpm)]** at S00 ps after photo-
excitation. The spectrum of [Ru(bpy);]** is more complicated
than that of [Ru(bpy),(bpm)]*', reflecting its symmetrical
structure. In the spectrum of [Ru(bpy),(bpm)]*, there are
only two vibrational bands, indicated by blue solid circles at
1318 and 1609 cm ™', which are assigned to the bpy ligands. In
the spectrum of [Ru(bpy),]**, these same locations are
indicated by vertical arrows. On the basis of the previous
spectral interpretations, these bands are assigned to the neutral
bpy ligands (bpy°). This assignment is in good agreement with
the fact that the excited electron of [Ru(bpy);]*" is localized on
a single bpy ligand (bpy~).'”>**>® Figure 7c compares the
spectra of the ground and excited states. Despite the dense
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concentration of vibrational bands, the bleach bands at 1240,
1272, 1419, and 1464 cm™ in the excited-state spectrum are in
good agreement with the bands in the ground-state spectrum.
The slight wavenumber difference between peaks in the
excited- and ground-state spectra is due to the solvation effect.

Ill.2.2. Normal Vibrational Modes by Quantum Chemical
Calculations. In order to assign the observed vibrational bands,
we carried out quantum-chemical calculations for [Ru(bpy);]**.
Similar calculations have already been performed by many
groups,”* > but the analysis of normal vibrational modes based
on such calculations has not been reported. Although a normal-
mode analysis has been published,***” it was performed under
the assumption that the electron-localized ligands represent
anion-radical fragments, which does not always represent a
viable model for the excited state. Thus, we carried out the
normal-mode analysis based on quantum-chemical calculations
using the DFT method, which has been demonstrated to work
well for the analysis of [Ru(bpy),(bpm)]**. Figure 8a shows
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Figure 8. Comparison between the experimental and calculated
vibrational spectra of [Ru(bpy);]**: (a) experimental FT-IR spectrum
(upper) and calculated S, state spectrum (lower); (b) experimental
TR-IR spectrum (upper) and calculated T, state spectrum (lower).
The blue circles in the experimental spectrum represent bands
associated with vibrations localized on the bpy° ligands, based on a
comparison with the results obtained for [Ru(bpy),(bpm)]**. The
bars in the calculated spectra indicate the wavenumbers and intensities
of each vibrational mode, while their colors represent the ligand on
which the vibrations are localized, judging from the displacement of
each normal vibrational mode obtained from calculations (Figures 9
and 10). Blue, red, and green indicate neutral bpy (bpy®), negatively
charged bpy (bpy~), and both ligands, respectively.

the experimental and calculated vibrational spectra for the
ground state, in which the blue bars indicate the wavenumbers
and intensities of the vibrational modes obtained from
calculations. The vibrational motions obtained from the
quantum-chemical calculations are presented in Figure 9.
Figure 8b shows the experimental and calculated vibrational
spectra of the excited state. The red and blue bars indicate the
wavenumbers and intensities of the localized vibrational modes
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Figure 9. Normal vibrational modes associated with the S, state of
[Ru(bpy)s]*".

associated with the electron-localized bpy ligands (bpy~) and
the neutral bpy ligands (bpy°), respectively, while the green
bars represent delocalized modes of both ligands (bpy~ and
bpy°). As discussed above, the experimental spectrum exhibits
two special bands assigned to the neutral bpy ligand (bpy®) at
1318 and 1609 cm™" (indicated by the blue solid circles). These
bands are well reproduced in the calculated spectrum, although
the band at 1318 cm™ is assigned to two modes of the bpy°
and bpy~ ligands. In the calculated spectrum, there are more
bands assigned to the bpy® ligand; however, it is hard to
distinguish them because they are overlapped with neighboring
strong bpy~™ bands. The remaining bands are assigned to the
bpy~ ligands. The vibrational motions obtained from the
quantum-chemical calculations are shown in Figure 10.

I11.2.3. Emergence of the Neutral bpy Bands in the Excited
Triplet State. For [Ru(bpy),(bpm)]**, the two bands assigned
to the neutral bpy ligands at 1318 and 1609 cm ™" in the excited
state are located at almost the same positions as the bands at
1314 and 1607 cm™ in the ground state, respectively. The
normal modes corresponding to these two bands in S, (calcd
1311 and 1619 cm™ in Figure 9) and in T, (caled 1315 and
1616 cm™" in Figure 10) are also the same, respectively. Thus,
even in [Ru(bpy),]**, transition moments of these modes
become larger without a potential change by MLCT. Moreover,
these vibrational modes are the same as the corresponding
modes in [Ru(bpy),(bpm)]** shown in Figures 4 and S,
indicating that the bands located at approximately 1315 or 1605
cm™! in the excited state are assigned to the modes of the
neutral bpy ligand independent of the electron-localized ligand

(bpy~ or bpm™).
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Calculated normal modes of T, in [Ru(bpy),]?*
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Figure 10. Normal vibrational modes associated with the T, state of
[Ru(bpy)3]2+.

One of the reasons why only these modes are clearly
observed without a potential change by MLCT is probably that
they are associated with the ring vibrations. In the mode at
approximately 1315 cm™, the carbon atoms connecting to the
two pyridine rings are largely displaced, as shown in the figures
of vibrational modes. Especially, in the mode at approximately
1605 cm™!, the four carbon atoms belonging to the pyridine
rings are largely displaced. As mentioned in the Introduction,
the C=C and C=N stretching vibrations are sensitive to the
molecule’s charge and structure because of the s-orbital
character; thus, these modes would be affected by a slight
variation in the charge and structure by MLCT.

The intensity difference of the vibrational bands assigned to
the neutral bpy ligands in the ground and excited states of
[Ru(bpy),]** was also observed in TR-Raman spectra.”” They
reported that the intensities in the excited state are two-thirds
those in the ground states through a comparison of the Raman
and TR-Raman spectra. However, these measurements in the
ground and excited states were carried out under slightly
different conditions, and the intensity difference is independent
of the vibrational mode; thus, this is probably a different case of
TR-IR. They also reported a wavenumber shift of 6—7 cm™" for
specific vibrational modes as a result of oxidation of the central
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metal in the ground state through a comparison of
[Ru"(bpy);]** and [Ru™(bpy);]**. This result is more
suggestive because it indicates that some specific vibrational
modes are affected by oxidation of the central metal without
reduction of the bpy ligands, although no information on the
intensity difference can be obtained.

We found a difference in the character of the temporal
variation of the 1318 and 1609 cm™' bands. Parts a and b of
Figure 11 show the spectral changes around the 1318 and 1609

T T T T T T
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Figure 11. Temporal variations of TR-IR spectra of [Ru(bpy),]** after
photoexcitation in the regions (a) from 1260 to 1330 cm™" and (b)
from 1560 to 1630 cm™.

cm™! bands, respectively, up to SO ps after photoexcitation. In
Figure 11a, the intensity of a bleach band at 1272 cm™" does
not change, indicating that there is no recovery of the ground
state in this time region. The intensity of the 1318 cm™" band
gradually increases over 30 ps, indicating that the population of
the vibrational ground state (v = 0) increases over 30 ps in the
excited state. Similar spectral variations are observed in TR-
Raman spectra, which are explamed by vibrational relaxation in
the potential of the excited state.’' In contrast, only the 1609
cm™" band among all of the observed bands in the region from
1000 to 1700 cm™" exhibits a different temporal variation. As
shown in Figure 11b, the central wavenumber of the band
increases by 10 cm™" over S0 ps. One possible cause of this shift
is a hot band. Higher vibrational states have a smaller transition
energy because of anharmonicity; thus, transitions from
vibrationally excited states emerge in the lower-wavenumber
region. However, this does not conclusively explain the reason
why only this band, among many similar vibrational bands,
exhibits a wavenumber shift. In general, the wavenumber shift
of a vibrational band indicates deformation of the potential due
to variation of the charge and/or bond length; thus, the
vibrational potential of this band is probably affected by such
dynamics because this band is assigned to the mode consisting
mainly of ring vibrations that are sensitive to charge and
structure variations.

As shown here, the relatively slow dynamics on the tens of
picoseconds time scale including vibrational relaxation in the

dx.doi.org/10.1021/ic402474t | Inorg. Chem. 2014, 53, 2481-2490



Inorganic Chemistry

excited states has not been clearly understood yet. Because the
dynamics is directly connected with photochemical reactions in
ruthenium polypyridyl complexes, further studies using TR-IR
or other methods are required.

lll.2.4. Contributions of Molecular Orbitals. The selected
molecular orbitals and transitions in the T state calculated by
DFT and TD-DFT methods are shown in Figure 12. The major

™}, LUMO+1 ® LUMO+2
State Major contribution [%]
T1 HOMO (Ru) — LUMO+2 (bpy) 42
(2.54 eV) HOMO (Ru) — LUMO+1 (bpy) 25
HOMO-4 (bpy) — LUMO (bpy) 5

Figure 12. Contributions of molecular orbitals to the T, state of
[Ru(bpy);]** based on TD-DFT calculations.

contribution (42%) is from the HOMO to LUMO+2
transition, indicating charge transfer from the metal to the
two bpy ligands. The second contribution (25%) is from the
HOMO to LUMO+1 transition, which corresponds to charge
transfer from the metal to the three bpy ligands but is slightly
one-sided on the one ligand that is not included in the LUMO
+2. An excited electron is considered to distribute the three bpy
ligands unevenly in these transitions. This explains the
empirical observation that the normal vibrational modes are
classified into two types: one type that is localized on two bpy
ligands and the other bpy ligand. However, the charge in this
compound is not as highly localized at the single ligand
compared to [Ru(bpy),(bpm)]**.

IV. CONCLUSION

We have comprehensively investigated the IR vibrational
spectra over the range of 1000—1700 cm™' in the ground
and excited states of heteroleptic [Ru(bpy),(bpm)]** and
prototypical homoleptic [Ru(bpy);]** using FT-IR and TR-IR.
By deuterium substation and quantum-chemical calculation, we
assigned almost all of the observed bands to the calculated
normal modes. These results are in good agreement with the
well-known model in which the excited electron is localized at a
single ligand (bpm~ or bpy ). Moreover, we found two
vibrational bands assigned to the neutral bpy ligands (bpy°) at
approximately 1317 and 1608 cm™' without a large wave-
number shift, and these bands are commonly observed in
[Ru(bpy),(bpm)]** and [Ru(bpy);]**. This is probably
because these modes include ring vibrations that are sensitive
to the charge and structural variations of molecules and
oxidation of the ruthenium by MLCT affects such modes. We
also found that the 1609 cm™ band in [Ru(bpy);]*" exhibits
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wavenumber shifts over 50 ps, probably because this mode is
especially sensitive to charge and structural changes. These
detailed assignments of IR vibrational bands in the ground and
excited states will be helpful for analyzing the dynamics of many
photofunctional materials using ruthenium polypyridyl com-
plexes. We are currently pursuing these research endeavors.
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