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Abstract

Bimetallic transition metal complexes have gained increasing attention because of their
versatile functions in solar energy conversion and photonics applications arising from inter-
metal electronic coupling. In bimetallic platinum (Pt) complexes, electronic communication
between the Pt-centered and ligand-centered moieties have been shown to be critical for
defining their excited-state dynamic trajectories undergoing either localized ligand centered
(LC)/metal-to-ligand-charge-transfer (MLCT) transitions or delocalized metal-metal-to-
ligand-charge-transfer (MMLCT) transitions. The branching of the excited-state intersystem
crossing (ISC) trajectories are modulated through structural factors that alter the relative
energies of the different states. In this study, we investigated the correlation of the structural
factors influencing the excited state trajectories. Using femtosecond broadband transient
absorption (fs-BBTA) spectroscopy, ultrafast dynamics in the excited state of two select Pt(I)
dimers have been mapped out using their coherent vibrational wavepacket signatures in
corresponding transient absorption spectra. To examine how the ligand moieties of the Pt(II)
dimers influence excited-state dynamics and the coherent vibrational wavepacket behavior, we
carried out comparative studies on two pyrazolate-bridged Pt(II) dimers of the general formula
[Pt(‘Bu,Pz)(N"*C)], (‘Bu,Pz = 3,5-di-tert-butylpyrazole); N*C = 7,8-benzoquinoline (bzq, 1) or
I-phenylisoquinoline (piq, 2)). We found that photoexcitation into the low energy absorption
bands of 1 and 2 respectively induce the formation of 'IMMLCT states from which ultrafast
ISC proceeds, resulting in stimulated emission quenching and decoherence of the vibrational
wavepacket motions. The results obtained in this study suggest that both energetics and the
structural rigidity of the aromatic cyclometalating ligands in 1 and 2 can significantly influence
dynamics along the excited state trajectory characterized by dephasing of the coherent
oscillations. The collective results provide direct evidence of how ligand structure alters
electronic dynamics along excited state trajectories associated with ISC processes, providing

insight into using ligand design to steer photochemical processes.
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Introduction

Bimetallic transition metal complexes (TMCs) bridged by organic ligands have gained
attention due to their potential applications as photocatalysts,'-3 light-emitting materials,*> and
photoluminescent sensors.®’ Among the various types of bimetallic TMCs, Pt(II) dimers have
been considered as promising light-emitting materials due to their long-lived phosphorescence
and high emission quantum yields.®!! Pt(II) dimers constructed from pyrazolate bridges and
conjugated aromatic cyclometalating (CM) ligands feature metal-metal d®-d® interactions
displaying prominent absorption and emission properties that depend on the Pt—Pt distance.!?>-
14 Previous studies of CM Pt(II) dimers with sufficiently short Pt—Pt distances (< 2.95 A)
produce metal-metal-to-ligand-charge-transfer (MMLCT) excited states upon photoexcitation
into the lowest energy visible absorption bands.!>!5-1° This MMLCT transition predominantly
promotes an electron from the HOMO (mainly Pt(5d,2)—Pt(5d,2) do*) to LUMO (mainly N*C
ligand-centered z*), which depletes electron density in the antibonding orbital of do”, resulting
in an increase of the Pt—Pt bond order by ~0.5, contracting the Pt—Pt distance as shown in
Scheme 1. Due to this photoinduced charge transfer and its subsequent electronic dynamics
related to the associated structural rearrangement, some of these Pt(II) dimers have been

extensively studied through various spectroscopic and theoretical approaches.!>-24

Scheme 1. Representative energy-level diagram illustrating the metal-metal interactions in
pyrazolate bridged Pt(II) dimers. The metal-metal-to-ligand-charge-transfer (MMLCT)
transition (red arrow) leads to a decrease of antibonding orbital (do”), resulting in an increase

of the Pt—Pt bond order.
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Previous studies using femtosecond transient absorption (TA) spectroscopy show that
these Pt(II) dimers display characteristic coherent vibrational wavepacket (CVWP) motion, on
the excited state potential energy surfaces (PESs) on ultrafast time scales.!?2!22 This originates
from the superposition of vibrational manifolds in the initially-populated excited state,?>-28
which is in stark contrast to the electronic (or vibronic) coherences arising from coherent
excitations of multiple excited states.?®-3* Earlier studies describing the vibrational coherence
in a pyrazolate-bridged Pt(II) dimer of [Pt(ppy)(u-Bu,Pz)],, or Pt-ppy, identified that the
observed coherent vibrational wave packet (CVWP) motions were associated with the Pt—Pt
stretching mode.!”! A recent study using the combination of fluorescence up-conversion and
TA spectroscopies further supported these original findings where the dephasing of the Pt—Pt
vibrational modes was associated with fluorescence quenching during the ISC process, and
structural flexibility might be a mitigating factor for the regulation of vibrational coherence.!®
Despite these experimental efforts, the exact role of the nature of the ligand moiety in view of
vibrational coherence phenomena and its dynamic behavior has not been fully elucidated to
date. Furthermore, most spectroscopic studies interrogating pyrazolate-bridged Pt(II) dimers
have primarily focused on the vibrations related to the Pt—Pt stretching mode due to limited

temporal resolution and the available probing spectral bandwidth.

In this study, we investigated the ultrafast dynamics of two newly conceived pyrazolate-
bridged Pt(II) dimers [Pt('‘Bu,Pz)(N"C)],, where ‘Bu,Pz = 3,5-di-tert-butylpyrazole), N*C is
7,8-benzoquinoline (bzq, 1) or 1-phenylisoquinoline (piq, 2). The vibrational coherence formed
in the excited state of these molecules was interrogated using a femtosecond broadband
transient absorption (fs-BBTA) setup developed recently in our laboratory, featuring an
extended probing spectral range with improved temporal resolution to ~25 fs. In particular, the
influence of the CM (C”N) ligand moiety on the resultant excited-state dynamics and CVWP
behavior were investigated in 1 and 2 (Figure 1).'2 By performing global kinetic analyses, we
found that photoexcitation into the lowest energy absorption band in 1 and 2 induced ultrafast
ISC from the emissive singlet ('MMLCT, or S;) state to its corresponding triplet excited state
(*MMLCT or T)), from which relaxation towards the ground state proceeded. Based on normal
mode analyses, the CVWP motions observed in the 'MMLCT state in 1 and 2 are associated
mainly with two reaction coordinates: the torsional motions of the bzq (1) and piq (2) ligand
moieties and the Pt—Pt stretching, along with the ultrafast ISC trajectories. Comparison of the
current results to other recent studies on [Pt(‘Bu,Pz)(ppy)]> (ppy = 2-phenylpyridine, 3)!%2!

suggests that the electronic and nuclear structural factors of the CM ligand of the Pt-Pt core in
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1 and 2 markedly affects the CVWP dephasing dynamics that was linked to structural changes

in the excited state. Our study yields direct evidence of how the molecular structure of the C"N
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ligands, related to the conformational flexibility in the bimetallic complexes, alters the

10 dynamics of vibrational coherence during the ISC processes.
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56 Figure 1. Molecular structures and steady-state optical spectra of the Pt(Il) dimers investigated
in this study. Molecular structures of (a) [Pt(bzq)(u-'‘Bu,Pz)],, named as Pt-bzq or 1, and (b)

59 the trans isomer of [Pt(1-piq)(u-"Bu,Pz)],, named as Pt-piq or 2. Three-dimensional molecular
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structures of (c) Pt-bzq and (d) Pt-piq optimized from the DFT calculations. The values of
Pt—Pt distances in the optimized structures are in parentheses. The transition from the ground
state to the lowest singly-excited state (S;) accompanies the decrease of Pt-Pt distance in the
Pt(IT) dimers, indicated by the gray arrows. (e) Absorption spectra (solid lines) and emission

spectra (dotted lines) of Pt-bzq and Pt-piq dissolved in THF.

Experimental Section

Sample Preparation. [Pt(bzq)(u-'Bu,Pz)], and [Pt(piq)(u-'Bu,Pz)], were prepared by slight
modifications of previously established procedures with all relevant details and structural
characterization provided as Supporting Information and Figures S1-S4.12 All the chemicals
required for the synthesis of 1 and 2 were purchased from commercial sources and were used

without further purification.

Steady-state Spectroscopic Measurements. Linear absorption spectra for the Pt(II) dimers
were acquired using a Shimadzu UV-3600 spectrometer. Steady-state photoluminescence
emission spectra were acquired using a Photon Technologies International model QM-2

spectrofluorometer. All the samples were dissolved in THF and measured at room temperature.

Femtosecond Broadband Transient Absorption Spectroscopy (fs-BBTA). Fs-BBTA
spectra were measured with femtosecond laser pulses using a visible pump—broadband probe
scheme. The output pulses at 1030 nm from a Yb:KGW based regenerative amplifier (Light
conversion Pharos-10W, 200 fs, 10 kHz repetition rate) were split into pump and probe beams.
On the pump arm, the 1030 nm laser pulses were converted using second harmonic generation
into the pump pulses centered at 560 nm, equal to 17857 cm-!, with a bandwidth of 2132 c¢cm-!
using a homebuilt, all-reflective-optical non-collinear optical parametric amplifier (NOPA)
based on third harmonic generation pumping (THG-NOPA). The pump pulses were sent
through a pair of chirped mirrors (Layertec) in combination with a pair of fused silica wedges
in order to pre-compensate for the dispersion obtained from transmissive optics and were
compressed to near-transform-limited pulses at the sample position. As shown in Figure S5,
the pulse duration of the compressed THG-NOPA output was approximately 24.7 fs, which
was characterized from the second-harmonic-generation frequency-resolved optical gating
(SHG-FROG) equipped with a 10 um BBO crystal (Newlight Photonics Inc.). On the probe

arm, the 1030 nm laser pulses were sent into a c-cut sapphire window of 2 mm thickness and
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converted into a white light continuum spanning from the visible to near-infrared (NIR) region
by self-phase modulation. The visible-to-near infrared portion (540—-820 nm) of the white light
continuum was compressed by a pair of chirped mirrors (Laser Quantum). The white light
continuum was compressed to near-transform-limited regime and was used as broadband probe
pulses. The probe pulses were time-delayed with respect to the pump pulses using a motorized
linear stage (Newport, XMS160-S). By recording “pump-on” and “pump-off” probe spectra,
the differential absorption (AA) spectrum was obtained as a function of time. The spectrum of
the transient signal and the reference were detected by a spectrometer (Andor, Kymera 328i)
equipped with a sCMOS camera (Andor, Zyla-5.5). In all measurements, the polarization
direction of the pump pulses was set to be at a magic angle (54.7°) relative to that of the probe
in order to prevent polarization-dependent signals. From impulsive stimulated Raman
scattering measurements of neat solvents, tetrahydrofuran (THF) and acetonitrile (ACN), the
instrumental response function of the TA measurement was determined to be ~30 fs at the
sample position. For the fs-BBTA measurement, the absorbance of sample stored in the 1-mm
path quartz cuvette was set to be less than 0.3 at the excitation wavelength region. The
excitation energy was set to 100 nJ/pulse at the sample position. In order to check the sample
integrity, the absorption spectra of samples were measured before and after the TA

measurements, which did not show any evidence of sample degradation.

Quantum Chemical Calculations. All the density functional theory (DFT) calculations were
implemented at University of Washington by using the Gaussian 16 package.> For the
optimization of molecular geometries, we employed wB97X-D functional, and used the basis
sets of 6-31G(d) for all light atoms and LanL.2DZ with an effective core potential for the Pt
atoms. The wB97X-D functional was chosen because it is range-separated, to better describe
charge-transfer excited states,3¢ and it contains dispersion corrections, necessary to capture 7-
7 interactions.’” The characters of excited states in the Pt(Il) dimers were estimated by using
time-dependent density functional theory (TD-DFT). Energetic minima found by the optimized
structures of ground- and excited-state were confirmed by the normal mode calculations at the
same level of theory. To generate potential energy surfaces (PESs), the single-point TD-DFT
calculations were performed at the intermediate structures reconstructed from the linear
interpolation of the ground-state and the singlet and triplet MMLCT geometries for each

complex.
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Results and Discussion

Ground State Absorption and Emission Spectra. The linear absorption and emission spectra
of 1 and 2 measured in THF are presented in Figures 1 and S6. The Pt-bzq complex 1 displays
a strong absorption band below 350 nm, an intermediate absorption band around 420 nm, and
a weak absorption band above 500 nm. According to the previous studies of cyclometalated
pyrazolate-bridged Pt(Il) dimers with identical core framework,!? the optical absorption below
350 nm is assigned as the ligand-centered (LC) electronic transitions, the absorption around
450 nm to metal-to-ligand charge transfer (MLCT) transitions, and the absorption above 500
nm to metal-metal-to-ligand charge transfer (MMLCT) transitions. The LC and MLCT
transitions are localized on one half of the pseudo-two-fold symmetric molecule, whereas the
MMLCT transition is delocalized, originating from the electronic transition of a Pt—Pt centered
o* orbital to a N*C ligand-centered 7* orbital. The MMLCT transition depletes electron density
from the antibonding o* orbital thereby increasing the Pt—Pt bond order by 0.5, resulting in a
contraction of the Pt—Pt distance. The spectral feature of lowest energy absorption band in 2
containing the piq CM ligands is red-shifted from that of 1. The emission spectrum of 1 showed
a prominent emission peak near 740 nm, while the emission peak in 2 was further red-shifted.
Based on a previous study,!? these emission features are consistent with decay from SMMLCT

excited states.

Structures of the Ground and MMLCT States from Quantum Mechanical Calculations.

To gain insight into the molecular structures and electronic interactions in the ground and

excited states of 1 and 2, we conducted geometry optimization using DFT and TDDFT methods.

Based on the optimized structures of the ground state (Sy) and the lowest singlet state (S;), we
also calculated vibrational modes and their corresponding frequencies. As shown in Figure 1,
the optimized molecular structure in the S; state shows a decrease of Pt—Pt distance relative to
that in the S, state, independent of the CM ligands. Specifically, the Pt—Pt distance in the
ground state of 1 is 2.872 A and it shortens to 2.666 A in the S, state, giving a Pt—Pt distance
change (ARp..p;) of 0.206 A. Such a Pt—Pt distance shortening similarly occurs in 2 with ARp,.
p=0.218 A, from the Pt—Pt distance of 2.882 A in the S state to 2.664 A of the S, state. The
other notable structural feature difference between 1 and 2 is the magnitude of the ligand
distortions, the former much smaller than the latter, showing the ligand flexibility. According
to the results from the TDDFT calculations summarized in Table S1, the TDDFT calculations

overestimated the energy values corresponding to the lowest electronic transition relative to
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the experimental ones. This features were commonly observed in the previous studies about
the TDDFT calculations of Pt-complexes due to the self-interaction error arising from the
electron transfer in the CT state.!®® Nevertheless, the lowest energy electronic transition, S
— S, appearing in the ground state absorption spectrum in 1 is dominated by the
HOMO-LUMO transition. To clearly show the charge distribution in 1, we present the natural
transition orbitals (NTOs) derived from the combination of particle—hole transitions
corresponding to the optical absorption in the spectral region, which helps to identify the
origins of the electronic transitions.?® For the lowest electronic transition in 1 summarized in
Table S1, the charge density of the hole in the NTOs is localized around the metal-centered
moieties, and the charge density of the electron in NTOs is delocalized from the metal-centered
to the bzq ligand moieties. According to the NTOs of 2 summarized in Table S2, the lowest
energy transition, So — S;, is also dominated by the HOMO—-LUMO transition, moving
electron density from the metal center to the piq ligands. The electronic behavior in the NTOs
of Pt-piq resembles that in Pt-bzq. The behavior of charge density in view of the calculated
NTOs clearly exhibits the transfer of charge between the metal-centered and the ligand moieties,
supporting the common occurrence of MMLCT transitions in 1 and 2. Meanwhile, the
calculated excitation energy, corresponding to the transition of Sy — S; in 2, shows a significant
spectral red-shift compared with that in 1. This spectral feature in 2 likely originates from larger
n-conjugation with a total of 15 C and N atoms in piq, compared with 13 C and N atoms in
bzq, and the enhanced interaction between the two parallel-aligned ligands, linked to a n-n

interaction.12:15:40

Excited State Dynamics Probed by fs-BBTA Spectroscopy. To explore the excited state
dynamics, we performed fs-BBTA measurements for 1 and 2 dissolved in tetrahydrofuran
(THF). The laser pulse centered at 560 nm with a bandwidth of 66 nm full-width-at half-
maximum (FWHM) was used as the pump pulse (Figure S6). According to the spectral overlap
between the absorption spectra and the excitation profile (Figure S6), the photoexcitation
condition is predominantly resonant with the lowest absorption peak (500-600 nm) assigned as
MMLCT transitions, as supported by the results from the TDDFT calculations. The TA spectra
of 1 and 2 display not only the features associated with the ground-state bleach (GSB),
stimulated emission (SE), and excited state absorption (ESA), but also temporal oscillatory

modulations superimposed on these features, presumably due to CVWP motions. To
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disentangle the kinetics extracted from the excited state optical signatures from the overlaid
oscillatory signals, we applied global kinetic analysis to these TA spectra. The details of the
global kinetic analysis based on singular value decomposition (SVD)*! are described in the SI.
According to the global kinetic analysis shown in Figure S7, the spectrally distinct three species
and two time constants were observed in the primary photoreactions of 1 and 2, and thus this
result suggest the sequential kinetic model such as S; — T; — relaxed T;. The spectral features
of each excited state species and its conversion kinetics are described using species-associated
difference spectra (SADS) and the time constants, respectively, under the assumption of a
sequential kinetic model. Although the sequential kinetics were employed for the interpretation
of electronic dynamics, we cannot completely rule out the presences of the branching pathways

associated with the relaxation from the initially excited state.

In 1, the conversions of SADS1 to SADS2 and subsequent SADS2 to SADS3 occur
with time constants of 0.236 (+£0.016) and 1.76 (£0.50) ps, respectively. The decay time
constant of SADS3 to a long-lived species cannot be determined due to the limited delay time
window available. Thus, additional TA measurements were carried out using a probe delay
time window up to 130 ps (Figure S8), which showed that the amplitude of SADS3 only decays
less than 10%, as expected for similar pyrazolate-bridged Pt(II) dimers having triplet MMLCT
lifetimes of hundreds of nanoseconds.!>!> SADSI1 displays the prominent SE signal at 625—775
nm with the negative peak centered around 700 nm and the ESA signal below 625 nm.
According to the steady-state absorption and emission spectra of 1, the onset of the absorption
spectrum occurs near 650 nm and the emission peak is located around 745 nm. In this regard,
the SE feature with the negative signal is likely to be spectrally blue-shifted than the steady-
state emission from the SMMLCT state, and thus can be assigned as the emission from the
initially populated singlet excited state. The transition of SADS1 to SADS2 with the time
constant of 236 fs accompanies the quenching of SE feature in the concurrence of the growth
of ESA feature at 600—820 nm. Such a spectral change involving the quenching of the SE
feature suggests that the singlet excited state is converted to a non-emissive excited state.
Subsequently, the newly-formed ESA feature in SADS2 further grows in the SADS3 with a

prominent positive peak at 650 nm.

In 2, the corresponding transitions among the excited states were determined to occur
with time constants of 255 (£13) fs and 2.85 (+0.54) ps, respectively. Based on the decay profile

for the 130-ps-long delay time window shown in Figure S8, the final state corresponding to the
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SADS3 shows the slow recovery toward the ground state, which is like that in 1. SADS1 shows
a broad ESA feature across the entire probing region, but there is a valley feature in the spectral
window from 650 nm to 820 nm. According to the steady-state absorption and emission spectra
of 2, the onset of the absorption spectrum occurs at 670 nm and the emission peak is located
around 800 nm. Comparing the spectral position of the dip at 750 nm with the emission peak
at 800 nm, we can infer that the valley shape originates from the spectral overlap with the ESA
and SE features arising from the initially populated singlet excited state. In the transition from
SADSI1 to SADS2, this valley shape disappears and converts to a broad ESA feature with a
peak at 660 nm. Thus, this transition having a time constant of 255 fs can be assigned as the
transition of the singlet excited state to the non-emissive excited state, which is highly
comparable to that observed in Pt-bzq. The newly formed ESA feature as well as the GSB
feature further evolves in SADS3.
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Figure 2. Femtosecond transient absorption (fs-TA) spectra. Raw TA spectra of (a) Pt-bzq and
(b) Pt-piq. Species-associated difference spectra and those decay constants of (c¢) Pt-bzq and
(d) Pt-piq determined from the global kinetics analysis of TA spectra. For the TA measurement,

all the samples were dissolved in THF.

Both Pt-bzq and Pt-piq complexes have a SE feature in the SADS1 that disappears due
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to the transition to SADS2 with a time constant of ~200 fs. The quenching dynamics of the SE
feature is therefore assigned as the process of intersystem crossing (ISC) from 'MMLCT to
SMMLCT. These observations can be linked to the results from previous fluorescence up-
conversion measurements on the analogous Pt-ppy complex, or 3.! We note that the onset of
the absorption spectrum in 3 originates near 620 nm due to a smaller degree of m-conjugation
in the ppy ligands with respect to those in Pt-bzq and Pt-piq. Accordingly, the red-shift
observed in the SE signals of Pt-bzq and Pt-piq can be attributed to the increased n-conjugation
in those ligands. For Pt-ppy, we additionally performed a benchmark calculation by employing
the exact same level of TDDFT used in the calculations of Pt-bzq and Pt-piq. The results from
the TDDFT calculation, summarized in Table S3, clearly indicated that the smaller -
conjugated ppy ligands give rise to a higher n* MO energy and thus the spectral blue-shift in
the transition of Sy — S, dominant by the HOMO to LUMO transition, comparing with Pt-bzq
and Pt-piq. It is notable that the SE signal in 1 is more intense than that in 2 (Figure 2 SADS
results) although their time constants for the SADS1 to SADS2 conversion are similar. During
the first a few ps of the excitation, the rates of the IC processes in Pt-bzq and Pt-piq within the
triplet manifold are comparable to the same process in relaxation processes, as observed in
related pyrazolate-bridged Pt(II) dimers.!>-1¢ In Pt-piq, the relaxation of SADS2 with a time
constant of 2.85 ps was slightly delayed relative to that seen in Pt-bzq (1.76 ps). Nevertheless,
the spectral change from SADS2 to SADS3 was similar with that in Pt-bzq, implying that the
transition of SADS2 to SADS3 involves the relaxation of the MMLCT triplet excited state.

Coherent Wavepacket Dynamics and Their Implications to the Excited State Trajectories.

The fs-BBTA spectra of 1 and 2 shown in Figure 2 exhibit temporal oscillations superimposed
on the population dynamics of their requisite excited states. To extract pure temporal
oscillations, we subtracted the excited-state population dynamics, determined from global
kinetic analysis, from the total TA signals. The oscillation signals found in the residuals after
these subtractions were Fourier transformed to extract the wavelength-dependent Fourier
transform power spectra (FTPS) presented in Figure 3. Although the excitation pulse centered
at 560 nm from the THG-NOPA is solely resonant with the electronic transitions of 1 and 2,
the THF solvent still presents off-resonant signals, induced from the impulsive stimulated
Raman (ISR) process, which were independently generated from neat THF using optical

heterodyne-detected birefringence*? (Figure S9). The FTPS of the pure THF solvent shows a
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narrow peak at 917 cm™!, while the low-frequency region below 800 cm ! is free from the off-
resonant responses of this solvent. The frequency of 917 cm™! observed in the FTPS of THF is
quantitatively similar to the vibrational frequency of 914 cm!, reported from Raman

spectroscopy, thus, the peak can be assigned to the breathing motion of the furan ring.*3

In the low-frequency region below 800 cm-!, the FTPS for Pt-bzq displays prominent
vibrational frequencies of 22, 115, and 132 cm! at the probe wavelength of 560 nm. Among
those frequencies, 132 cm! is also observed at probe wavelengths of 620 and 720 nm (with a
very slightly shift to 137 cm™") shown in Figure 3c. Considering the experimental frequency
resolution of ~5 cm!, the two peaks of 132 and 137 cm! are indistinguishable from one another.
The time-dependent oscillatory residual profiles at probe wavelengths of 560, 620, and 720 nm
are given in Figure 4. Although the oscillatory signals at the 560 nm probe wavelength clearly

13
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Figure 3. Wavelength-resolved Fourier transform power spectra (FTPS). Wavelength-resolved
FTPS of (a) Pt-bzq and (b) Pt-piq with the probe spectral window of 540 - 810 nm. (c) FTPS
of Pt-bzq at the selected probe wavelengths. (d) FTPS of Pt-piq at the selected probe
wavelengths. In the FTPS of Pt-bzq and Pt-piq, the prominent peaks around 130 cm! were
labeled by asterisks.
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Figure 4. Oscillatory components obtained by subtracting the electronic population dynamics

from the fs-TA data. Oscillatory components (black circles) of (a) Pt-bzq and (b) Pt-piq at the

selected probe wavelengths. The oscillation components were fitted by the damping cosine

functions (red lines), whose damping constant is given at the top right. In Pt-piq, the damping

of coherent oscillations is much faster than in Pt-bzq.
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possess a lower frequency than that observed at 620 and 720 nm, its initial phase is
synchronized with that measured at 620 nm. In contrast, the oscillations at 720 nm are ~180°
out-of-phase from those at 560 and 620 nm. To determine the dephasing times of the CVWP,
we performed sinusoidal fitting using the observed frequencies with their corresponding
damping time constants. Accordingly, fitting the 620 nm data generated a frequency of 132
cm!, corresponding to the temporal period of ~250 fs, which undergoes dephasing with a
damping time constant of ~159 fs. At the probe wavelength of 720 nm, the frequency of 137
cm!, corresponding to the temporal period of ~243 fs, is dephasing with a time constant of
~261 fs. As shown in Figures 3b and 3d, the FTPS of 2 shows prominent vibrational frequencies
of 83 and 140 cm! at the probe wavelength of 560 nm, but the frequency bandwidths are much
broader than those in 1. Among these frequencies, 140 cm™! is slightly shifted to 160 cm! at
620 nm. The residual profiles shown in Figure 4b indicate that the temporal oscillations at the
probe wavelengths of 560 and 620 nm have a common initial phase, similar to 1. However, the
oscillation amplitudes in 2 were damped much more quickly compared to those in 1, which
made the frequency distribution much broader. The CVWP dephasing times from these
oscillatory signals are even shorter than a full vibrational period. Nevertheless, the frequencies
of 140 (560 nm) and 160 cm™! (620 nm), corresponding to the temporal periods of ~238 and
~208 fs, and they dampen so fast that the dephasing time is hard to characterize.

The dephasing time for 1 is comparable to that of the SADS1 to SADS?2 transition (236
fs), while that for 2 precedes the initial transition with a time constant of 255 fs. In this case,
the dynamic behaviors of the vibrational coherences are likely associated with that of the
initially formed singlet excited state, S; having the Franck-Condon (FC) geometry, which is
then is likely to undergo dephasing during the ultrafast transition related to the ISC process.
Comparing the spectral shapes of SADS1 and FTPS in 1, the short-lived oscillations of 132
and 137 cm™! were observed in the probe region covering 570 to 820 nm whereas the transient
signals in SADS1 mainly originates from ESA and SE. Meanwhile, the wavelength-dependent
residual map for 1 presented in Figure S10 indicates that the spectral position of a distinct nodal
point around 675 nm along the axis of the probe wavelength was located outside of the ground-
state absorption region. The existence of nodal point as a function of time delay can be
interpreted as two possible dynamics; 1) The overlap of ground and excited state coherences
occurs in the ultrafast time regime and the phase of excited state coherence is flipped by 180°
compared to that of ground state coherence.*'#44¢ ii) The ground-state or excited-state

wavepacket moves back and forth on either side of potential energy surface as a function of its
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normal coordinate, resulting in a phase change of the beatings at a probe wavelength
corresponding to the equilibrium of the potential energy curve.*’-*° Thus, the spectral position
of the node can be a strong indication of the origin of the CVWP motion; the ground-state
coherence produces the nodal point around the absorption maximum, while the excited-state
coherence generates the node around the fluorescence (or SE) and ESA maxima. The spectral
positions of the nodes for 1 (675 nm) and 2 (725 nm) at the early time delay are far from their
lowest absorption maxima around 500 nm for 1 and 530 nm for 2 (Figure S10). Notably, the
nodal points of the two complexes appear close to the maxima of the SE features in SADS 1
(675 nm for 1 and 750 nm for 750 nm). It has been previously reported in a hydroxypyridyl-
birdged Pt dimer that the maximum of the SE signal and the nodal point of the CVWP motion
are observed at similar spectral position.’® Thus, the CVWP motions observed in the entire

probe range mostly originate from the excited state PESs.
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Figure 5. Normal mode analysis results for the optimized structure in the singlet excited-state
('MMLCT) of Pt-bzq (a, b) and Pt-piq (c, d) of the key vibrational modes. (a) Pt-bzq at 132
cm!; (b) Pt-bzq at 140 cm™'; (¢) Pt-piq at 141 ¢cm™!; and (d) Pt-piq at 160 cm™'. The torsional
motions of bzq and piq ligands in the plane perpendicular the axis of Pt—Pt bond are highlighted

by the dashed magenta arrows.
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To assess the nature of the observed coherent oscillations in 1 and 2, we performed
normal mode analyses of their excited-state structures. As presented in Figure 5, the vibrational
modes of 132 cm™' in 1 and 141 cm™ in 2 are the closest frequencies to the 132 cm™! and 140
cm™!' identified from TA measurements, respectively. Those vibrational modes feature
common collective motions including the torsional motions of the C*N ligand moieties (bzq
and piq) in terms of the plane perpendicular to the Pt—Pt bond formed in the excited state. In
contrast to the lower frequencies, the vibrations of 140 cm™ in 1 and 160 cm™ in 2 are close
to the experimentally observed frequencies of 137 cm™! and 160 cm™!, respectively. Those
upshifted vibrations represent the contraction motion of the Pt—Pt bond as well as the collective
vibrations of ligand moieties along the axis of the Pt—Pt g-bond. The previous TA study on 3
(Pt-ppy) reported the contraction motion of the Pt—Pt bond having a frequency of 136 cm!,
assigned as excited-state vibrational coherence.!® Additionally, the 2-hydroxypyridyl-bridged
Pt(Il) dimers with bzq ligands also exhibited vibrational motions of the Pt—Pt bond with
frequencies ranging from 138 cm™! to 150 cm’!, assigned as excited-state vibrational coherence
generated from the MMLCT transition.?? The absolute values of the observed frequencies in
the present study are quantitatively similar to those from these previous observations.!-21-2 We
note that the dephasing dynamics of the coherent oscillations observed in 1 and 2 are highly

accelerated relative with respect to the other classes of Pt(II) dimers.

Excited-state ISC Dynamics. The combined results of the electronic population dynamics and
the features seen in the coherent oscillations provide comprehensive information on the excited
state dynamics of the pyrazolate-bridged Pt(II) dimers. In both 1 and 2, it was observed that
the SE feature was quenched with a time constant of ~200 fs during the SADS1 — SADS2
transition, which is assigned to the ISC process from the '"MMLCT state to the SMMLCT state
and possible internal conversion from the S; state. The excited-state vibrational coherences,
originating from the superposition of vibrational manifolds in S;, undergo rapid dephasing
dynamics, comparable to the rate of ISC in 1 and precedes that observed in 2. Considering the
electronic and dephasing dynamics, we can infer that the transfer of vibrational coherence from
the singlet to triplet manifolds (or the intermediate state) observed in previous TA studies,?0?
is absent in 1 and 2, as there is no CVWP dephasing time lasting for a few picoseconds, which
can only occur in the long lived T, state via extremely fast ISC. The normal mode analysis

results in Figure 5 show that the lower frequencies (132 cm! in 1 and 140 cm™! in 2) are
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consistent with concerted torsional motions of bzq and piq that dephase extremely fast,
especially in 2. In contrast, the higher frequency Pt—Pt stretching motions (137 ecm™! in 1 and
160 cm! in 2), have slower CVWP dephasing time constant of 261 fs and 102 fs, respectively.
This implies that during ISC, the twisting motion of the C"N ligands in the plane perpendicular
to the Pt—Pt bond axis predates the Pt-Pt stretching vibrational motions. The disparate CVWP
dephasing times observed between 1 and 2 is likely due to CM ligand structural differences.
As shown in Figure 5, the bzq ligand is smaller and more rigid compared to the piq ligand
having, as shown by the larger structural changes occurring in the excited state (Figure 1) and
the larger amplitude motions in the vibrational motions (indicated by the arrow lengths
representing the atomic motion vectors in Figure 5). Consequently, the Pt—Pt stretching mode
in 2 would not be able to sustain the CVWP motion due to the presence of larger and more
floppy piq ligands. The structure of the piq is therefore likely to induce a greater degree of
structural constraint due to the expanded benzene ring in the terminal portion of the ligand.
Moreover, the piq ligands having a more staggered geometry, as shown in Figure 1, can easily
impose significant restrictions on the molecular motion in the ground-state equilibrium
structure, due to sterically hindering the bond contraction characteristic of the Pt—Pt interaction.
In this regard, photoexcited 2 appear to adopt structural motions circumventing the imposed
steric hindrance, such as torsional motions. Thus, efficient redistribution of the vibrational
energy along the torsional motion coordinates will be favored and ultimately bring about
accelerated dephasing dynamics. This statement is supported by the observation of the delayed
dephasing dynamics of ~200—500 fs in the temporal oscillations seen in Pt-ppy.'® According
to the optimized structures of Pt-ppy presented in Figure S11, the Sy-to-S; transition brings
about a change in the Pt—Pt distance (ARp.p;) of 0.213 A, which is comparable to that seen in
1 and 2. In Pt-ppy, the high degree of structural motion in the ground-state equilibrium structure
may induce multiple motions, including the Pt—Pt contraction motion as well as torsional
motions in the excited state. Therefore, structural distortions having fewer constraints may
influence the efficient dissipation of vibrational energy, resulting in delays of the dephasing

dynamics.

In order to examine the possibility of reaction pathways as a function of Pt—Pt distance,
the theoretical PESs shown in Figure 6 were calculated by using the intermediate structures
reconstructed from linear interpolation between the ground-state and the excited-state
geometries. As the Pt—Pt distance decreases, the energy levels of the higher-lying triplet states

such as T, or Ts are approaching those of lowest singlet excited state (S;) and then they become
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crossed near a Pt—Pt distance of 2.76 A. This crossing point might facilitate rapid ISC toward
the formation of the relaxed lowest triplet state (MMLCT) in view of the contractional motion
of the Pt—Pt bond. However, the conical intersections between S; and T, or T are simply too
far away from the Franck-Condon region along the Pt—Pt distance coordinate. Thus, they are
unlikely to present extremely fast ISC pathways, such as S;—T,(T;)—T; as observed in related
Pt dimers in a previous study.’! Instead, the theoretical results provided here for the PESs imply
that only a single ISC pathway, namely S;— T, is feasible for 1 and 2. Thus, the CVWP
motions for both 1 and 2 only take place while they are in the S, state, but diphase as they
traverse through ISC to the T, state. In addition, we note that the energy gaps between the S,
and Sy states in 1 is much larger than that in 2 by approximately 0.5 eV as shown in Figure 6.
Consequently, the internal conversion (IC) process from S; to Sy should be more feasible in 2
with respect to 1, opening an additional channel for quenching the S; state, resulting in a weaker
SE signal and an accelerated CVWP dephasing time. In this study, we successfully captured
the excited-state ISC dynamics focusing on the electronic dynamics of the initially populated
singlet excited state and the behaviors of vibrational coherences with its dephasing dynamics.
Nevertheless, additional studies employing femtosecond impulsive stimulated Raman
spectroscopy (ISRS)’>33 or femtosecond diffuse X-ray scattering>*>> will be required to map
out the entire conformational dynamics profiles of 1 and 2. In addition, the existence of off-
resonant modes of neat solvent added the complexity of the interpretation for the observed
vibrational modes with the fast dephasing dynamics. In this regard, the solvent-dependence
experiment will be an optimal way to separate the pure on-resonant modes from the observed
ones. However, the pyrazolate-bridged Pt(II) dimers have the extremely low solubility in
several common organic solvents except THF, which hinders the further study about the
solvent effect. Thus, how the off-resonant Raman modes of solvent interplay with the on-
resonant modes of solute should be investigated by the future additional study. We believe that
our future approach based on the next-generation Pt-complexes with the structurally modified

ligands can surely contribute toward addressing this.
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32
33
34 Conclusions
35
36 In this study, we directly detected the ultrafast dynamics of pyrazolate-bridged Pt(II) dimers,
37 . . N . . .
38 including the coherent vibrational wavepacket motions on the excited-state potential energy
zg surface through the intersystem crossing trajectory. Our results show that upon excitation into
41 the lowest 'MMLCT transitions of Pt-bzq and -piq complexes, the ISC processes from the
42
43 emissive singlet (S) to the SMMLCT state commonly occur with the time constant of ~200 fs
44 . . . . . . .
45 and subsequently, the higher-lying vibrational manifolds of the triplet excited states undergo
2? relaxation within ~2 ps. The coherent oscillations associated with the excited-state vibrational
48 motions appeared near the experimental time origin and then were dephased, accompanying
49
50 the quenching of the SE feature during the ISC dynamics. Results from the normal mode
g; analyses suggested that the lower frequency of 132 cm™! in 1 and 140 cm! in 2 were related to
53 the concerted torsional motions of the CM ligand moieties in the plane perpendicular to the
54
55 axis of Pt—Pt bond. In contrast, the higher frequency of 137 cm™! in 1 and 160 cm! in 2 were
56 . . . . . . .
57 associated with the vibrational motions along the Pt—Pt bond formed in the excited state. The
g g dynamic behavior of coherent wavepackets showed rapid dephasing, which is comparable to
60 the rate of the ISC process in 1 and precedes that in 2. More importantly, this study revealed
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two important roles that the CM ligands play in modulating the excited state trajectories. First,
a more m-conjugated CM ligand serves to lower the LUMO =©* energy, and consequently the
energy gap between S; and S, resulting in a higher rate of internal conversion and SE emission
quenching. Second, larger and less structurally rigid CM ligands increase their moment of
inertia thereby hindering the CVWP motion characteristic of the Pt-Pt stretching mode,
resulting in faster dephasing. The combined results should be considered as a means for
coherent control of photoinduced charge transfer processes in TMCs through structural
engineering. Such photoinduced control of charge transfer dynamics will enable the conversion

of light energy into chemical energy through leveraging quantum coherence phenomena.
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