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ABSTRACT: Intricate potential energy surfaces (PESs) of some transition metal
complexes (TMCs) pose challenges in mapping out initial excited-state pathways that
could influence photochemical outcomes. Ultrafast intersystem crossing (ISC) dynamics of
four structurally related platinum(II) dimer complexes were examined by detecting their
coherent vibrational wavepacket (CVWP) motions of Pt—Pt stretching mode in the metal-
metal-to-ligand-charge-transfer excited states. Structurally dependent CVWP behaviors
(frequency, dephasing time, and oscillation amplitudes) were captured by femtosecond
transient absorption spectroscopy, analyzed by short-time Fourier transformation, and
rationalized by quantum mechanical calculations, revealing dual ISC pathways. The results
suggest that the ligands could fine-tune the PESs to influence the proximity of the conical
intersections of the excited states with the Franck—Condon state and thus to control the

intermediate
(12),

opportunities in control excited-state trajectories of TMCs via ligand structures.

T ransition metal complexes (TMCs) have played
important roles in solar energy conversion, photo-
catalysis, and optoelectronics because of their versatile
excited-state properties.' ° Although extensive studies have
been carried out to tune TMC excited states by chemical
synthesis for desirable photochemical reactions, how these
excited states evolve on the intricate potential energy surfaces
(PESs) in real time to influence the reaction outcome has not
been fully explored until recently.””'® It has been well
recognized that excited-state trajectories on the femtosecond
time scale are defined by dynamic interplays between
electronic and nuclear structures well before thermalization
or vibrational relaxation. Hence, the vibronic coupling should
be included in mechanistic descriptions related to the ultrafast
excited-state dynamics of TMCs.

Excited-state vibrational quantum coherence comes from an
impulsive excitation into multiple vibrational levels, generating
coherent vibrational wavepacket (CVWP) motions whose time
evolution behaviors, such as oscillation frequency and
amplitude, could be used to map out excited-state trajectories.
Ultrafast studies of photoactive TMCs have reported CVWP
dynamics associated with structural rearrangements in excited-
state processes, such as intersystem crossing (ISC).”"° These
studies demonstrated that excited states of TMCs travel
intricate pathways due to the interplay between vibrational and
electronic degrees of freedom on the ultrafast time
scale.""">"7~"” Hence, capturing vibrational quantum coher-
ence in the excited-state TMCs can open up possibilities to
reveal and optimize the excited-state trajectories leading to
optimal reaction outcomes. !

© XXXX American Chemical Society
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Pt(II) complexes have shown promise in applications of 4s

organic light-emitting diodes and photocatalysts.””>* Previous
studies of cyclometalated Pt(II) dimer complexes with a
pseudo-2-fold symmetry demonstrated structurally tunable
photophysical properties.”® As the Pt—Pt distance decreases in
the ground state due to stereohindrance exerted by the
bridging ligand, the lowest-energy electronic transition trans-
forms from a ligand-centered (LC) and/or metal-to-ligand-
charge-transfer (MLCT) transition localized on one-half of the
molecule to a metal-metal-to-ligand-charge-transfer
(MMLCT) transition delocalized over the entire mole-
cule ™% As the Pt(II)—Pt(II) distance decreases, the
interactions of the Sd,> molecular orbitals (MOs) between
the two Pt(II) atoms become stronger, causing a larger energy
splitting between the do bonding MO and do* antibonding
MO (HOMO) and thus increasing the HOMO energy.
Consequently, the lowest-energy electronic transition is
transformed to the MMLCT in nature, dominated by the
HOMO(do*)—LUMO(7*) transitions and red-shifted in the
ground-state absorption spectra.”>*’ The MMLCT transition
depletes an electron from the antibonding do* orbital and adds
the electron density to the antibonding #* ligand-centered

Received: April 20, 2021
Accepted: July 12, 2021

https://doi.org/10.1021/acs.jpclett.1c01289
J. Phys. Chem. Lett. XXXX, XXX, XXX—XXX

49
50
S1
52
53
54
SS
56
57
58
59
60
61
62
63
64
65
66
67
68
69


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pyosang+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrew+J.+S.+Valentine"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Subhangi+Roy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexis+W.+Mills"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Arnab+Chakraborty"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Felix+N.+Castellano"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Felix+N.+Castellano"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaosong+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lin+X.+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpclett.1c01289&ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpclett.1c01289?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org/JPCL?ref=pdf

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

Pt1 Pt2
(CM: ppy / BR: MePyO) (bzq/ MePyO)

z'\\

I Ty, z\ /
"o E

(o)
mmumzl \

D

o)

‘{'llm

"lmno

'/

Pt3
(ppy / PhPyO)

Pt4
(bzq / PhPyO)

Figure 1. Molecular structures of the Pt(II) dimers investigated in this study. These 2-hydroxypyridyl-bridged Pt(II) dimeric complexes feature
substantial variations in the cyclometalating (CM) and bridging (BR) ligands: 2-phenylpyridine (ppy, Ptl and Pt3) vs 7,8-benzoquinoline (bzq,
Pt2 and Pt4) and 2-hydroxy-6-methylpyridine (MePyO, Ptl and Pt2) vs 2-hydroxy-6-phenylpyridine (PhPyO, Pt3 and Pt4).
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Figure 2. Femtosecond TA data maps along with absorption ("MMLCT, black solid) and phosphorescence spectra (*MMLCT, red solid) and their
kinetic traces at specific probe wavelengths for Pt(II) dimers: (a) Ptl, (b) Pt2, (c) Pt3, and (d) Pt4. All TA measurements were performed in THF

at room temperature. Asterisks indicate the Raman peaks of THF.

70 orbital, thereby effectively increasing the Pt—Pt bond order by
71 ~0.5 and shortening the Pt—Pt distance by ~0.3—0.5 A in the
72 MMLCT excited state.>'** Consequently, the Pt—Pt stretch-
73 ing vibrational frequency will be higher in the excited state
74 than in the ground state. Studies of other Pt(II) dimer
75 complexes, such as Pt,(pop),, also detected CVWP motions of
76 the Pt—Pt stretching as well as its vibrational frequency
77 increase in the excited state due to a similar mechanism,
78 although the nature of the excited state is different.”> ™ These
79 observations lead to a hypothesis that the Pt—Pt distance could
g0 be one of the key structural factors to be used to follow the
81 ISC dynamics. Thus, CVWP motions of the Pt—Pt stretching
32 mode can be a probe to reveal the excited-state trajectories of
83 these dimers, especially for the femtosecond ISC processes.

Here, using femtosecond transient absorption (TA) spec-
troscopy (35 fs pulse duration), we investigated the Pt—Pt
stretching CVWP dynamics during the ISC processes in a set
of structurally correlated Pt(II) dimers (Figure 1).** The TA
spectra of the four Pt(II) dimer complexes, upon photo-
excitation at the 'MMLCT band (A, = 540 nm), are shown in
Figure 2. Details about the electronic transitions of Pt1—Pt4
are provided in Figure S1. The CVWP motions of the Pt—Pt
stretching mode launched by the 35 fs photoexcitation pulses
appear as oscillatory signals superimposed on the time
evolution of the excited-state population (Figure 2). A broad
and structureless excited-state absorption (ESA) feature in the
range of ~560—640 nm extending over the entire probe
spectral range (520—720 nm) is consistent with the nano-
second ESA spectral feature from the *MMLCT state for these
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Figure 3. FFT power maps and spectra for (a) Pt1, (b) Pt2, (c) Pt3, and (d) Pt4 at selected probe wavelengths as labeled. The FT's with respect to
the pump—probe delay time of 2150 fs have been processed to avoid the coherent spike and the cross-phase modulation signals around time zero.

molecules.”® The ESA signals for all complexes rise within ~3
ps of the excitation and then remain nearly static over the 30 ps
experimental time window (Figure S6), attributed to the initial
ultrafast ISC and the latter long-lived (i.e., several hundred
nanoseconds) *MMLCT-state absorption features, respec-
tively.*

The TA kinetic traces with delays of <3 ps for all Pt(II)
dimers were fitted by a sum of exponential functions
convoluted with a Gaussian IRF (full width at half-maximum
of ~3S5 fs). As shown in Figure 2, the rise kinetic time
constants at three probe wavelengths were obtained using a
long decay time constant fixed at 100 ns. A rise-time

component shorter than the IRF was excluded due to a
coherent spike and a cross-phase modulation near the delay
time zero. All Pt(I1) dimers exhibited a rise kinetics with a time
constant of 0.3—0.4 ps around 600 nm. Additionally, Pt1 and
Pt3 showed rise kinetics with a longer time constant (~0.7—
1.0 ps) around the redder ESA region (e.g., 680 nm), which
was also identified in the decay-associated spectra (DAS,
shown in Figure S7). Although the ESA signal appeared in the
entire probe spectral range for all Pt(II) dimers, the TA rise
traces could be attributed to a decay of stimulated emission
(SE) from the '"MMLCT state that is expected to appear in the
range of 560—680 nm as detected in a closely related

https://doi.org/10.1021/acs.jpclett.1c01289
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Figure 4. Oscillatory components (black) with the fit (red) to an exponentially damped sine function at the selected probe wavelengths and STFT
obtained by sliding a 600 fs time window (two-dimensional contour) along the probe delay time for (a) Pt1, (b) Pt2, (c) Pt3, and (d) Pt4. Details
for the fit of the oscillatory signals can be found in the Supporting Information.

pyrazolate-bridged Pt(II) dimer {[Pt(ppy)(y-"Bu,pz)],} com-
plex by femtosecond fluorescence upconversion measure-
ments.”” There was no sufficiently evident SE signal from
our femtosecond TA spectra that could be used to
unambiguously identify the SE signals from the 'MMLCT
state, and hence, we would focus on analyzing the CVWP
motions and correlating their dynamics with the TA rise
kinetics to reveal the ISC trajectories from the singlet to the
triplet MMLCT state.

To identify the frequencies of the CVWP motions detected
in the TA measurements, we performed fast Fourier trans-
formation (FFT) analysis of the oscillatory signals extracted as
the residuals from the excited-state population dynamics. The
FFT power maps and spectra (Figure 3) reveal two dominant
frequencies, ~100 and ~150 cm™". In all four dimers, the ~100
cm ™! mode was mostly detected in the ground-state absorption
region (520—560 nm),””*" while the ~150 cm™' mode is
distributed differently across the probe spectral region. Thus,
the results match the scenario described above, in which the
MMLCT transition effectively shortens the Pt—Pt dis-
tance”®*"** and effectively increases the force constants for
the Pt—Pt stretching in the excited state to produce the ~150
cm ™ mode that reflects motions in the excited MMLCT-state
PESs. Meanwhile, the impulsive stimulated Raman scattering
(ISRS) induces the ~100 cm™ Pt—Pt stretching CVWP
motions in the ground-state PESs corresponding to a longer
Pt—Pt distance. Such a Pt—Pt distance difference between the

ground and excited MMLCT states has been captured by

150

previous X-ray transient absorption and scattering studies of 1s1

the closely related pyrazolate-bridged Pt(II) dimers.”"”* An
upshift of the excited-state Pt—Pt stretching frequency was also
observed in femtosecond TA experiments on the prototypical
Pt,(pop),, although its electronic transition (do* — po) is
distinctively different from that of the Pt(II) dimers
investigated here.””** Normal mode analysis performed for
the ground- and excited-state (i.e., 'MMLCT and *MMLCT)
structures of these Pt(II) dimers further supported the idea
that the two dominating frequencies of ~100 and ~150 cm™
originate from the ground- and excited-state MMLCT PESs,
respectively (shown in Figures S2—SS5 with atomic motion
vectors for those modes in the range of 100—150 cm™"). The
calculated Pt—Pt stretching vibrations for all Pt(II) dimers
exhibited an increase in frequency from 114—120 cm™' in the
ground state to 138—150 cm™' in both singlet and triplet
MMLCT states, which confirms the assignment of the ~150
cm™! frequency to the CVWP motion in the excited PES of the
MMLCT state.

As the correlation between the Pt—Pt vibrational stretching
frequency and the Pt—Pt distance is established, we are able to
glean insight into the ISC trajectories in the Pt(II) dimer series
by following the temporal and spectral evolution of the ~150
cm™! mode from the initially populated Franck—Condon state
to the MMLCT state. A short-time Fourier transformation
(STFT) analysis with a time interval of 600 fs was performed
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Figure 5. STFT maps for (a) Ptl (top) and Pt3 (bottom) and (b) Pt2 (top) and Pt4 (bottom).

177 to take snapshots of the beating frequencies and amplitudes in
178 the entire experimental probe spectral and delay time range.
179 Therefore, the temporal evolution of the frequency spectra can
180 be extracted and displayed as a function of the delay time
181 within the boundary of the time—frequency uncertainty
152 relation (Figure 4). Details of the STFT procedure are given
183 in Figure S8.

184 The STFT analyses in Figure 4 reveal primarily two
185 characteristics of the observed ~150 cm™" oscillatory signal.
186 First, the long-lived CVWP beyond the ~3 ps time delay is
187 observed in only Pt3 and Pt4. Although the CVWP dephasing
188 time of ~0.7 ps at 680 nm in Pt3 is similar to the rise time
189 constant in the TA kinetics, that at 580 nm is drastically
190 prolonged over an ~3 ps time window, much longer than the
191 rise TA kinetics (Figure 2c). Similarly, a long CVWP
192 dephasing time is also observed at 610 nm in Pt4. Because
193 the phenyl groups are attached to the bridging ligands in only
194 Pt3 and Pt4, they could play an important role in the ISC
195 trajectory, which will be discussed below. In comparison, the
196 amplitude of the 150 cm™' CVWP motions in Pt1 decays with
197 time constants of 0.4 ps at 620 nm and 1.0 ps at 680 nm, and
198 that in Pt2 at 610 nm decays even faster with a dephasing time
199 of 0.3 ps. These time constants match the TA rise time
200 constants for Pt1 and Pt2 at similar probe wavelengths (Figure
201 2a,c). Second, the oscillatory frequency changes concurrently
202 with the oscillation amplitude rise at very early probe delay
203 times. The amplitude of the 150 cm™ oscillations at 680 nm in

S =

—_

«

=

Pt1 (Figure 4a) rises as the frequency increases from ~100 to 204
150 cm™" within 0.6 ps, which is comparable to the CVWP 205
dephasing time detected at 620 nm. Similarly, the amplitude of 206
the 150 cm™" oscillation at 680 nm in Pt3 increases within 0.6 207
ps. While Pt3 has a prolonged CVWP dephasing time (>3 ps) 208
at 580 nm, the 150 cm™" oscillatory amplitude increases as the 209
oscillation frequency increases (from ~100 to ~150 cm™), 210
also detected in the early delay time (Figure 4c). Similar to Pt3 211
(Figure 4b), the prolonged 150 cm™ CVWP motion at 610 212
nm in Pt4 (Figure 4d) exhibits amplitude growth with a 213
frequency upshift from ~100 to 150 cm™'. The frequency 214
changes observed in Pt3 (at 580 nm) and Pt4 (at 610 nm) are 215
most likely attributed to the ~100 cm™ CVWP motion 216
generated in the ground state by the ISRS. 217

While the amplitude time evolution for the CVWP motions 218
of the Pt—Pt stretching at 150 cm™" reflects the excited-state 219
population dynamics on the excited-state PESs, the spectral 220
evolution of this mode captures the energetic trajectory of the 221
excited state. The STFT spectra as a function of probe 222
wavelength, as shown in Figure 5, correlate the time evolution 223 fs
of the Pt—Pt stretching CVWP motions with the TA spectral 224
changes related to the ISC, thereby tracking the ISC 225
trajectories. 226

In the probe range of 620—700 nm, the STFT maps for Ptl 227
and Pt3 clearly reveal a red-shift of the 150 cm™" amplitude 228
distribution from ~620 to ~680 nm (Figure Sa). Such an 229
obvious spectral change was not detected in the entire TA 230
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Figure 6. Calculated PESs for all Pt(II) dimers projected as a function of Pt—Pt distance. Abbreviations: S, ground state; S;, 'MMLCT state; T,
ligand-centered triplet state; T;, "MMLCT state. Red bars indicate the Franck—Condon regime, while yellow bars show the conical intersection

between S, and T,.

231 probe range where the ESA of the "MMLCT state prevails
232 (Figure 2). After the red-shift, the 150 cm™ CVWP motion
233 dephases with time constants of ~1.0 ps for Ptl and ~0.7 ps
234 for Pt3, quantitatively matching the TA rise kinetics associated
235 with the ISC (Figure la,c). These spectral and temporal
236 behaviors in Ptl and Pt3 strongly indicate that the 150 cm™
237 CVWP dynamics detected in range of 620—700 nm originate
238 from the population dynamics on the '"MMLCT PES. It has
239 been shown in the pyrazolate-bridged Pt(II) dimer that the
240 ISC process induces the dephasing of the Pt—Pt stretching
241 CVWP in the !MMLCT state.”” Thus, the red-shift of the 150
242 cm™! amplitude distribution likely comes from the vibrational
243 relaxation from the higher to lower vibrational levels in the
244 PES of the 'MMLCT state during the ISC. Correlating the
245 spectral and temporal evolution of the 150 cm™ CVWP with
246 the observed TA rise kinetics, the shorter and longer TA rise
247 traces detected around 600 and 680 nm in Pt1 and Pt3 [0.3—
248 0.4 and 0.7—1.0 ps, respectively (Figure 2a,c)], can be
249 attributed to the vibrational relaxation and the ISC
250 ("MMLCT — *MMLCT) dynamics, respectively. There is
251 no direct evidence to identify whether the 150 cm™ CVWP in
252 range of 620—700 nm originates from the ESA or SE of the
253 'IMMLCT state, but the results are aligned with those of a
254 study of a similar Pt(I) dimer with the fluorescence decay
255 from the '"MMLCT state in range of 550—650 nm using the
256 fluorescence upconversion method.”” Furthermore, because
257 the vibrational relaxation dynamics induce a blue-shift of the
258 ESA, the red-shift in the spectra and the corresponding
259 temporal changes of the 150 cm™" CVWP in range of 620—700
260 nm for Ptl and Pt3 likely originate from the SE dynamics of
261 the '"MMLCT state.

262 In the STFT maps of Pt3 (Figure Sa, bottom panels), the
263 ~150 cm™' CVWP motion detected in the range of 560—600
264 nm exhibits a time evolution very different from that in the
265 probe region of 620—700 nm. The 150 cm™' oscillatory
266 amplitude for Pt3 in the range of 560—600 nm has not only a

long dephasing time (>3 ps) but also rise kinetics occurring 267
within 0.6 ps of the pump pulse (Figure S10b). The lasting 268
vibrational coherence beyond the TA rise times (0.3 and 0.7 269
ps) strongly suggests that the 150 cm™' CVWP motion in the 270
range of 560—600 nm occurs on the PES of the *MMLCT 271
state, because the CVWP motion in the MMLCT PES 272
(observed in the probe range of 620—700 nm) decays with a 273
time constant of 0.7 ps. In addition, the normal mode analyses 274
support the idea that the Pt—Pt stretching CVWP in the 275
SMMLCT state has a frequency similar to that of the 276
'"MMLCT state (Figures S2—S5). Furthermore, because the 277
MMLCT state is detected only by the ESA signals, the 27
oscillation amplitude rise measured within 0.6 ps reflects the 279
growth of the "MMLCT population through ISC. Overall, the 250
long-lasting 150 cm™" oscillation in the range of 560—600 nm 281
strongly indicates that the Pt—Pt stretching CVWP that 282
initially populated the 'MMLCT PES of Pt3 is partially 283
retained during the ISC to the MMLCT state. 284

The early STFT maps of Pt2 (Figure Sb) reveal a weak 285
amplitude for the ~150 cm™ mode at 630 nm, dephasing in 286
~0.4 ps, concurrent with the rise time in the TA traces (Figure 287
4b). Although it is unclear whether this oscillation amplitude at 2ss
630 nm originates from the SE or the ESA signal of the 289
'MMLCT state, the consistency between the dephasing and 290
TA rise time provides strong evidence to correlate the CVWP 291
dynamics with the ISC. As a comparison, the 150 cm™! CVWP 202
motions in the STFT maps for Pt4 feature a large amplitude 293
around 590—660 nm with a >3 ps time window and an ~0.6 ps 294
rise time (Figure Sb and Figure S10c), which is similar to the 295
TA rise kinetics (Figure 4d and Figure S8). Hence, the 296
amplitude growth and the long dephasing time beyond the TA 297
rise time suggest the retention of the Pt—Pt stretching CVWP 298
motions in Pt4 during the ISC. 299

The STFT analyses showed the Pt—Pt stretching CVWP in 300
Pt3 and Pt4 is retained during the ISC process. To determine 301
detailed ISC trajectories, the PESs of ground state S, and 302

https://doi.org/10.1021/acs.jpclett.1c01289
J. Phys. Chem. Lett. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c01289/suppl_file/jz1c01289_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c01289/suppl_file/jz1c01289_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c01289/suppl_file/jz1c01289_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c01289/suppl_file/jz1c01289_si_001.pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.1c01289?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as

f6

The Journal of Physical Chemistry Letters

303 lower-energy excited states for the four Pt(II) dimers were
304 calculated and projected as a function of the Pt—Pt distance
305 (Figure 6). The shapes and energies of these PESs provide
306 insight into the ISC trajectories and rationalization of the
307 experimentally detected behaviors of the Pt—Pt stretching
308 CVWP. Notably, in the Franck—Condon (FC) region (Figure
309 6, vertical red bar), there is an intermediate state, T, (’LC, CM
310 ligand-localized triplet state), with its energy between those of
311 the S; ("MMLCT) and T; (®MMLCT) states. Thus, T, is a
312 plausible intermediate state that may play a role in the
313 retention of the Pt—Pt stretching CVWP in the ISC process.
314 Such a T, state has been also identified in a previous
315 theoretical study.’” The calculated PESs in Figure 6 clearly
316 show the effects of ligand substitution. (a) The energy of the S,
317 PES is decreased in Pt3 and Pt4 with the phenyl groups in the
318 bridging ligands, and (b) the T, PES is steeper in Pt2 and Pt4
319 with larger aromatic CM ligands. The effect from step a brings
320 the conical intersection (CI, vertical yellow bar) between S,
321 and T, near the FC region, and that from step b makes the T,
322 and T; PESs nearly isoenergetic in the FC region.
323 Consequently, S; could proceed via two different routes
324 leading to T1: (1) S; (w=m;n>0) > S; (v=0) - T, or (2)
325 S; (v =m;n>0) > T, - T,. In particular, the Cl of S; and T,
326 in the PES suggests that the initial Pt—Pt stretching CVWP
327 could be retained from S, to T, near the FC region. Hence, the
328 Pt—Pt stretching CVWP retention revealed by the STFT
329 analyses for Pt3 and Pt4 would be operative via the second
330 ISC pathway [S; (v = n; n > 0) - T, — T,], aligned with a
331 recent study on Pt,(pop), in which the Pt—Pt stretching
332 CVWP in the S, state was retained in the final T, state via an
333 intermediate charge transfer state.”*’ Apparently, Pt4
334 possesses an optimal situation for undergoing the second
335 ISC pathway because both its CI of S; and T, and isoenergetic
336 PESs of T, and T, are all near the FC region to enable the
337 transition times from S; to T, via T, much shorter than the
338 Pt—Pt stretching period of ~220 fs, and thus to retain most of
339 its CVWP in the final T, state. In comparison, Pt3 has an
340 optimal CI of S, and T, near the FC region, but the PES
341 energy difference between T, and T is slightly larger than that
342 of Pt4 so that it has dual pathways. Furthermore, our recent
343 theoretical study has examined the ISC dynamics on a
344 pyrazolate-bridged Pt(II) dimer by a fully variational
345 relativistic method, demonstrating the consistent result that
346 the high-lying *LC state with its energy adjacent to the
347 'MMLCT state enables ultrafast ISC to the SMMLCT state.*°
348 On the basis of the STFT analyses (Figure 5) and the
349 calculated excited-state PESs (Figure 6), Figure 7 depicts the
350 ISC trajectories projected onto the Pt—Pt stretching vibra-
351 tional coordinate for Pt3 and Pt4. The Pt—Pt stretching
352 CVWP is first launched by the ground state to the 'MMLCT
353 PES transition at the FC region with an increased Pt—Pt bond
354 order and a corresponding oscillation frequency of ~150 cm™
355 (220 fs period). In Pt3, the CVWP dynamics observed in the
356 probe range of 620—700 nm corresponds to the first ISC
357 pathway. The initial Pt—Pt stretching CVWP relaxes to lower
358 vibrational states in the '"MMLCT PES [S, (v=n; n>0) = S,
39 (v = 0) (Figure 7, blue dotted arrow)]. The CVWP
360 subsequently dephases during ISC to the *MMLCT state
361 because the first ISC channel is symmetry-forbidden, resulting
362 in the population rise time constant of 0.7 ps being much
363 longer than the oscillation period to preserve the CVWP
364 motions. Meanwhile, some portion of the initial CVWP for Pt3
365 in the FC regime follows the second ISC pathway [S; (v = n; n
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Figure 7. Proposed mechanism for Pt—Pt stretching CVWP dynamics
during ISC processes in Pt3 and Pt4. Blue arrows indicate the first
ISC pathway [S; (v =n;n>0) = S, (v=0) — T,], while red arrows
show the second ISC path via the intermediate state [S; (v =n; n > 0)
— T, — T,], enabling the conservation of Pt—Pt stretching CVWP
detected in both Pt3 and Pt4.

>0) > T, > T, (red dotted line)], enabling the transfer of 366
CVWP to the intermediate PES through the CI as discussed 367
above (Figure 6). Then, the Pt—Pt stretching CVWP 368
continues to propagate through ultrafast internal conversion 369
to the >MMLCT state and is sustained over 3 ps as detected 370
around the ESA band of 560—600 nm. In STFT maps, the 150 371
cm ™" oscillatory amplitude exhibited rise kinetics in the probe 372
range of 560—600 nm (Figure S and Figure S10b), which is 373
high and possibly related to the internal conversion. Although 374
the Pt—Pt stretching CVWP dynamics related to the first ISC 375
path is clearly undetectable in Pt4, the long dephasing time for 376
the Pt—Pt stretching CVWP detected around 590—660 nm 377
strongly supports the second ISC pathway for Pt4. 378

The calculated PESs for Pt1 and Pt2 (Figure 6) also predict 379
the CI of S, and T,. However, no evidence for the conservation 380
of the Pt—Pt stretching CVWP was shown by the STFT 381
analyses. Apparently, the phenyl substituents on the BR ligands 3s2
in Pt3 and Pt4 may exert influence in steering the molecule 383
toward the second ISC trajectory. As shown in Figure 5, the 384
pendant phenyl rings in the BR ligands of Pt3 and Pt4 result in 385
decreasing the S; PES energy relative to that of T, shifting the 386
CI closer to the FC region. As a result, the Pt—Pt distances of 387
Pt3 and Pt4 at the CI are more similar to those at the FC state 388
compared to Ptl and Pt2. Given that the retention of the Pt— 389
Pt stretching CVWP was detected in only Pt3 and Pt4, the 390
similarity between the Pt—Pt distance in the CI and FC regions 391
enhances the second ISC pathway. In this regard, it is 392
noteworthy that the contraction of the Pt—Pt bond is 393
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394 accompanied by two major changes of inter-CM ligand
395 geometry from the ground-state structures (Figures S2—S5):
396 (1) the decrease in the inter-CM ligand distance (~0.25 A)
397 and (2) the decrease in the twisting angle between two planes
398 of CM ligands (~3.5°). The calculated excited-state structures
399 indicate that the structural reorganization associated with inter-
400 CM ligand geometry also becomes larger as the CI moves away
401 from the FC region. The early STFT maps showed a short-
402 lived ~100 cm™" CVWP near 685 nm for Pt1 and 600 nm for
403 Pt3, which is different from the ground-state CVWP with a
404 longer dephasing time (Figure S). Indeed, the inter-CM ligand
405 twisting motion was identified around ~60 cm™" in the normal
406 mode analyses, which is possibly related to the observed ~100
407 cm™! value (Figure S11 and details in the Supporting
408 Information). Collectively, the observed CVWP conservation
409 in only Pt3 and Pt4 suggests that the branching ratio of two
410 ISC pathways strongly depends on the Pt—Pt distance and the
411 related CM—ligand structure at the CL

412 Therefore, the Pt—Pt stretching CVWP can be preserved by
413 decreasing the S; PES energy for Pt3 and Pt4 as shown in
414 Figure 6. The trend seen in the HOMO—LUMO energy gap
415 across all Pt(II) dimers (Figure S1b) also demonstrates the
416 effects of the ligands on the S; PES (Figure S1b). In addition,
417 the HOMOs for Pt3 and Pt4 exhibit do* partially delocalized
418 into the #* orbitals of the phenyl rings, resulting in
419 destabilization of the HOMO energy levels and a decrease in
420 the HOMO—LUMO energy gap associated with the MMLCT
421 transition. The interactions between the phenyl groups in the
422 BR ligand and Pt(II) atoms likely remain in the S; and T,
423 states, because the Pt—Pt and Pt—phenyl ring distances
424 become even shorter compared to those in the ground-state
25 structure (Figures S4 and SS). A detailed computational study
426 is currently underway to reveal the precise interplay of the Pt—
427 Pt stretching vibration and other relevant structural compo-
#8 nents in Pt(II) dimers and their impact on spin-vibronic
429 coupling in the second ISC process.

430 In summary, ultrafast ISC trajectories of structurally related
431 Pt(II) dimer complexes (Pt1—Pt4) have been examined by
432 transient absorption spectroscopy with a 35 fs pulse via analysis
433 of the time evolution of the Pt—Pt stretching CVWP motions
434 in both temporal and spectral dimensions. The results reveal
435 the dual ISC pathways, from S, to T, directly and via an
436 intermediate T, state, evidenced by the different coherent
437 vibrational wavepacket behaviors of the Pt—Pt stretching
438 across the four structurally related Pt(II) dimer complexes. In
439 particular, the calculated PESs of different states indicate the
440 importance of ligands in altering relative energies and conical
441 intersections of different states, which enabled different
442 reaction paths. This study presents possibilities of controlling
443 the branching ratio between two ISC paths by the relative
444 positions of conical intersections to the FC states using
445 modifications of cyclometalating and bridging ligands in the
446 Pt(II) dimer complexes. Therefore, what we have learned from
447 structurally dependent CVWP behaviors in these Pt(II) dimer
448 complexes can enhance our understanding of other TMC
449 excited-state reaction trajectories to influence the outcome of
450 various photochemical processes.
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