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Abstract

Ultrafast excited-state processes of transition metal complexes (TMCs) are governed by
complicated interplays between electronic and nuclear dynamics, which demand a detailed
understanding to achieve optimal functionalities of photoactive TMC-based materials for many
applications. In this work, we investigated a cyclometalated platinum(II) dimer known to undergo
a Pt-Pt bond contraction in metal-metal-to-ligand-charge-transfer (MMLCT) excited state using
femtosecond broadband transient absorption (fs-BBTA) spectroscopy in combination with
geometry optimization and normal mode calculations. Using sub-20 fs pump and broadband probe
pulses in fs-BBTA spectroscopy, we are able to correlate coherent vibrational wavepacket (CVWP)
evolution with stimulated emission (SE) dynamics of the 'IMMLCT state. The results demonstrated
that the 145 cm™! CVWP motions with the damping times of ~ 0.9 ps and ~ 2 ps originate from
coherent Pt-Pt stretching vibrations in the singlet and triplet MMLCT states, respectively. On the
basis of excited-state potential energy surface calculations in our previous work, we rationalized
that the CVWP transfer from Franck-Condon (FC) state to the ’MMLCT state was mediated by a
triplet ligand-centered (°LC) intermediate state through two step intersystem crossing (ISC) on a
time scale shorter than a period of the Pt-Pt stretching wavepacket motions. Moreover, it was found
that the CVWP motion with 110 cm™! frequency decays with the damping time of ~ 0.2 ps, well
matching the time constant of 0.253 ps corresponding to a redshift in the SE feature at early time.
This observation indicates that the Pt-Pt bond contraction changes the stretching frequency from
110 to 145 cm! and stabilize the '"MMLCT state relative to the 3LC state with the ~ 0.2 ps time
scale. Thus, the ultrafast ISC from the !MMLCT to the 3LC states occurs before the Pt-Pt bond
shortening. The findings herein provide insight into understanding the impact of Pt-Pt bond
contraction on ultrafast branching of the !MMLCT population into the direct ((MMLCT —
SMMLCT) and indirect ISC pathways ('MMLCT — 3LC — 3SMMLCT) in the Pt(I) dimer. These
results revealed intricate excited state electronic and nuclear motions that could steer the reaction

pathways with levels of details that have not achieved before.
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Introduction

Transition metal complexes (TMCs) have received tremendous attentions in solar energy
conversion, photocatalysis and optoelectronics due to their versatile photochemical properties
enabling a variety of functions as electron donor/acceptor, photoluminescence emitters, and
redox/catalytic ~ centers.!* Recent advances in femtosecond optical and X-ray
spectroscopy/scattering have brought new insight into electronic and nuclear dynamics of excited-
state TMCs in ultrafast time regime.>'® The studies have shown that electronic transition induced
by light and nuclear motions may occur on similar time scales along the excited state trajectories.
The observations indicate that the nuclear and electronic coordinates are coupled, and the excited
state trajectories could go across multiple potential energy surfaces (PESs) before relaxation to
vibrational equilibrium. Therefore, a precise understanding of the interplay between nuclear and
electronic degrees of freedom in ultrafast regime is particularly crucial in the development of

advanced TMC-based materials for aforementioned applications.

Cyclometalated platinum(Il) dimer complexes offer an ideal platform to investigate the
interplay of electronic and nuclear dynamics in TMCs, because they display distinct structural
changes in the excited-state upon the electronic transitions, and their structural dynamics have

been linked to their emission properties as phosphorescence emitters in organic light-emitting

diodes (OLEDs).% 17 Previous experimental and theoretical studies on these systems have revealed
strong structural dependent photophysical properties, which enable tunability in their
absorption/emission properties via chemical synthesis such as changing the Pt-Pt bond distance.
As the Pt-Pt distance decreases, the interaction between the 5d,2 orbitals of the two Pt(II) atoms
becomes stronger, and the energy splitting between the Pt — Pt 6 bonding and ¢* antibonding
molecular orbitals (MOs) increases as shown in Figure 1a. Since the close Pt-Pt distance can raise
the energy of the o* antibonding MO higher than other d orbitals, the lowest electronic transition
transforms from a localized ligand-centered (LC) and/or a metal-to-ligand-charge transfer (MLCT)

in one half of the molecule with a pseudo two-fold symmetry to a delocalized metal-metal-to-
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ligand-charge transfer (MMLCT).!823 This transformation from the LC/MLCT to the MMLCT
transitions results in a concomitant redshift in absorption and phosphorescence spectra. Moreover,
the MMLCT excitation moves an electron from the ¢ antibonding MO to the n* MO of
cyclometalating ligands, thereby increasing the Pt—Pt bond order by ~ 0.5 due to the removal of
the antibonding electron, and resulting in a significant Pt—Pt bond contraction in the excited-state.
Indeed, the photoinduced Pt-Pt bond shrinkage has been observed in the triplet MMLCT state

through X-ray transient absorption and scattering experiments.?* 23

Although the Pt-Pt bond contraction has been known as the primary structural change in
the MMLCT excited-state of the Pt(Il) dimers, a question remains on how the Pt-Pt bond
shortening directly affect the excited-state processes including intersystem crossing (ISC) to the
SMMLCT state. To address the question, our previous works utilized optical transient absorption
spectroscopy equipped with ~ 35 fs pump pulse to create coherent vibrational wavepacket (CVWP)
motions and track their evolution along the excited-state trajectories. Upon the photoexcitation of
'MMLCT state, we have observed a strong beating signal corresponding to Pt-Pt stretching CVWP
motions in pyrazolate-, 2-thiolpyridyl- and 2-hydroxypyridyl-bridged Pt(IT) dimers.!3 26, 27
Furthermore, a comparative study on the Pt-Pt stretching CVWP dynamics have been conducted
in a series of structurally related 2-hydroxypyridyl-bridged Pt(II) dimer. We found that the Pt-Pt
stretching CVWP generated in Franck-Condon (FC) region can be sustained during the ISC by
adding phenyl substituents on the bridging ligands. With the help of quantum mechanical
calculations of excited-state PESs, it was shown that the interaction between the phenyl rings and
Pt(IT) atoms stabilizes the energy of 'MMLCT state relative to a *LC state and thus locates the 3LC
states in the vicinity of FC state. Thus, ultrafast ISC can take place from the 'MMLCT to the 3LC
intermediate state followed by subsequent internal conversion (IC) to the "MMLCT state. However,
determining the population decays of the IMMCLT state and corresponding CVWP dynamics was
difficult in the previous study, largely due to the lack of stimulated emission (SE) features in the
probe spectrum (520 — 700 nm) used in the TA measurements. Hence, it is still unclear how the
photoinduced Pt-Pt contraction modulates the energy of !MMLCT state relative to the *LC state
beyond the FC region and then affect the ultrafast ISC pathway.
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Using femtosecond broadband transient absorption spectroscopy (fs-BBTA), the work
presented herein investigated the CVWP dynamics during the ISC processes in one of 2-
hydroxypyridyl-bridged Pt(II) dimers that showed the long-lived vibrational coherence in our
previous study (inset in Figure 1b). The broadband probe spectrum covering the range of 520 —
850 nm enabled us to clearly identify the SE dynamics and relevant CVWP motions appearing in
600 - 850 nm. Also, sub-20 fs pump pulses enhance the amplitude of CVWP motions associated
with the photoinduced structural changes including the Pt-Pt contraction as compared to the
previous measurements as the synchronization of the CVWP motion improves. By correlating the
temporal evolution of SE and CVWP signals, we demonstrate two intriguing facts of ISC processes
in the Pt(II) dimer; 1) the initially populated MMLCT state branches into the direct ({MMLCT —
SMMLCT) and indirect ISC path ('MMLCT — 3LC — *MMLCT) and 2) the ultrafast branching
occurs before completing the Pt-Pt bond contraction on the ~ 0.2 ps time scale. Therefore, the
photoinduced Pt-Pt contraction is a key structural factor to determine the ultrafast ISC and the

CVWP transfer in the vicinity of the FC region.

Experimental Section

Sample Preparation. The Pt(II) dimer was synthesized and structurally characterized as described

in our previous publication.?®

Steady-State Measurements. Steady-state absorption and emission spectra were measured by
Shimadzu UV-3600 UV-Vis-NIR spectrophotometer and Horiba Scientific model Fluorolog-3
spectrometer, respectively. Both measurements were performed in 1 cm pathlength quartz cuvettes

in THF at room temperature.

Femtosecond Broadband Transient Absorption Spectroscopy. For the fs-BBTA measurements,
a Yb:KGW regenerative amplifier (Light Conversion, Pharos-10W) was used to generate 1030 nm
fundamental pulses at 10 kHz repetition rate with a pulse width of 160 fs. The fundamental beam
was split into two pulses using 90/10 beam splitter for generation of a visible pump and a
broadband probe pulse. The former is accomplished by a home-built noncollinear optical
parametric amplifier (NOPA) for the pump pulses centered at 540 nm with 60 nm bandwidth.®
The pump pulses were compressed with a chirped mirror pair (Laser Quantum, DCM-12) and a

fused silica wedge pair (Newport) to 17.5 fs full width at half maximum (FWHM) at the sample
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position, which was characterized by a second-harmonic generation frequency-resolved optical
gating (SHG-FROG) with a 5 um thick Beta Barium Borate (BBO) crystal (United Crystals Inc.)
(Figure S1). For broadband probe, the low-power beams were focused on a 3 mm thick YAG
window (EKSMA) by a 10 cm plano-convex lens to generate white light continuum (WLC)
covering 520 — 850 nm range. The WLC was subsequently compressed by a chirped mirror pair
(Laser Quantum, DCM-9). The pump and probe beams were focused on the sample contained in
a 1 mm pathlength quartz cuvette using a 25 cm concave mirror. The optical time delay between
pump and probe pulses was controlled by a motorized linear stage (Newport, XMS160-S). To
measure the TA spectra, the “pump-on” and “pump-off” probe spectra were obtained by a chopper
operating at 500 Hz and detected with a spectrometer (Andor, Kymera 328i) and a sSCMOS camera
(Andor, Zyla-5.5). The TA measurements were carried out with the pump polarization in a magic

angle (54.7°) with respect to the probe polarization to prevent polarization-dependent signals.

Quantum Mechanical Calculations. All calculations were performed at University of
Washington using GAUSSIAN16.3° The 6-31g(d) basis set was employed for all light atoms, while
the LanL2DZ effective core potential and associated basis set?! was used for Pt atoms. Density
functional calculations were performed with the ®B97X-D functional.3> This functional was
chosen because it is range-separated, to better describe charge-transfer excited states,? and it
contains dispersion corrections, necessary to capture m-m interactions.>?> Excited states were
evaluated using time-dependent density functional theory (TD-DFT). Energetic minima found by
ground- and excited-state geometry optimizations were confirmed by normal mode calculations at

the same level of theory.

Results and Discussion

Excited-State Dynamics. The steady-state absorption and emission spectra of Pt(Il) dimer are
depicted in Figure 1b. In the previous report by Chakraborty et al., three electronic transition bands
were confirmed by TD-DFT calculations: 1) 'LC band below 350 nm, 2) a mixture of 'LC and
'MLCT bands in 350 — 450 nm range and 3) 'MMLCT bands above 450 nm.?® This work also
assigned the broad emission spectrum around 780 nm to the *MMLCT band.
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We performed the fs-BBTA measurements to identify the excited-state dynamics
associated with the ISC from the singlet to the triplet MMLCT state upon the photoexcitation in
the 500 — 590 nm pump spectral range (Figure 1¢). To get details of the excited-state dynamics for
the Pt(I1) dimer, the global kinetic analysis was carried out on the BBTA data scanned up to 150
ps using Glotaran program?* as given in Figure 1d. The best fits to the TA kinetics have four time
constants of 0.253, 1.25, 4.18 and 90.3 ps and a constant offset originating from the 55.9 ns decay
of the SMMLCT state.”® The evolution-associated difference spectra (EADS) for the time
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Figure 1. (a) Molecular orbital energy scheme for Pt(II) dimer, illustrating the interaction between
the 5d,2 orbitals of Pt(Il) atoms and its impact on the transformation of lowest electronic transition
from LC/MLCT to MMLCT. (b) steady-state absorption (black) and emission spectra (red) for
Pt(II) dimer in THF and the pump pulse spectrum (blue) used in the fs-BBTA. The inset shows
schematic molecular structure of Pt(Il) dimer. (c) the fs-BBTA data map (top) and the kinetic
traces (bottom) at 650 and 820 nm probe wavelengths. The inset exhibits the TA kinetic traces up
to 150 ps delay at the same probe wavelengths. (d) Evolution-associated difference spectra
(EADS) obtained by the global kinetic analysis of fs-BBTA data scanned with time delays of 150
ps. The red dotted arrows highlight the decay dynamics of SE signal.

component of 0.253 ps clearly shows the stimulated emission (SE) feature emerging between the
edge of the '"MMLCT absorption (~ 600 nm) and the peak of the "MMLCT emission (770 nm).
When converted to the 1.25 ps EADS, the SE signal decays with a redshift to ~725 nm and a
concomitant growth of ESA signal around 625 nm. Then, the SE feature is completely quenched
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in the 4.18 ps EADS, leading to the further growth of the excited-state absorption (ESA) signals
in 625 — 850 nm. Finally, the 4.18 and 90.3 ps EADSs display the rise of ESA features around 825
nm. Although the 'MMLCT fluorescence was not detected in the steady-state measurement, the
SE kinetics can be reasonably connected to the quenching dynamics of the initially populated
IMMLCT state. In particular, since the SE decay dynamics does not accompany with the recovery
of ground-state absorption (GSB) signal around 550 nm and the decay of ESA signal, we
determined the ISC rates from the singlet to triplet MMLCT state to be 1.25 ps. The origin of the
SE dynamics on 0.253 ps time scale will be discussed later. Based on the previous TA study of
pyrazolate-bridged Pt(II) dimers,>} the slower two components, 4.18 and 90.3 ps, are herein
assigned to intramolecular vibrational redistributions (IVR) and vibrational cooling occurring in

the SMMLCT manifold.

Coherent Vibrational Wavepacket Dynamics. The ultrashort pump pulse (17.5 fs) used in the
fs-BBTA measurement launched CVWPs modulating the BBTA signals as a function of the pump
— probe delay shown in Figure 1c. To identify the frequencies associated with the CVWP motions,
we performed fast Fourier transformation (FFT) on the oscillatory residuals extracted from the
global kinetic analysis of the BBTA data. In Figure 2a, wavelength-resolved FFT power map
obtained by the FFT of the oscillations in the delay time window of 0.1-2.5 ps show a dominating
peak at 145 cm!, centered around 580, 700 and 840 nm. The broadband probe enabled us to
measure newly the 145 cm! CVWP motions around 840 nm in comparison to our previous study
in which this probe wavelength was inaccessible.?’” Three minor peaks were also observed at 110,
228 and 292 cm! except the 914 cm™! Raman mode of THF solvent.?> The FFT map displays a
decrease of amplitude at ~ 650 and ~ 750 nm, indicating a © phase change, the so-called “node”,
in the 145 cm! CVWP motions. As shown in Figure 2b, wavelength-resolved residual map clearly
shows the spectral positions of the nodes and their temporal evolution along the probe wavelength.
For the node at ~ 650 nm in the FFT map, it appears at 600 nm from ~ 0.3 ps and then moves to
650 nm. Similarly, the other node transforms from 675 nm to 770 nm. The CVWP motions created
in the PES show the phase shift of the oscillations at the minimum of the PES, resulting in the
zero-amplitude node as shown in Figure 2.3%-3% Therefore, the spectral position of the node can be
a strong evidence for the origin of the CVWP; the ground-state wavepacket produces the node
around the absorption (GSB) maximum, while the node of the excited-state wavepacket arises near

the fluorescence (SE) or ESA maximum.3° The two nodes observed in the 145 cm™! CVWP motions

9
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Figure 2. (a) Wavelength-resolved FFT power map (top) and FFT spectra (bottom) at 580, 700
and 840 nm. The FFT was performed on the oscillations in 0.1 — 2.5 ps window along the probe
wavelength. The oscillatory residuals in 0 — 0.1 ps window were truncated to avoid the contribution
of cross-phase modulation to the FFT. The red dotted lines in the FFT map indicate the node
positions that the  phase jump occur. (b) wavelength-resolved residual map (top) and oscillatory
signals at 580, 700 and 840 nm. The dotted arrows highlight the node shift along the time delay.

emerge beyond the ground-state absorption region (500 — 600 nm, Figure 1b). Thus, the 145 cm’!
CVWP motions are expected to be the excited-state wavepackets. In particular, the node shift from

675 to 770 nm shown in the residual map occurs near the SE maxima of the 0.253 and 1.25 ps
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Figure 3. (a) Wavelength-resolved FFT power map obtained by the FFT on the oscillations in the
time window of 2.5 — 5ps. The red dotted line indicates the spectral position of the node. (b) the
oscillatory residuals (black) with the fit to exponentially damped sine functions (red) at 580, 700,
750 and 840 nm. (c) Zoom in the FFT power map of the oscillations in 0.1 — 2.5 ps window to
clearly show the amplitude distribution of 110, 228 and 292 cm'! frequencies.

EADS (Figure 1d), indicating that the 145 cm™' CVWP motions generating the node at ~ 750 nm
in the FFT map originate from the '"MMLCT state.

The oscillatory residuals in the time window of 2.5 — 5 ps was FFT-analyzed separately in
order to investigate the spectral positions of the two nodes beyond 2.5 ps delay (Figure 3a). In
comparison with the wavelength-resolved FFT map in 0.1 — 2.5 ps window (Figure 2b), the FFT
map in 2.5 — 5 ps window clearly shows an absence of the node around 750 nm, while the node
around 650 nm is slightly redshifted to ~ 675 nm and preserved over 2.5 ps. The damping times of
the oscillations near 580, 700, 750 and 840 nm were fitted to a combination of sines multiplied by
exponential functions (Figure 3b). The results are summarized in Table 1. The 145 cm™! CVWPs

detected around 580 and 750 nm show a very long dephasing time of ~ 2 ps, while the one around
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Table 1. Dephasing Times of Oscillations at 580, 700, 750 and 840 nm

Parameter 580 nm 700 nm 750 nm 840 nm

0.23 +0.01 ps

1 + +
n(45em?)  235+0.18ps  0.95£004ps g og

0.78 £0.02 ps

1,(228 cm™) 0.58 £0.30 ps 0.63 £0.14 ps 0.75£0.10 ps -

13(292 cm™) - 0.44 £ 0.05 ps 0.68 = 0.08 ps -

74 (110 cm™) 0.24 £ 0.02 ps 0.16 £0.01 ps - -

700 and 840 nm exhibits the damping time of ~ 0.9 ps. This fit explains that the beating node near
750 nm vanishes twice as fast as the other observed around 650 nm. Therefore, the temporal change
of FFT map for the 145 cm™' CVWPs suggests the two nodes near 650 nm and 750 nm correspond
to the different excited-states, respectively. As was already mentioned, the node shift from 675 to
770 nm well matches to the redshift of SE signals (Figure 1d). Also, the damping times of ~ 0.9
ps indicates the 145 cm™' CVWP motions at 700 and 840 nm decay within the ISC rate of 1.25 ps.
Both findings justify that the node at ~ 750 nm stems from the 'MMLCT state. Contrarily, the
node at ~ 650 nm persists over the ISC rate. Furthermore, the node shift from 650 to 675 nm seems
to be largely due to the growth of ESA feature induced by the quenching of SE signals as shown
in the transition from 1.25 ps to 4.18 ps EADSs (Figure 1d). Thus, the 145 cm™' CVWP motions
generating the node around 650 nm can be reasonably assigned to the nuclear motions populated

in the SMMLCT state.

The lower frequency mode, 110 cm! CVWP, has been observed for the same Pt(II) dimer
in our previous work.?” The other ultrafast TA studies have shown also the similar frequency in
the pyrazolate- and 2-thiolpyridyl-bridged Pt(Il) dimers equipped with the same cyclometalating
ligands.?% 40 Since the lower frequency oscillation had a strong amplitude mainly near the ground-
state absorption region, the previous studies reported that its origin is the ground-state wavepacket.
Although the current fs-BBTA measurement also showed the similar trend, the damping time of
this oscillation suggests a possibility of the excited-state wavepacket. In general, the ground-state
CVWP has long-lived coherence lifetime compared to the excited-state CVWP, because the

ground-state wavepacket do not undergo electronic transitions, vibrational relaxations, solvent-

12
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related reorganization and photoinduced structural changes, strongly affecting the vibrational
dephasing. Very surprisingly, the 110 cm™! oscillation at 580 nm for the Pt(II) dimer decays 5- 10
times faster than the 145 cm! excited-state CVWP. The damping time of 0.24 ps is in good
agreement with the 0.253 ps time scale corresponding to the redshift of the SE features. Moreover,
the current fs-BBTA clearly unraveled that the CVWP motions near 700 nm contain the 110 cm’!
vibration as shown in Figure 3a and the oscillatory fit showed the damping time of 0.16 ps,

supporting the 110 cm™! CVWP is highly possibly the excited-state wavepacket.

The 228 and 292 cm™! frequency vibrations are observed beyond the ground state absorption region
(Figure 3c). Also, the oscillatory fit results show their damping times are 0.6 — 0.8 ps. Although it
is hard to determine the spectral position of the node for these vibrations in the FFT map due to
the weak amplitudes, their vibrational dephasings exhibit similar time scales to the damping time
of 145 cm! CVWP at 700 and 840 nm, suggesting that these nuclear motions originate from the
'MMLCT state and depahse during the ISC with the rate of 1.25 ps.

Nuclear Motions Associated with Photoinduced Structural Changes. To assess the correlation
between the photoinduced nuclear reorganization and the observed CVWP dynamics, the structure
optimization and the normal mode calculations were performed as pictured in Figure 4. The
optimized molecular geometries of the 'MMLCT and *MMLCT states show significant changes
from the one of the ground-state in terms of Pt-Pt bond distance and dihedral angle of two planes
of cyclometalating ligands: 1) the Pt-Pt bond is shortened from 2.94 A in the ground-state to 2.70
A and 2.69 A in the singlet and triplet MMLCT states, 2) the distance between the ligand planes
is decreased from 3.47 A in the ground-state to 3.20 A and 3.22 A in the singlet and triplet MMLCT
states, 3) the twisting angle is reduced from 15.06° in the ground-state to 11.01° and 11.31° in the
singlet and triplet MMLCT states. In particular, the bond contraction in the MMLCT states has
been directly observed by the X-ray transient absorption and scattering measurements of the

structurally related pyrazole-bridged Pt(I) dimers.?% 2% 4!

In Figure 4b, the normal mode calculations of the ground-state showed the Pt-Pt stretching
vibration at 114.7 cm’! frequency. For the '"MMLCT and MMLCT states, the Pt-Pt stretching
vibrations were also found at 149.7 and 145.5 cm™! frequencies in the computations. The Pt-Pt
stretching frequency is upshifted in the excited MMLCT states because the Pt-Pt bond order

increases by 0.5 due to the lack of one electron in the antibonding do™ orbital. The calculated Pt-

13
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Figure 4. (a) Optimized molecular structures for ground-, 'MMCLT and *MMLCT states. The
red dotted arrows highlight the decrease in the twisting angle between the ppy ligand planes. (b)
calculated normal modes for ground-, 'MMCLT and SMMLCT states.

Pt stretching vibrational frequencies well match the observed 110 and 145 cm™! CVWPs. The other

normal modes around 228 and 292 cm! in the excited MMLCT states involved the interligand
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vibrations oscillating parallel and perpendicular to the Pt-Pt bond axis. Therefore, as the above
nuclear motions modulate the Pt-Pt distance and the distance and twisting angle between the two

ligands, they can be assigned to the MMLCT active modes.

Intersystem Crossing Pathways. As depicted in Figure 5, excited-state PES calculations along
the axis of Pt-Pt bond distance in our previous work proposed that the coherent Pt-Pt stretching
motions can be populated in the SMMLCT state through an ultrafast ISC pathway mediated by an
intermediate *LC state lying closely to the 'MMLCT state.?” The PES calculations further showed
a curve crossing between the !MMLCT and the *LC states occurring in the vicinity of FC region,
implying the presence of conical intersection. In the present work, the analyses of excited-state
and CVWP dynamics and the normal mode calculations confirm that the short- and long-lived 145
cm’! CVWPs are the coherent Pt-Pt stretching nuclear motions generated in the '"MMLCT and
SMMLCT states, respectively. This is consistent with our previous TA results of the same
compound. However, the present BBTA measurement clearly unveiled the SE kinetics
corresponding to the population dynamics of 'MMLCT state. This observation demonstrates that
the Pt-Pt stretching vibration in the 'MMLCT state decay largely due to the ISC to the "MMLCT
state. Furthermore, since the decay (1.25 ps) and damping time (~ 0.9 ps) of SE and CVWP signals
are much longer than the period of 145 cm™! oscillation (230 fs), the direct ISC pathway (‘(MMLCT
— 3MMLCT) is impossible to transfer the coherent Pt-Pt stretching motion to the SMMLCT state.
Therefore, the Pt-Pt stretching CVWP motions in the SMMLCT state is a strong indication that a
fraction of the 'MMLCT population branches into the MMLCT state as fast as the period of

coherent Pt-Pt stretching motion with the 145 cm™! frequency.

Along this line, the 110 cm! CVWP with the damping time of ~0.2 ps captured in the
present study can be strong evidence for the Pt-Pt stretching CVWP transfer occurring near the FC
state. Considering the molecular orbital energy level for the Pt(Il) dimer (Figure 1a), the Pt-Pt
bond shrinking can regulate the dc” orbital energy (Figure 1a) and thus alter the MMLCT transition
energy through the changes in this nuclear coordinate. As was already mentioned, if the 110 cm’!
CVWP is the excited-state wavepacket, its fast damping time of ~ 0.2 ps is largely due to the Pt-
Pt contraction converting the Pt-Pt stretching frequency from 110 to 145 cm!. It should be noted
that the TA kinetics analysis showed a decrease in the 'IMMLCT transition energy with a redshift
of the SE feature on the similar time scale of 0.253 ps (Figure 1d). Since the energy of 3LC state

15



Faraday Discussions

3LC
TMMLCT

SMMLCT

Energy

TMMLCT
Excitation G S

2.7 29 Pt—Pt Distance (A)

Figure 5. Schematic illustration of the excited-state PESs. The initial population of 'MMLCT
state branches into two ISC pathways: the direct ('MMLCT — *MMLCT, blue dotted arrow) and
indirect ISC path (MMLCT — *LC — 3MMLCT, red dotted arrow).

is expected to be unaffected from the Pt-Pt shortening, this suggests that the Pt-Pt contraction
triggered by the IMMLCT excitation moves the 'MMLCT population away from the FC state and
the 3LC state in the early time. Therefore, it can be concluded that the ultrafast ISC and the Pt-Pt
stretching CVWP transfer to the 3LC state have to occur within ~ 0.2 ps before completing the
Pt-Pt contraction. Although the 17.5 fs pump pulse can induce instantly the shortening of the Pt-
Pt bond, the close contact between the ligands (< 3.5 A) seems to slow down the bond contraction
through the interligand structural reorganization such as the changes of distance and twisting angle

between the ligand planes (Figure 4b).

Our findings shed new light on the ISC dynamics in similar bimetallic Pt(Il) dimers.
Recently, Mewes et al. have reported the coherent Pt-Pt stretching motions during the ISC in a
pyrazolate-bridged Pt(IT) dimer.*® Interestingly, this complex has not shown the CVWP transfer to
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the SMMLCT state, although the excited-state PES calculations predicted the presence of high-
lying triplet state adjacent to the FC state. Furthermore, in our previous report, the CVWP transfer
has not been observed in a Pt(II) dimer derivative with methyl substituents on the same bridging
ligands of the present Pt(II) dimer.?” For the Pt(IT) dimer in the present study, notable structural
difference from the methyl substituted Pt(II) dimer is the phenyl substituents on the bridging
ligands. Even though these Pt(II) dimers have similar Pt-Pt bond length in the ground- and the
excited MMLCT states, the molecular orbital calculations showed interaction between the rings
and Pt(I) atoms destabilized the do” orbital, thereby lowering the 'MMLCT state relative to the
3LC state and then decreasing the energy gap between the FC and the 3LC states more than the
ones of the methyl substituted Pt(Il) dimer. Therefore, close proximity in the energy between the

FC and 3LC states is a requirement for the ultrafast ISC and the transfer of Pt-Pt stretching CVWPs.

The TA kinetic analysis for the Pt(II) dimer is impossible to identify the transient features
of the 3LC state due to overlapping with the broad SE and ESA of MMLCT states. Hence, the
exact time scale of the ISC pathway via the intermediate state is unknown in this work. Also, it is
unclear that the Pt-Pt stretching vibrational coordinate is still the reaction coordinate for the
subsequent internal conversion (IC) process from the ’LC to the SMMLCT states. In the future, to
prove the involvement of intermediate state and the nuclear dynamics during the IC, time-resolved
impulsive stimulated Raman spectroscopy will be done to track the CVWP motions from the FC

to the intermediate and then the final SMMLCT states.

Conclusion

In this work, we investigated the ISC processes from the singlet to triplet MMLCT state
using the fs-BBTA spectroscopy. The ultrashort pump pulse allowed us to capture the CVWP
motions associated with the photoinduced structural changes upon the 'MMLCT excitation. The
broadband probe spanning to 850 nm fully unraveled the SE spectral features corresponding to the
IMMLCT state, which was unclear in our previous work.?” With the aid of normal mode
calculation, correlating the temporal behavior between the SE signals and the beating nodes
confirmed that the short- and long-lived coherent Pt-Pt stretching vibrations with 145 cm’!
frequency originate from the 'MMLCT and the MMLCT states, respectively. This observation is
strong indicative of ultrafast branching of the initially populated !MMLCT into the direct
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('MMLCT — 3MMLCT) and indirect ISC pathways (MMLCT — 3LC — SMMLCT), proposed
in our previous work. Furthermore, the ~ 0.2 ps vibrational dephasing of 110 cm™' mode clearly
resolved in the present study suggested that the branching dynamics occurs before the Pt-Pt bond
contraction in order to transfer a fraction of Pt-Pt stretching CVWPs from the FC to the 3LC states.
This also implies that the Pt-Pt stretching motion is the key vibration for the ultrafast ISC from the
IMMLCT to 3LC states. In conclusion, comprehensive interrogation of vibrational wavepacket
dynamics provides new insight into the impact of the photoinduced Pt-Pt contraction on the ISC
processes in the Pt(II) dimer. We believe that the methodology used to evaluate the vibrational
wavepacket evolution in our study can contribute to a better understanding of ultrafast excited-

state and structural dynamics for other TMCs.
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