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Abstract

Chemical transformations in charge transfer states result from the interplay between electronic dynamics
and nuclear reorganization along excited-state trajectories. Here, we investigate the ultrafast structural
dynamics following photoinduced electron transfer from the metal-metal-to-ligand charge transfer
(MMLCT) state of an electron donor, a Pt dimer complex, to a covalently-linked electron acceptor group
using ultrafast time-resolved wide-angle X-ray scattering and optical transient absorption spectroscopy
methods to disentangle the interdependence of the excited-state electronic and nuclear dynamics.
Following photoexcitation, Pt-Pt bond formation and contraction takes up to 1 ps, much slower than the
corresponding process in analogous complexes without electron acceptor groups. Because the Pt-Pt
distance change is slow with respect to excited-state electron transfer, it can affect the rate of electron
transfer. These results have potential impacts on controlling electron transfer rates via structural
alterations to the electron donor group, tuning the charge transfer driving force.
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Transition metal complexes (TMCs) are often utilized in artificial photosynthetic systems because they can
mobilize charges via photoinduced charge transfer and store the generated electron/hole equivalents for
subsequent chemical transformation, generating electricity or chemical fuels. Despite the wealth of
research involving such charge transfer excited states, information on their trajectories, especially
regarding electronic and atomic motions at the earliest times following photoexcitation, remains limited.
For solution-phase photochemistry of TMCs, time-resolved wide-angle X-ray scattering (TR-WAXS) takes
excellent advantage of the short pulse X-rays provided by XFEL sources to detect atomic motions in real
time,**® including nuclear vibrational motions in the excited-state trajectories.’™ ®8° Coherent vibrational
wavepackets (CVWPs) are generated when multiple vibrational levels on a given potential energy surface
are simultaneously populated. The spectral and temporal distributions of the CVWPs, along with their
subsequent decoherence, enables examination of excited-state trajectories, elucidating the dynamics of
chemical transformation. CVYWPs are often detected via changes in energy using optical spectroscopy,®2
and the associated atomic motions can be monitored directly using X-ray methods.>>% & 17 Combining X-
ray and optical methods on the femtosecond time scale provides opportunities for understanding the
interplays of electronic and nuclear motions that can alter and control the excited-state trajectories and
outcome of chemical transformations.

Among TMCs, dimeric Pt(ll) complexes are promising in photoluminescence applications and
photocatalysts. These complexes include the widely-studied tetrakis(u-pyrophosphito)diplatinate(ll)
([Pt2(P20sH2)4]*, PtPOP),% % as well as the more recent butterfly-shaped dimers, such as the [Pt(ppy)(u-
R:pz)]2 series (R = H, Me, Ph, tBu; ppy = 2-phenylpyridine; py = pyrazole).?53! Although these chromophores
share a structural motif where the two Pt centers are fixed in close proximity, enabling spatial overlap
between the Pt dz? orbitals and forming fully occupied Pt-Pt bonding (do) and anti-bonding (do*) orbitals
in the ground state, the nature of their lowest energy electronic transitions can differ dramatically. For the
[Pt(ppy)(u-R2pz)]2 series and their derivatives, the character of the lowest energy transition depends on
the Pt-Pt distance, changing from ligand centered (LC)/metal-to-ligand-charge transfer (MLCT) to metal-
metal-to-ligand-charge-transfer (MMLCT) transitions as the ground-state Pt-Pt distance becomes shorter.3?
The MMLCT transition induces Pt-Pt bond formation in the excited state due to depletion of the
antibonding electron density from the do* orbital, which changes the bond order from zero in the ground
state to ~0.5 in the excited state. Changing the R group of the butterfly dimers to a bulkier substituent
alters the Pt-Pt frontier orbital overlap, altering the dimer absorption and emission spectra and modulating
the excited-state potentials. The ultrafast dynamics of these complexes have been investigated in several
studies using optical transient absorption (OTA) spectroscopy,® 16 18 20, 24,3233 X_ray transient absorption
(XTA) spectroscopy,®*3* and TR-WAXS.> & 35 Following studies of the ground-state and excited-state
structural dynamics of the Pt dimer complexes, here we examine the effects of ultrafast Pt-Pt bond
formation on the photoinduced electron transfer (PET) process between an electron donor, the Pt dimer
[Pt(ppy)(K-R2pz)]2 (R = ph), to the 1,4,5,8-naphthalenediimide (NDI) electron acceptor (1, Figure 1). Our
results indicate that metal-metal bond contraction occurs more slowly than charge migration, potentially
affecting PET rates. The PET rates and subsequent relaxation processes are examined using ultrafast OTA
spectroscopy, with the Pt-Pt bond formation and contraction monitored using XSS. These results
demonstrate a potential role of the Pt-Pt contraction in dictating PET rates through modulating the excited-
state energy and, therefore, the PET driving force. The combined use of OTA and TR-WAXS methods
demonstrates how electronic/nuclear reorganization in the excited and intermediate states facilitates
directional charge transfer toward catalytic reaction sites in photochemically active systems.
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Figure 1. a) Structure of 1 (R = Ph, R’= NDI); b) UV-Vis spectra of 1 (red) and its corresponding Pt dimer
without NDI (R = Ph, R’ = H, blue). For 1, the spectral region below 400 nm is dominated by NDI r-it*
transition; Pt-Pt MMLCT and LC/MLCT transitions absorb mostly above 400 nm; c) OTA spectra of 1 in THF
following 400 nm excitation (At = pump-probe delay time) and d) decay-associated spectra of 1, showing
OTA time constants of 210 fs, 2.0 ps, 19 ps, and 200 ps, and 550 ps.

The synthesis and structural characterization of 1 has been described previously.* The UV-Vis spectra of 1
with and without the NDI acceptor subunits are presented in Figure 1. Steric interactions between the
phenyl groups of the p-Phypy bridging ligands and the cyclometalating ligands impose a 3.03 A Pt-Pt
distance (from EXAFS*) and significant wavefunction overlap between the two Pt 5dz? orbitals, resulting
in an absorption band that extends to > 500 nm.3132 The lowest energy transition (> 400 nm) is MMLCT in
nature, dominated by the transition from the do* HOMO to hybrid cyclometalating ligand-centered n*
LUMO.2532 For this class of systems, the strong absorption below 400 nm is assigned as a mixture of ligand-
centered or metal-to-ligand-charge-transfer (LC/MLCT) transitions.'® 3% 34 However, in 1, the absorption
below 400 nm is dominated by n-it* transitions on the NDI ligands, with sharp ligand vibronic features at
358 and 379 nm, which overshadows the LC/MLCT absorption features in this region.32

The PET dynamics of 1 were measured using OTA spectroscopy by monitoring the appearance of the
distinct NDI anion spectral features®® resulting from 400 nm excitation; the OTA spectra, fit using a
sequential five exponential model, and accompanying decay-associated spectra (DAS) are shown in Figure
1. The 400 nm light primarily excites the MMLCT transition,3? though minor LC/MLCT character could mix
as the two transitions may overlap in this region. The strong excited-state absorption (ESA) features in the
OTA spectrum exhibit two peaks centered at 474 and 605 nm due to the formation of the NDI anion arising
from PET.?” These features appear with a ~210 fs time constant, reflecting ultrafast PET from the Pt dimer
MMLCT state to the NDI t* state. A further ESA growth with 2.0 ps time constant and much smaller
amplitude changes was also obtained, with these initial dynamics followed by three decay components



with 19, 200, and 550 ps time constants. The 2.0 ps component reflects the sharpening of the ESA features,
suggesting vibrational cooling of a hot charge-separated state.3®3° The 19 ps component is likely due to
structural reorganization and relaxation of the NDI ligand, evidenced by a slight blue-shift in the NDI radical
anion absorption feature that is reflected by the derivative-like shape around 600 nm in DAS 3.33 The
positive DAS 3 signal reflects rapid back ET from the NDI anion that is deactivated by the structural
reorganization. The biphasic 200 ps and 550 ps decays represent back ET from the NDI radical anion or
charge recombination; the latter time constant is consistent with the 520 ps decay time constant for the
5d,, valence hole recovery measured in the previous XTA experiments at the Pt Lj-edge.®* The 3MMLCT
state lifetime in 1 is drastically shortened from several hundreds of nanoseconds typically observed in
[Pt(ppy)(H1-R2pz)]2 complexes®? due to back electron transfer from the NDI quenching the excited state.
Because there is no instrument response function (IRF)-limited rise of NDI it-it* signatures observed, direct
excitation of the NDI rt-it* is likely minimal.
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Figure 2. Left) TR-WAXS difference signal of 1 in THF following 400 nm excitation. Right) Integrated TR-
WAXS difference signal, from 2 — 4.5 A", monitoring the Pt-Pt contraction, and 0.4 — 1.1 A", following
ligand motion, are plotted in blue and red, respectively.

The structural evolution of photoexcited 1 during PET was monitored using ultrafast TR-WAXS upon 400
nm excitation (Figure 2), processed using the same procedures described in a recent publication by
Leshchev et al.® Experimental conditions are in Methods, with detailed descriptions of data reduction and
analysis in Supporting Information. Our previous work showed that the TR-WAXS signals originating from
the Pt-Pt contraction are prominent at all g values, while general molecular motions, such as ligand
twisting, are observed primarily at lower g values.® Therefore, the integrated scattering difference signals
for 1 from 2.0 < g < 4.5 A preferentially represent the Pt-Pt contraction, while those from 0.4<g< 1.1 A°
! represent overall molecular motions with a contribution from Pt-Pt contraction.® Previous TR-WAXS of a
Pt dimer without electron acceptors demonstrated impulsive Pt-Pt contraction, i.e. within 1/4 of the Pt-Pt
stretching vibrational period (220 fs and 330 fs at the MMLCT and ground-state geometries, respectively),
followed by slower ligand motion.® In contrast, Pt-Pt contraction in 1 is non-impulsive and concurrent with
the ligand reorganization. The difference in behavior among these dimers is likely a consequence of their
different bridging ligands (pz bridges in 1, hydroxypyridine (PyO) bridges in the previous work®), which
impose different ground-state structures and likely different degrees of contraction. The magnitude of the
Pt-Pt contraction can be extracted through quantitative analysis of the TR-WAXS signal.



The quantitative atomic motions of photoexcited 1 measured as a function of the pump-probe delay time
were extracted by modeling the TR-WAXS data using a sum of scattering contributions from solute, solvent,
and solute + solvent (solvent cage) as previously described (Figure S3).2 12> DFT-calculated structures
were used to model the ground and excited-state structures, and the solute-solvent interactions were
modelled by molecular dynamics simulations that include explicit solvent molecules. The TR-WAXS data
for 1 was fit from g = 2.0 — 4.5 A, where signals corresponding to the Pt-Pt contraction dominate those
from the possible ligand reorganization, solvent cage, and solvent heating.® Thus, only the Pt-contraction
is included as a structural coordinate in the analysis (i.e., no ligand twist). Two models for the solute were
used: one which includes radial distribution functions (RDFs) from all atoms in 1, and one that excludes
those involving the NDI groups; exclusion of the NDI RDFs accounts for uncertainty and variations of the
relative orientations between the NDI and cyclometalating ligand planes. Fits including the NDI RDFs had
considerably poorer ¥2, particularly at longer time delays (Figure S4), and therefore the NDIs were excluded
from the modelling. The time-dependent Pt-Pt bond length extracted from the final analysis is presented
in Figure 3, and a comparison of the Pt-Pt ground and excited-state structures obtained from DFT, XTA, and
TR-WAXS are in Table $3. Photoexcitation triggers a ~0.4 A Pt-Pt distance contraction, matching the value
extracted from XTA measurements,33 but considerably larger than the ~0.25 A contraction observed in the
dimer incorporating PyO bridges.® The ultrafast Pt-Pt contraction (over the first 1.6 ps following
photoexcitation) is modeled using a biexponential function convoluted with a Gaussian response, with the
second time constant fixed to represent the ~470 ps excited-state decay time (Figure S5). Pt-Pt contraction
occurs with ~360 fs time constant, much slower than that observed by TR-WAXS of other Pt dimers (i.e.,
~100 fs) without the acceptor.>® The 470 ps recovery time constant of the Pt-Pt distance back to its ground
state value (Figure S5) reflects electron back transfer or charge recombination from the NDI to Pt dimer
moiety and is consistent with the value of 550 ps obtained from OTA analysis.
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Figure 3. Left) Time-dependent Pt-Pt distance extracted from fits of TR-WAXS difference profile from 2 A
< g < 5 A, Wavepacket with ~310 fs period (~104 cm™ frequency) and ~420 fs dephasing is observed.
Fourier transform of sinusoidal component is plotted in inset. Right) Ultrafast reaction pathways for 1
following 400 nm photoexcitation. Following 400 nm excitation, charge separation occurs with slower Pt-
Pt contraction to the fully-contracted 1CS. Finally, slower ISC results in 3CS formation, with >100 ps lifetime.



Photoexcitation with sufficiently short laser pulses and broad spectral bandwidth to simultaneously
populate multiple vibronic manifolds can launch CVWPs, which in the Pt-Pt stretching mode case renders
vibrational frequencies at various states activated by the photoexcitation, e.g., the > MMLCT and the
ground states. DFT calculations of 1 give Pt-Pt vibrational frequencies of 102 and 145 cm™ at the ground-
state and contracted geometries, respectively, consistent with observations from other molecular Pt
dimers.® 16:18 2021 The time evolution of CVWP characteristics, e.g., frequency, amplitude, and dephasing
time, are indicative of the phase-correlated atomic motions across the photoinduced reaction pathways.
For example, CVWPs have been used to identify intermediate triplet states that enable rapid intersystem
crossing to the 3MMLCT state via spin-vibronic coupling.2>2! In contrast to the previously detected CVWP
signals in several Pt dimers, no CVWP motions related to the Pt-Pt stretching vibrational motions were
observed in the OTA spectra of 1 (Figure S2). Notably, the 210 fs PET time constant matches the Pt-Pt
stretching vibrational period in the MMLCT state (~220 fs period), suggesting potential interplay between
contraction of the Pt-Pt bond and concurrent PET in 1.

While 1 does not exhibit a CVWP in its OTA spectra (atypical for most Pt dimer complexes™8), Pt-Pt distance
oscillations were detected in the TR-WAXS signals, superimposed onto the Pt-Pt contraction trajectory,
and fit to a frequency of 104 + 2.2 cm™ and a dephasing time of 420 + 80 fs (Figure 3). This wavepacket is
also observed directly in the TR-WAXS difference signal from 2 A < g < 4.5 A before quantitative
modelling of the scattering profile (Figure S7). Notably, the experimental frequency matches the DFT value
at the ground-state Pt-Pt distance, rather than that of the contracted Pt-Pt species. Pt-Pt distance
oscillations in the MMLCT state associated with the CVWPs were detected in previous ultrafast TR-WAXS
measurements of PyO-bridged Pt dimer, where Pt-Pt stretching vibrational frequencies of ~135 and 150
cm? were observed with > 1 ps dephasing time.® The significant difference in the Pt-Pt stretching
frequency, drastically damped oscillatory amplitude, and slowed Pt-Pt distance contraction to previously
investigated Pt dimers suggest that 1 follows a different excited-state pathway than in our previous TR-
WAXS work.

CVWPs with ~100 cm™ vibrational frequency observed in other Pt dimer complexes have typically
originated either on the ground state surface or an intermediate triplet state, observed by ultrafast optical
spectroscopy.t® 20-21. 24,40 The jntermediate ligand-centered triplet state in PyO-bridged Pt dimers has an
equilibrium Pt-Pt distance similar to that of the ground state and subsequently has a Pt-Pt frequency that
is comparable to the ground state, which can facilitate a spin-vibronic mechanism for ultrafast ISC to the
SMMLCT state.>® 821 For [Pt(ppy)(1-R2pz)]2 (R = tBu), which also has pz bridging ligands like 1, the a similar
intermediate triplet state T,, with a conical intersection near the Franck-Condon geometry, was proposed
based on computational results, which could similarly facilitate ultrafast ISC.** However, if the 100 cm™
mode detected for 1 was generated on the T, state, it should be followed by a ~150 cm™* CVWP formed
from impulsive population transfer to the 3MMLCT state,'®%! so the absence of a ~150 cm™ CVWP rules
out the T, pathway. Alternatively, the ~100 cm™ could come from the CVWP motions from impulsive
Raman scattering in the ground-state following photoexcitation. Although this possibility cannot be ruled
out, the similar time constants for the Pt-Pt distance shortening at 360 fs and dephasing time at 410 fs is
a strong indication that the dephasing time is mainly originated from the structural change in the MMLCT
state. Thus, the origin of its 100 cm™ mode likely differs from the previous examples on the Pt-Pt dimer
complexes without an electron acceptor.

The crystal structure of 1, which possesses a pz bridging ligand with phenyl substituents, has a ground
state Pt-Pt distance of 3.03 A, which is > 0.1 A longer than the Pt dimers with PyO bridges,® *?! and the



total Pt-Pt distance contraction of ~0.4 A in 1 is considerably larger than the ~0.25 A observed for a PyO-
bridged dimer via TR-WAXS.® Because the Pt-Pt contraction in 1 is slow relative to that observed for the
PyO-bridged dimers, it cannot support an impulsively-generated 150 cm™ CVWP, which would form at the
IMMLCT state minimum with a contracted Pt-Pt bond. Due to its longer Pt-Pt distance in the Franck-
Condon state, the bond order evolves with Pt-Pt distance contraction, even though the HOMO o* electron
is depleted immediately upon excitation. During the first picosecond, the Pt-Pt bond is essentially “softer”
due to its longer distance. Thus, the 104 cm™ mode originates from a CYWP on the *MMLCT surface near
the Franck-Condon geometry. The 420 fs dephasing time for the Pt-Pt distance oscillation closely matches
the Pt-Pt contraction, which further supports this assignment. Therefore, the non-impulsive nature of the
Pt-Pt contraction to the *MMLCT/CS minimum precludes the generation of the high-frequency Pt-Pt
mode. The absence of a dominant pathway through the intermediate triplet state suggests that the spin-
vibronic mechanism for rapid ISC is shut off in 1,2 likely resulting in slow (> 400 fs, based on the Pt-Pt
dephasing time) formation of the triplet state; this is consistent with the ~700 fs ISC observed in an analog
Pt dimer observed by ultrafast fluorescence upconversion.*

To summarize the experimental results, OTA spectroscopy exhibits a rise in NDI radical absorption with
220 fs time constant, corresponding to PET to the NDI acceptor. TR-WAXS exhibits non-impulsive structural
changes in 1, tentatively assigned as Pt-Pt contraction and ligand twisting based on our previous TR-WAXS
work.2 Quantitative analysis of the TR-WAXS signal from 2 — 4.5 A" shows Pt-Pt bond formation and
contraction of ~0.4 A with a time constant of 350 fs; the contraction is notably slower than PET to the NDI.
Additionally, a Pt-Pt vibrational wavepacket is observed with 104 cm™ frequency and 420 fs dephasing
time. The 104 cm™ mode is consistent with the ~100 cm™ modes observed in our previous work,2! but
here is formed on the *MMLCT surface near the Franck-Condon geometry. This suggests that the pz
bridging ligand, by stabilizing a relatively long Pt-Pt ground state, produces an initially rather soft Pt-Pt
bond, yielding the long contraction time and low frequency Pt-Pt vibration.

A general reaction scheme has been constructed considering the electron and atomic structure dynamics
from OTA and TR-WAXS measurements (Figure 3, right). Excitation at 400 nm excites primarily an MMLCT
transition, generating a CVWP corresponding to a Pt-Pt stretching vibration near the Franck-Condon
geometry, followed by charge migration to the NDI with 210 fs time constant. Charge migration occurs
concurrently with slow atomic reorganization, both Pt-Pt contraction and ligand reorientation, with ~400
fs time constant. The vibrational dephasing marks the formation of the CS state at the fully-contracted Pt-
Pt geometry. There is no direct spectral signature observed for ISC to the 3CS state; instead, an ISC time
constant of > 400 fs is assigned based on the decay of the vibrational wavepacket. The structural analysis
from modeling of the TR-WAXS focused on the Pt-Pt contraction, but other effects likely play a role in
tuning the excited-state energy. A ligand twist distortion like those observed previously is likely present
based on the TR-WAXS evolution observed at low g; additionally, changes in the n-it interactions of the
NDI groups likely manifest as alterations at low g in the TR-WAXS profile. Finally, solvent reorganization on
the time scale of PET is expected as the solvent stabilizes the reduced NDI centers. The ligand and solvent
effects are not treated explicitly in this study, largely owing to the inability of purely DFT models to properly
capture the positions of the NDI groups and model their long-range interactions. The motion and solvation
of the NDI probably affect the rate of PET. Additionally, distortions in the ligand twist perpendicular to the
Pt-Pt bond axis could affect Pt-Pt 5dz? overlap, altering coupling between the Pt centers and, thus, the ISC
rate. TR-WAXS coupled with ab initio MD simulations, for example, can more accurately capture the



solvent motion around the complex,? so more detailed information regarding the solvent stabilization of
the CS state could be extracted in future studies using such methods.

Viewing from a Marcus perspective, the relatively slow rates of Pt-Pt contraction and ISC likely influence
the PET rate. The motion of the Pt centers serves as the primary structural reactive coordinate, tuning the
excited-state energy by 100s of meV.*! Since both ISC and Pt-Pt contraction are slower than PET, PET occurs
from a high-energy, predominantly non-contracted MMLCT state. The larger driving force in this
configuration (relative to the contracted *MMLCT species) favors PET in the normal Marcus region while
inhibiting PET if 1 is in the Marcus inverted region. Future work will focus on the nature of the charge
transfer process, including determining which Marcus region the [Pt(ppy)(u-R2pz)]. complexes are in.
Additionally, the reason for non-impulsive Pt-Pt contraction is unclear. Because the large NDI groups must
move along with the Pt centers following the initial MMLCT state population, it is possible that slow Pt-Pt
contraction is a consequence of the interactions of the NDI with the solvent. However, other structural
distortions specific to the [Pt(ppy)(u-Rzpz)]; series, in particular the ligand motions that were not
quantified here, likely couple to the Pt centers and slow their motion. Structural modifications that tune
both the Pt-Pt contraction and the ISC rates serve as potential mechanisms for tuning the electron transfer
properties of organic Pt dimer complexes, enabling their utility in solar energy conversion processes.

Ultrafast electron transfer trajectory in [Pt(ppy)(u-ph2pz)]> donor-acceptor complex 1 was mapped out
using ultrafast optical transient absorption spectroscopy and TR-WAXS. The sub-ps PET from the electron
donor Pt dimer moiety to an electron acceptor NDI was detected by the emergence of the NDI radical
anion, and a non-impulsive Pt-Pt distance shortening was detected by TR-WAXS, along with the Pt-Pt
distance oscillation depicting the coherence vibrational wavepacket motions. The CVWP dephasing during
the PET process depicts a dynamic Pt-Pt bond-forming process, evolving by ~0.4 A from a Franck-Condon-
like species to the final !MMLCT potential energy surface. The rapid dephasing of the CVWP with the
geometric rearrangement of the Pt dimer core suggests that ISC is slower than these atomic motions,
indicating that spin-vibronic coupling pathways are inactive in this system. The slow Pt-Pt contraction and
intersystem crossing result in an additional driving force for electron transfer, likely altering the reaction
rates. This work demonstrates potential avenues for tuning electron rates by regulating the photoinduced
atomic motions in the Pt dimer core.

Methods
Synthesis of 1. 1 was synthesized using previously published procedure.

X-ray Solution Scattering. The data was collected at the X-ray Correlation Spectroscopy (XCS) end station
at the Linac Coherent Light Source (LCLS),® as described previously in the literature.*? Briefly, 1 was
dissolved in THF at a concentration of 1.7 mM and flown through a round nozzle to create a 50 um
diameter jet. The jet speed was set to several m/s to ensure that each pair of pump-probe pulses
illuminated the fresh sample volume. The 400 nm optical laser was focused to a 120 um (FWHM) round
spot on the sample, with 5 pJ pulse energy (fluence ~88 mJ/cm?), 40 fs pulse width and 120 Hz repetition
rate. One out of every eight X-ray pulses probed the ground state (i.e., laser off) samples. The structural
dynamics of complex 1 were probed with X-ray pulses from LCLS at 9.5 keV, 120 Hz repetition rate. The
wide-angle X-ray scattering patterns were collected using the ePix10k 2M detector (van Driel et al., 2020)
placed perpendicular to the X-ray beam 52 mm away from the sample. The time delay between laser and
X-ray pulses was varied using a mechanical translation stage for the sub-picosecond — picosecond scans



and electronically for the longer-time scans. In the sub-picosecond regime, each image was time-corrected
using a timing tool. A separate measurement on neat water was also conducted to determine the absolute
time-zero and the temporal instrument response function (IRF);? the IRF of the setup was found to be 80
+ 10 fs (full with at half maximum, FWHM).

The data was collected using three types of scans covering different time ranges: (1) short-range time
series up to 1.6 ps, (2) medium-range time series up to 10 ps, and (3) long-range time series up to several
microseconds. The scan sequence consisted of 3 short-range, 1 medium-range, and 1 long-range scans.
Each scan included scattering patterns from about 37000 individual X-ray shots. Scan sequences were
repeated several times until the signal-to-noise ratio was found to be satisfactory.

Optical Transient Absorption. The OTA experimental measurements have been described previously.****

1 was dissolved in THF to achieve an optical density of ~0.4 — 0.5 at 400 nm in a 1 mm path cuvette. OTA
data was analyzed using Glotaran® and fit to a sum of five sequential exponentials convoluted with a
Gaussian IRF given as the FWHM. DAS was also generated using the time-dependent amplitude for each
fitted kinetic trace. Plots of the individual, normalized DAS are shown in Figure S8.

Computational Methods. Geometry optimization and frequency calculations of 1 were performed using
Gaussian 16.%° The range- and dispersion-corrected wB97X-d functional was used, shown previously to
better reproduce Pt dimer ligand m-rt* interactions between the pseudo-two-fold symmetry related two
Pt centers corresponding the TR-WAXS profiles.® The LanL2DZ effective core potential was used for the Pt
centers, and the 6-31G(d) basis set for the lighter atoms. To model the excited-state structural changes
encoded in the TR-WAXS data, the molecular geometry was parametrized to consist of continuously-
spanning structures from the ground state and thermalized T, state (obtained from time-dependent DFT).
Previous work demonstrated that these structures, calculated using the wB97X-d functional, matched long
time delay TR-WAXS difference signals.® As shown by our previous TR-WAXS study of a related Pt dimer,®
the two overwhelmingly dominating structural degrees of freedom between the GS and T, structures are
a Pt-Pt contraction and ligand reorientation that involves motion of the ligands orthogonal to the Pt-Pt
axis. These structural distortions are modeled by displacement vectors from the DFT frequency
calculations; the Pt-Pt contraction is obtained from the T; state structural calculation where the Pt-Pt
stretching vibration frequency is determined to be ~145 cm™, while the ligand motion was modeled as the
sum of 24 vibrational modes, chosen based on their weighted root mean squared deviation in the atomic
positions between the T; and GS structures (Note S12 in Leshchev et al®). However, due to uncertainty in
the NDI positions from the DFT calculations, the ligand scattering contributions were removed, and the
scattering data was fit only in the high g range where the Pt-Pt scattering path is the dominant component
(Figure S3), and the ligand twist motion was also excluded as a relevant structural parameter over the
fitted scattering range.

Molecular dynamics simulations were performed in NAMD?* to model the THF solvent cage around 1,
obtained by simulating the equilibrium THF positions around 1 in the GS and T1 geometries. Molecular
dynamics simulations were performed as described previously.? Briefly, the non-bonding interactions and
Lennard-Jones (LJ) potentials were used to parameterize the system. The LI parameters for H, C, N, and O
atoms were taken from the atom types HPT63, CPT63, NPT63, and OPT62 in the Charmm36 general force
field (CgenFF),* respectively, while the Pt LJ were set to rO = 2.845 A and € = -0.52 kcal/mol.** 1 was
solvated in an 80 x 80 x 80 A% box (3600 THF) using Packmol.>® To ensure all THF can move, heating and
cooling calculations were performed from 100 to 800 K in 25 ps intervals with 50 K steps, then back down



to 300 K with the same rate, under NVT conditions. The environment was then equilibrated under NVT at
300 K for 1 ns, then changed to NPT and run for 5 ns. The simulation density was referenced against the
density of THF at 300 K before cage signal calculations.

Associated Content

Supporting Information. Figures S1-S7, Tables S1-S3, TR-WAXS data reduction and processing details, and
ultrafast broadband TA experimental setup.
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