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Pt-Pt stretching motion

ABSTRACT: Vibrational coherence in the metal—metal-to-
ligand-charge transfer (MMLCT) excited state of cyclometalated
platinum dimers with a pseudo C, symmetry was investigated
where two nearly degenerate transitions from the highest
occupied molecular orbital (metal-metal o* orbital) to higher
energy ligand 7* orbitals could be simultaneously induced. We
observed oscillatory features in femtosecond degenerate transient
absorption (TA) signals from complexes [(ppy)Pt(u-Bu,pz)],
(1) and anti-[(ppy)Pt(u-pyt)], (2), which are attributed to
coherent nuclear motions that modulate the HOMO (antibond-
ing 6*) energy level, and hence, the energy for the MMLCT
transition. The characteristics of such coherent nuclear motions,
such as the oscillatory frequency and the dephasing time, differ
between 1 and 2 and are explained by mainly two structural
factors that could influence the vibrational coherence: the Pt—Pt distance (2.97 A for 1 vs 2.85 A for 2) and molecular shape (1
in an “A” frame vs 2 in an “H” frame). Because the electronic coupling between the two Pt atoms determines the energy splitting
of the bonding ¢ and antibonding 6* orbital, the Pt—Pt stretching mode coupled to the MMLCT transition changes the inter Pt
distance from that of the ground state. Interestingly, while 1 shows a single Pt—Pt stretching frequency of 120 cm™ in the
MMLCT state, 2 exhibits multiple downshifted frequencies (80 and 105 cm™) in the MMLCT state along with a shorter
vibrational dephasing time than 1. Based on the ground state optimized structures and Raman calculations, the changes evident
in the vibrational wavepacket dynamics in 2 are closely correlated with the “H” framed geometry in 2 compared to the “A” frame
in 1, leading to the sharp increase in 7—7 interaction between ppy ligands. Although the TA experiments do not directly reveal
the ultrafast intersystem crossing (ISC) because of a strong coherent spike at early time scales, the dependence of the vibrational
wavepacket dynamics on molecular geometry can be understood based on previously proposed potential energy surfaces as a
function of Pt—Pt distance, suggesting that the interaction between the cyclometalating ligands can be a key factor in determining
the Pt—Pt shortening and the related energy relaxation dynamics in the Pt(II) dimers. Further experiments using femtosecond
broadband TA and X-ray scattering spectroscopy are planned to investigate directly the ISC and Pt—Pt contraction to support
the relationship between ground state molecular geometry and photoinduced structural changes in the Pt(I) dimers.

B INTRODUCTION
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covalently linked frame. In the past several years, Ma and

Luminescent platinum(II) complexes have generated research
interest for their application as phosphorescent materials in
organic light-emitting diodes (OLEDs) due to their high
quantum efficiency.'~* Mononuclear platinum complexes can
exhibit specific luminescence properties when they self-
assemble into arrays or supramolecular architectures, stemming
from 7—n stacking between aromatic ligands coordinated with
platinum.”~ However, these features are often difficult to
control with well-defined structures and to reproduce in
different environments (e.g., concentration, solvent, and
temperature). In comparison, dimeric Pt(II) complexes are
very attractive systems with well-defined Pt—Pt distances in a
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Thompson, Castellano et al., and later Ma and co-workers have
reported multiple series of cyclometalated platinum(II) dimer
complexes with pyrazolate (pz) bridges (such as [Pt(ppy)(u-
R,pz)], with R= H, CH;, phenyl, and t-butyl), which have
variable Pt—Pt distances controlled by the bulkiness of the
groups at the 3- and 5- positions of the pyrazolate bridge.'*~"*
Steric hindrance from the bulkier groups in the pyrazolate
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bridge can act as a tweezer, forcing shorter the P—Pt distances.
This effect results in significantly red-shifted absorption and
emission features compared to those of corresponding
monomeric Pt complexes.

Monomeric square planar Pt(I1) complexes typically exhibit a
mixture of ligand centered (LC) and metal-to-ligand charge
transfer (MLCT) transitions.” However, the nature of the
electronic transitions in dimeric Pt—Pt complexes depends on
the electronic coupling via the Pt—Pt interaction, which causes
energy splitting between the bonding ¢ and antibonding c*
molecular orbitals (MOs) formed by the two the two 5d
orbitals. In these dimer complexes, as the Pt—Pt distance
shortens, the 6—0™ energy split increases, causing the HOMO
energy to rise. The lowest energy transition in the dimers thus
switches from the LC/MLCT to the metal—metal-to-ligand
charge transfer (MMLCT) transitions, i.e,, 0*(Pt,) = 7*(ppy).
Such a MMLCT transition depletes an antibonding electron in
a 6*(Pt,) MO and hence increases the Pt—Pt bond order by
0.5, resulting in a contraction of the Pt—Pt bond. Similar Pt—Pt
shortenings have also been found in [Pt,(pop),]*~ (pop = u-
pyrophosphite-P,P’) complexes, and the shortening has been
observed by time-resolved X-ray diffraction,’® solution-state
scattering,'”'” and extended X-ray absorption fine structure
(EXAFS) spectroscopy.' '™

In several recent studies, molecular “butterfly” motions in
these pz bridged complexes have been suggested based on
direct structural measurements in solution X-ray scattering of
the MMLCT state”” and on a dual emission dependent on the
temperature and viscosity of the environment. These motions
originate from a thermalized excited state equilibrium between
two energy minima on the triplet excited-state potential energy
surface (PES), a LC/MLCT and a *MMLCT state.'""
Theoretical calculations also support this hypothesis.””**
However, these previous studies cannot unravel structural
dynamics along the excited state surface due to a lack of
experimental time resolution, although the relevant knowledge
of the relationship between molecular geometry and dynamics
is indispensable to understand the photophysical properties of
cyclometalated Pt(II) dimers.

Previously, coherent wavepacket motions were characterized
in the platinum diphosphate complex [Pt,(pop),]*~ by several
studies using pump—probe absorption/emission spectroscopy,
which showed a coherent Pt—Pt stretch vibration of increased
frequency on the singlet 'A,, (do* — po) excited state
compared to that of the ground state.'®'”**™*" Such an
observation is agreeable with Pt—Pt bond formation or
contraction in the excited state.”**’ Although [Pt,(pop),]*
shares similar structural distortion in the excited state with the

cyclometalated Pt(II) dimers, coherent nuclear dynamics are
expected to have a totally different origin because the MLCT
and MMLCT transitions are absent in [Pt,(pop),]*".

Because the lowest energy electronic transitions (LC/MLCT
or the MMLCT) in the Pt—Pt dimer are sensitive to the
electronic coupling between the two Pt centers as described
earlier, the vibrational motions that alter this distance could also
alter electronic coupling and electronic coherence as shown in
recent calculations” and hence the excited state pathways. In
order to reveal and prove the possibility of vibrationally
modulated electronic transitions and the influence of vibra-
tional coherence on excited state pathway, we will first detect
nuclear coherence in the excited state and their correlations
with molecular structural factors. Using femtosecond degener-
ate transient absorption spectroscopy, we report the results
from our investigation of the coherent vibrational wavepacket
dynamics in the MMLCT excited state of Pt(II) dimers and
their correlations with the key structural element, the ground
state Pt—Pt distance. Comparative studies of coherent nuclear
dynamics have been carried out for two cyclometalated Pt(1I)
dimers bridged by different ligands, [(ppy)Pt(u-Bu,pz)], (1)
and anti-[(ppy)Pt(u-pyt)], (pyt = pyridine-2-thiol) (2)
(Scheme 1). Based on the X-ray crystal structures, 2 shows
an “H”-frame dimeric structure in contrast to the “A”-frame
geometry of 1 owing to 4-bond-bridging ligands.”” Further-
more, pyt bridging ligand results in a shorter Pt—Pt distance in
the ground state despite the absence of bulky substituents such
as ‘Bu groups on the bridging ligands, resulting in 2.849 A for 2
compared to 2.97 A for 1.°”°° The observation of totally
distinct coherent wavepacket dynamics between 1 and 2
presented here provides crucial information about the
correlation between molecular geometry and energy relaxation
dynamics, supported by complementary quantum chemical
calculations, which successfully clarify the origin of coherent
nuclear dynamics.

B EXPERIMENTAL SECTION

Sample Preparation. Complex 1 was available from
previous studies.'"**?°7** Complex 2 was 9prepared as
previously described by Kato and co-workers” with a 'H
NMR spectrum and single crystal X-ray structure consistent
with the single isomer anti-configuration.

Steady-state Measurements. Steady-state absorption
spectra were measured with a Shimadzu UV-3600 UV—vis-
NIR spectrophotometer. Steady-state emission spectra were
collected with a Horiba Scientific model Fluorolog-3
spectrometer. Both measurements were carried out in 1 cm
optical glass cuvettes at room temperature.
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Figure 1. (a) Steady-state absorption (solid line) and emission spectra (dotted line) for 1 (black) and 2 (red) in THF at room temperature. The
spectral profile of the laser pulse is also pictured (orange). (b) Qualitative molecular orbital energy diagram.

Femtosecond Degenerate Transient Absorption
Measurement. Femtosecond degenerate transient absorption
(TA) experiments were performed using a diffractive optics-
based two-dimensional electronic spectroscopic setup. Briefly,
the 800 nm pulses of 35 fs duration generated from a 10 kHz
regenerative amplified Ti:sapphire laser (Solstice Ace, Spectra-
Physics) pumped a home-built visible noncollinear optical
parametric amplifier (vis-NOPA). The vis-NOPA output pulse
at 535 nm with an ~50 nm bandwidth was compressed by a
prism compressor and then split by a 50% beam splitter. The
compressed two beams were focused on a diffractive optic
(Holoeye) to generate four beams arranged in the BOXCARS
geometry, and four beams were then collimated using a 25 cm
curve mirror. For TA measurements, the two of four beams
were blocked, and the others were used for pump and probe
pulses. The pump and probe pulses were focused at the sample
position using a 25 cm concave mirror. The time delay between
pump and probe beams was varied using a computer controlled
motorized translation stage. For the TA spectra, the pump-on
and pump-oft spectra were obtained by a chopper operating at
200 Hz and detected with a spectrograph (Andor Shamrock)
and a CCD camera (Andor Newton). The time resolution of
the experiment was determined to be ~30 fs at the sample
position from the nonresonant transient grating measurement
of MeOH (Figure S1).

The polarization of the pump and probe beams was set by a
combination of a half-waveplate and polarizer inserted in both
optical paths. The polarization of pump beam in the magic-
angle TA experiment was set at 54.7° to the polarization of
probe beam in order to obtain polarization-independent TA
decay traces. The parallel (I;) and the perpendicular (I;) TA
signals were collected independently by changing the polar-
ization of the pump beam to vertical and to horizontal for the
polarization of probe beam, respectively. The pump power was
80 nJ at the sample position. All measurements were performed
on samples dissolved in degassed solvent (THF and toluene) in
2 mm quartz cuvettes. The concentration was adjusted so that
the absorption at the maximum peaks of MMLCT bands was
around 0.1.

Quantum Mechanical Calculations. Density functional
theory (DFT) calculations were performed using ADF
2016.103.°7%° For structure optimizations and Raman
calculations in the ground state, we used the PBE functional
with the zeroth order relativistic approximation (ZORA).**~**
A double-zeta polarized basis set (DZP) was used for light
atoms, while a triple-zeta basis (TZP) was used for platinum.
The platinum core was frozen up to the 4f orbitals.
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B RESULTS

Steady-state Spectroscopic Measurements. The
steady-state absorption and emission spectra of 1 and 2 in
THEF are presented in Figure la. Based on the previous studies
of 1, the lowest energy absorption band with features at 446,
475, and 495 nm (their fine assignments are unclear) is
assigned to the MMLCT transitions from the antibonding do*
(Pt—Pt) to the z* (ppy) orbital, and the higher energy
absorption band around a peak at 375 nm is attributed to LC/
MLCT transitions.'" The MMLCT band of 1 is drastically red-
shifted and intensified in comparison with those complexes of
the same molecular frame [(ppy)Pt(u-R-pz)], (where R = H,
CH,, and phenyl-) with less bulky R groups. The red-shift
results from the aforementioned “tweezer” effect, resulting in a
shorter Pt—Pt distance in the ground state and hence an
increased energy splitting of the ¢(Sd,?) and ¢*(5d;) MOs,
which pushes up the energy of the antibonding HOMO
dominated by ¢%(5d,?) character (Figure 1b). As the Pt—Pt
distance decreases, the lowest energy transitions transform from
localized LC/MLCT to MMLCT in nature as the 5d, orbital
overlap from two pseudosymmetric halves of the molecule
increases."’ Such a trend in the absorption/emission spectra
also implies that shortening the Pt—Pt distance does not affect
the 7* MO energy significantly when the ligands dominating
m* MOs are not in close contact as shown by our previous
calculations.” Note that 2 has the onset of the red-edge
MMLCT bands slightly red-shifted from that of 1.*” Taking the
Pt—Pt distance observed from the ground-state crystal structure
(2.97 A for 1 vs 2.849 A for 2) into account,””*’ it is clear that
the shorter Pt—Pt distance in 2 would further destabilize the
do* energy (Figure 1b). In the emission spectra, both
complexes exhibit a broad and featureless spectra with Stokes
shifts >4000 cm™’, which is attributed to the phosphorescence
from the *MMLCT state." ">’ Interestingly, the Stokes shift in 2
is slightly smaller than in 1, suggesting that the two complexes
likely undergo structural changes in their MMLCT excited state
with different amplitudes.

Coherent Vibrational Wavepacket Motion Detected
by Femtosecond Degenerate TA Measurements. To
investigate the excited state nuclear vibrational dynamics of 1
and 2, we performed ultrafast degenerate TA measurements. In
these measurements, the NOPA spectrum (i.e., 525—560 nm)
was set to induce the ground to the MMLCT state transition
and launch coherent vibrational motions in the MMLCT state.
The TA decay traces at the magic angle I(4, t) for both
complexes at different probe wavelengths A are shown in Figure
2. The I(4, t) traces for 1 exhibit weak positive signals until 2 ps
in the probe wavelength range, which is consistent with the TA
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Figure 2. (a) Contour map of degenerate TA data for 1 (top) and 2 (bottom). To show clearly the oscillatory features, the coherent spikes around
time zero are omitted. (b) Magic-angle TA kinetics traces at several probe wavelengths for 1 and 2.

spectra obtained earlier with longer pulses (ie., a IRF, ~200
fs).”> This previous work also suggested that ultrafast
intersystem crossing (ISC) forms the '"MMLCT to the initial
triplet intermediate state within the time resolution of the
instrument (i.e, 200 fs). Although the current TA measure-
ments with a ~30 fs IRF should be sufficient to observe the
initial signals reflecting the excited state dynamics, the detailed
spectral evolution in this ultrafast ISC time window is obscured
by a strong coherent spike and oscillatory features around the
delay time t & 0. Nevertheless, very strong oscillations beyond
the first 100 fs can be revealed up to 2 ps which are attributed
to the coherent nuclear motion generated by photoexcitation.

We also obtained magic-angle TA decay I(/, t) profiles for 2,
which show negative signals from A = 525 to 550 nm, while the
TA signals above 550 nm convert from negative to positive
(Figure 2). Particularly, considering the range above 550 nm is
the edge of the ground-state absorption, the observed kinetics
traces in those regions originate mainly from stimulated
emission (SE) or excited-sate absorption (ESA). To avoid the
contributions of the ground-state bleaching (GSB), the time
constants of nonoscillatory TA signals are examined at 560 nm
by fitting with two exponential functions in a time window from
200 fs to 2 ps. Obviously, the second time constant is too long
for the 2 ps experimental time window to obtain an accurate
value; hence, we fixed it to a ~500 ps equivalent of a constant
offset signal in the experimental data, which is justified
considering several hundreds of nanoseconds for the relaxation
processes in the triplet state. The fit shows a temporal behavior
of the signal with ~600 fs in 1 and ~350 fs in 2, respectively,
which are consistent with those in probe wavelength range
from 540 to 560 nm (Figure S2). This feature indicates the
excited-state dynamics in the early time window (<2 ps)
become shorter in going from 1 to 2, though the whole probe
range in the current TA is mixed by three signals: GSB, SE, and
ESA.

Notably, 2 exhibits the strong oscillatory features in the same
spectral range as 1 from the coherent nuclear wavepacket
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motions. Interestingly, the damping time of I(t) for 2 is shorter
than that of 1, similar to the trend in the triplet population
decay kinetics. Moreover, the I(t) oscillations of 1 and 2 differ
in shape at different probe wavelength, and those in 2 at longer
probe wavelength (>545 nm) clearly show evidence of more
than a single sinusoidal oscillatory signal, which implies that the
coherent vibrational wavepacket motions could arise from
multiple modes or the anharmonicity in the vibrational
potential energy. These vibrational wavepacket dynamics
features observed in 2 are closely related to its structural
factors including the Pt—Pt distance. Detailed and quantified
analysis of these coherent oscillatory features are described in
the next section.

The coherent vibrational motions in the entire probe
wavelength range at the magic angle I(4, t) differ from our
previous study of 1, which reported strong anticorrelated
oscillatory features in both the parallel I;(t) and perpendicular
I,(t) TA decay traces, while the magic-angle TA kinetics trace
I(t) reconstructed from the equation I(t) = [I;(t) + 2I,()]/3
had no oscillations.” In particular, anticorrelated oscillatory
features between and I(t) and I, (¢) signals were observed. In
addition, that study found that the initial anisotropy r(t = 0) =~
0.7 indicated a possible electronic coherence between the two
pseudo C,-symmetry related and superimposed MMLCT
transitions involving the 7z* orbitals from the two ppy ligands.
Subsequently, quantum mechanical calculations by Li and co-
workers demonstrated that the oscillations due to electronic
coherence would have a period of 10-20 fs, 10-fold smaller
than we observed.”® Based on this current study, we recognize
that the previously observed coherence most likely stems from
vibrational wavepacket motions of a Pt—Pt stretch vibrational
mode when comparing the results to ground state Raman
spectroscopy.31

Using much shorter laser pulses with a corresponding
broader excitation spectrum from the vis-NOPA, we performed
the TA measurement of 1 in toluene (Figure 3). Instead of
reconstructing the magic-angle TA trace from the equation I(t)
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Figure 3. Parallel, perpendicular, and magic-angle TA kinetics traces at
535 nm for 1 in toluene at room temperature.

= [I;(t) + 2I,(t)]/3, we directly measured I(t) signals that
exhibit oscillatory features. Notably, the lowest frequency
oscillation displayed in I(t) remains consistent with that of the
same magic-angle TA measurement in THF. Moreover, the
oscillations in I(t) and I, (t) signals are in phase at the lowest
frequency in the directly measured I(f). These results strongly
support that the oscillations observed in the TA measurements
of 1 are due to coherent vibrational wavepacket motions, rather
than electronic coherence. The TA signals in these complexes
are extremely weak with AOD (change in optical density) on
the order of 107, It was possible that the measurements of
I,(t) and I (t) in the previous study using the lock-in detection
made it difficult to obtain the absolute phases between the two
signals. Figure S3 shows that the oscillatory feature with the
lowest frequency has disappeared in the reconstructed TA
decay kinetics from the aforementioned equation when the sign
of the current Ij(t) is reversed while that of I;(t) remains
unchanged. This suggests the flipped sign of Ij(t) in the
previous TA anisotropy measurements results in no oscillation
in the reconstructed magic-angle TA data.

Characterization of Vibrational Wavepacket Motions.
The oscillatory components of the TA signals are extracted by
subtracting nonoscillatory exponential decay components from
the raw TA traces followed by Fourier transform. The Fourier
power spectra of 1 and 2 are depicted in Figures 4 and S4. The
Fourier power spectra of all complexes show a dominating peak
around 100 cm™’, independent of the solvents, while the
intense peaks at 913 cm™ in THF*’ and at 520, 786, and 1006
cm™" in toluene® are assigned as the solvent peaks. In order to
identify relevant vibrational modes and to rationalize the
experimentally observed results, we performed structural
optimization and a normal-mode analysis for the ground state
with DFT calculations, which provide information on the
origins of vibrational peaks in the Fourier power spectra in
terms of the normal modes as depicted in Figure 5. The
experimentally observed intense peaks at 120 cm™ in 1 and
105 cm™ in 2 (Figure 4) are, respectively, assigned to the Pt—
Pt stretching vibrational mode in the MMLCT state, which are
in the Raman frequency range for the Pt—Pt stretching normal
mode in the ground state (from powder spectra) and those
from the calculated frequencies (100 cm™ in 1 and 109 cm™ in
2). Thus, although the ground state Raman measurements of 1
and 2 are for the solid powder (Figure SS), the results support
the assignment of the vibrational wavepacket motions to the
Pt—Pt stretching vibration. Considering the significant Pt—Pt
distance shortening in the MMLCT state, the above assignment
is reasonable and suggestive of a strong coupling of the
MMLCT transition with the Pt—Pt stretch vibrational mode.
Such an assessment is also supported by the direct observation
of Pt—Pt contraction in the triplet *MMLCT in the previous
transient XAFS (X-ray absorption fine structure)/XANES (X-
ray absorption near edge structure) studies for 1.°>*

The coherent vibrational motions in the MMLCT state
revealed quantitatively by the Fourier power spectra of the two
complexes show distinctly different trends. The differences
include: (a) a frequency downshift of the main peak assigned to
the Pt—Pt stretching near 100 cm™' (compared to that of 1 at
120 cm™') and (b) the involvement of multiple modes. The
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Figure 4. (Left) Contour map of Fourier power spectra below 500 cm™ as a function of the probe wavelength range of 525—555 nm. (Right)
Fourier power spectra at specific probe wavelength of 530 and 555 nm. Vertical dashed line indicates the vibrational frequencies dominantly
observed in the vibrational wavepacket dynamics of complexes 1 (black) and 2 (red and blue), respectively.
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calculated normal modes of the ground state geometry show
the Pt—Pt stretching frequency increasing from 1 (100 cm™)
to 2 (109 cm™), which is consistent with the results in the
ground-state Raman measurements. Considering that the
optimized ground-state molecular structures show a shorter
Pt—Pt distance in 2 (2.872 A) than in 1 (2.934 A) as shown in
Figure 6a, which closely matches results from the crystal
structures, this feature follows the expected result where a
higher force constant corresponds to a shorter Pt—Pt distance.
However, the opposite occurs as the Pt—Pt stretching
frequency downshifts for 2 (105 cm™) compared to 1 (120
cm™") in the vibrational wavepacket motions derived from the
TA measurements. Moreover, the Fourier transform spectrum
of 2 reveals quantitatively that the change of shapes as a
function of the probe wavelength in the TA signals for 2 in
Figure 2 originates from a lower frequency mode at ~80 cm™,
which is largely absent in 1. Taking the negative amplitude TA
signals of 2 into account, one may consider the possibility of
this frequency from the ground state Pt—Pt stretching, but such
a rationale cannot explain why the amplitude of the higher
frequency mode (~120 cm™ in 1 and ~105 cm™ in 2)
gradually decreases as the probe wavelength becomes longer
and separates from the ground state bleaching, while the 80
cm™' component persists in 2 only. The ground-state Raman
measurement in 2 exhibits one peak at ~96 cm™' below the
Pt—Pt stretch vibration as shown in Figure SS, matching the
vibrational modes at 58 or 74 cm™" in the normal mode spectra,
which are related to cyclometalating (ppys) and the bridging
ligands (pyts), respectively (Figure S). This result suggests the
vibrational frequency at ~80 cm™' in 2 comes from the
vibrational motions localized on the ligands. In contrast, the
vibrational wavepacket motion in 1 shows only one vibrational
mode involving the Pt—Pt stretch, though two Raman peaks at
~72 and ~93 cm™" are observed in the ground-state Raman
measurement (Figure SS), relating to the ligand vibrational
modes at ~54 and ~87 cm™ in the normal modes spectrum
(Figure 5). Collectively, the vibrational wavepacket motions in
1 and 2 suggest that the photoexcitation of the MMLCT state
induces different structural changes in the excited state of 1 and
2.

For a quantitative measure of the lifetime in the wavepacket
motion, the oscillatory parts of the TA signals were each fit to a

cosine function for 1 and a superposition of two cosine
functions with different parameters (amplitudes, phases, and
periods) for 2, respectively, each superimposed with an
exponential decay function with the dephasing time of the
wavepacket motion (Figure 6b). The dephasing times for
coherent wavepacket motions are extracted from the fits in a
time window starting from ~350 fs to longer to avoid the
coherent artifact around time zero, resulting in the coherence
time of 705 + 56 fs for 1 and 340 =+ 40 fs for 2, respectively. It
is worth noticing that the wavepacket of 2 displays a dephasing
time two times faster than that of 1, which is consistent with
the temporal behavior of TA kinetic traces, showing also two
times faster decay traces in 2 (~350 fs) than 1 (~600 fs). Even
though it is unclear whether the coherent vibrational motions in
1 and 2 come from the same TA signal (SE or ESA) or not, this
feature shows the vibrational coherence time is closely related
to the energy relaxation dynamics, supporting strongly that the
vibrational wavepackets in 1 and 2 are generated in the excited
state.

B DISCUSSION

Correlation between Molecular Geometry and Vibra-
tional Wavepacket Motions. To explain the differences in
coherent vibrational motions between 1 and 2, the ground state
optimized structures of the two complexes are carefully
examined (Figure 6a). Because the MMLCT transitions are
dominated by the electronic transition from the Pt ¢* MO to
the ligand 7* MOs, the structural parameters involving these
two moieties in 1 and 2 are compared here. In addition to the
already discussed differences in the ground state Pt—Pt
distances, the other key structural difference is the shape of
the molecule, “A” for 1 and “H” for 2, due to the different
bridging groups connecting the two halves of the molecule,
resulting in very different distances between the two 7-
conjugated ligand planes. The center-to-center distance
between the two ppy ligands in 1 is 5.64 A, much longer
than the range for normal 7—z nonbonding interactions. In
contrast, the interligand distance in 2 is only 3.52 A, well within
the range of the z—z nonbonding interactions in many
conjugated organic materials.*' Therefore, the energy levels of
m*-dominating MOs in 2 could be simultaneously modulated
by the Pt—Pt stretching motions more than those in 1, resulting
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Figure 6. (a) Ball and stick representation of the optimized ground-state structure of 1 and 2. Arrows indicate the center-to-center distance between
ppy ligand planes. (b) Oscillatory components of 1 and 2 observed at 540 nm after subtraction of the solvent contribution, together with the fit to

exponentially damped cosine functions.

in stronger vibronic coupling of the ligand vibrational motions
with the electronic transitions in 2. Inspired by our previous
transient wide-angle X-ray scattering studies of 1 in solution, we
found that ligand plane twisting can also be involved in the
excited state molecular motions, and such a mode could have
its own characteristic frequency on the same order.”” In fact,
the calculated Raman mode at 58 cm™ in 2 shows an intense
transition with large-amplitude displacements in the distance
between the ppy planes (Figure 5). Moreover, the features are
consistent with a slight frequency downshift of the main peak
assigned to the Pt—Pt stretching going from 1 to 2. The Pt—Pt
stretch vibration in the Raman calculation in 1 and 2 shows that
Pt—Pt stretching motion also accompanies the ligand plane
bending to reduce the repulsion between them (Figure $).
Therefore, the shorter center-to-center distance between ppy
ligands in 2 may lead to the modulation of Pt—Pt stretching
frequency more than in 1.

The previous study by Ma et al. reported that the intensity
ratio between ‘LC/MLCT and *MMLCT states can be
controlled also by the bulkiness of the cyclometalating ligand,
which destabilizes the *MMLCT state while the *LC/MLCT
state remains unaffected.”* This work showed that the steric
interaction between cyclometalating ligands is another
important factor to be considered in the contraction of Pt—
Pt bond length in Pt(I) dimers. In this context, the different
vibrational wavepacket motions between 1 and 2 show how
m—rn interaction between the cyclometalating ligands impacts
on the Pt—Pt contraction in the excited state of the Pt(II)
dimer.

Vibrational Wavepacket Dynamics on Excited State
Potential Energy Surfaces. To understand the physical
meaning and implication of the observed coherent vibrational
wavepacket dynamics in 1 and 2, we turn to the previous PES
studies on similar Pt(II) dimers.”> The theoretical work
reported by Saito et al. demonstrated the coexistence of two
triplet states, T, and T}, when calculated as a function of Pt—
Pt distance. Saito et al. suggested that T}, the higher energy
state with a minimum at a longer Pt—Pt distance, is an initial
SLC/MLCT state since its longer bond length mimics that of
the ground state, while the T, state is the "MMLCT state with
the contraction discussed earlier. In our earlier calculations of

the PES as a function of the Pt—Pt distance for the derivatives
of 1,> we observed that, as the ground state Pt—Pt distance
becomes shorter, the energy barrier for the internal conversion
between the T, and T, states decreases and finally diminishes,
stabilizing the "MMLCT state at a shorter Pt—Pt distance than
that of the ground state as shown in Scheme 2. In each excited
state trajectory on the PES, the previous work revealed four
steps in the excited state energy cascade and relaxation
processes for 1 and three of its derivatives in the same “A”
frame structure but different Pt—Pt distances as the following:46
(1) ultrafast ISC from the '"MMLCT to the initial triplet Ty,
state within <200 fs (with IRF of ~200 fs), (2) the internal
conversion from the Ty, to the "MMLCT state (2.6 ps), (3)
vibrational cooling in *MMLCT state (73 ps), and (4) the
ground state recovery (0.9S us). Here, the T}, state plays a very
important role in the ultrafast ISC because the 'MMLCT state
becomes energetically closer to the Ty, state as the Pt—Pt
distance gets shorter in the ground state. In fact, various high z
transition metal complexes including monomeric Pt(1I)
diamine complexes have shown that the triplet state is fully
populated within 200 fs."*~* This phenomenon indicates that
the ISC rate is not just governed by spin—orbit coupling
strengths, but by the combination with other factors such as the
existence of close-lying singlet or triplet states.””** In addition,
ultrafast ISC leads to preservation of the coherent vibrational
wavepacket motion for some low vibrational modes even after
ISC. Such an unusual feature has been observed in ultrafast TA
studies of Cr(acac);"” [Fe(bpy);]*",** a ruthenium-based
supramolecular photocatalyst,”” and other diplatinum com-
plexes.”” In fact, the ISC process here “filters” out those
coherent wavepacket motions with much shorter period than
the ISC time. The preserved vibrational wavepacket motions
can also provide indirectly a time scale of the ISC process.

In addition, although the two calculations were not
performed at the same level of theory, another theoretical
work investigated the PES of 2, obtaining a similar shape and
Pt—Pt distance in the triplet PES with those of 1. Collectively,
the distinct differences in coherent wavepacket motions
between 1 and 2 can be understood in terms of such a triplet
excited-state PES as depicted in Scheme 2. As the Pt—Pt
distance in the ground state decreases from 1 to 2, the minima
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Scheme 2. Schematic Energy Relaxation Diagram of 1 and 2 with Potential Energy Surfaces in Terms of Pt—Pt Distance
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of the two triplet surfaces in 2 approach each other along the
reaction coordinate more than in 1. In this sense, the two PES
parabolas in 2 become nested more than those in 1, resulting in
a shorter time for the internal conversion in 2 along a cascade
pathway from T, to *MMLCT state. Therefore, if the
vibrational coherence comes from Ty, state by ultrafast ISC,
the difference in the shape of the PES between 1 and 2 results
in a shorter-lived vibrational coherence in 2 than in 1 as in
Figure 6b. This assumes that internal conversion from T, to
MMLCT accompanies the Pt—Pt distance shortening that
ultimately destroys the vibrational coherence. Furthermore, in
this mechanism, the observation of ligand vibrational modes in
2 suggests that Pt—Pt contraction during the internal
conversion is strongly correlated with the 7—n interaction
between ppy ligands.

Even though this study does not reveal directly the
occurrence of ultrafast ISC, we believe the dependence of
vibrational wavepacket dynamics on the molecular geometry
provides considerable credibility to the notion that the
interaction between cyclometalating ligands in Pt(II) dimers
is a very important factor in the Pt—Pt contraction as well as
the energy relaxation dynamics. In the future, ultrafast
broadband TA experiments will be performed to further
confirm the ultrafast ISC and the excited-state wavepacket
motion involving the molecular structural transformation.
Furthermore, a femtosecond X-ray scattering experiment will
be carried out soon to track the ultrafast excited state pathway
using the Pt—Pt distance evolution as a probe to map out the
excited state PES and excited state trajectory.

B CONCLUSION

In this work, we investigated the vibrational wavepacket
dynamics in cyclometalated Pt(I) dimers that have different
molecular geometries by using ultrafast degenerate TA
spectroscopy and theoretical calculations. Although the current
TA experiments did not reveal directly the ISC rate due to the
strong coherent spike and oscillations at short times, both
complexes 1 and 2 clearly showed very strong coherent
oscillations related to Pt—Pt stretching motion by photo-
excitation of the "MMLCT state. Interestingly, the vibrational
wavepacket in 2 exhibited multiple frequencies at 80 and 105
cm™, which are downshifted from the single frequency of 120
cm™ in 1. Based on the optimized ground state structure and
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the Raman calculations, the features are very closely correlated
with “H” framed geometry in 2 compared to the “A” frame in 1,
leading to the sharply increased 7—r interaction between ppy
ligands, resulting in strong vibronic coupling of ligand
vibrational modes with the MMLCT transitions as well as
modulation of the Pt—Pt stretching frequency. Furthermore,
the shorter coherence time in 2 indicates the triplet PES in 2
narrows relative to 1, which is consistent with the previously
proposed triplet PES model. Collectively, the finding herein
suggests that interaction between cyclometalating ligands may
be a key factor in determining the Pt—Pt contraction and the
related energy relaxation dynamics in the Pt(II) dimers. In
conclusion, this work demonstrates that the coherent vibra-
tional wavepacket provides new insight into the photoinduced
structural changes of diplatinum complexes, which is crucial for
development of the transition metal-based systems for OLED
technologies.
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