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Although vibronic coupling phenomena have been recognized in the excite state dynamics of transition

metal complexes, its impact on photoinduced electron transfer (PET) remains largely unexplored. This

study investigates coherent wavepacket (CWP) dynamics during PET processes in a covalently linked

electron donor–acceptor complex featuring a cyclometalated Pt(II) dimer as the donor and naphthalene

diimide (NDI) as the acceptors. Upon photoexciting the Pt(II) dimer electron donor, ultrafast broadband

transient absorption spectroscopy revealed direct modulation of NDI radical anion formation through

certain CWP motions and correlated temporal evolutions of the amplitudes for these CWPs with the NDI

radical anion formation. These results provide clear evidence that the CWP motions are the vibronic

coherences coupled to the PET reaction coordinates. Normal mode analysis identified that the CWP

motions originate from vibrational modes associated with the dihedral angles and bond lengths between

the planes of the cyclometalating ligand and the NDI, the key modes altering their p-interaction,

consequently influencing PET dynamics. The findings highlight the pivotal role of vibrations in shaping

the favorable trajectories for the efficient PET processes.
Introduction

Natural photosynthetic reaction centers set examples for nearly
100% quantum efficiency in photoinduced charge separation,
driving biochemical reactions responsible for storing the energy
necessary to sustain life on Earth.1 The detection of coherent
wavepacket (CWP) motions within the reaction centers stimu-
lated investigations on the role of nuclear motions in achieving
highly efficient charge separation.2–4 Subsequent studies have
identied the CWP motion as an electronic–vibrational
(vibronic) coherence that persists over the timescale of the
photoinduced charge separation.5–7 It was proposed that the
vibronic resonance across the exciton and charge transfer state
could harness electronic coherence as a robust function in the
primary electron transfer processes even in the uctuating
environmental conditions within the protein matrix.8–10

Vibronic coherence has also garnered signicant attention for
its potential role in photoinduced electron transfer (PET),
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a fundamental process in articial solar energy conversion
systems.11–13 For instance, a 100 fs PET process in a blend of
poly(3-hexylthiophene) (P3HT) and fullerene coincided with the
emergence of CWP motions attributed to the vibrations of
fullerene, highlighting the interplay of electron and vibrational
motions during the primary charge separation.14 Furthermore,
it was experimentally demonstrated that the vibronic coherence
directly inuences the photocurrent generation in other organic
heterojunctions solar cells.15 These observations suggest that
the vibronic coherence between the electron donor and
acceptor could play a pivot role in facilitating efficient PET
dynamics in articial systems.

The aforementioned studies demonstrating the role of
vibronic coherence in PET processes has inspired the present
study on an electron donor–acceptor system featuring a transi-
tion metal complex (TMC) as the donor. The light absorption
process directly gives rise to a charge transfer (CT) state in the
TMCs, either from metals to ligands or vice versa. The CT
transition functions as a driving force, initiating the primary ET
reactions in many applications for solar energy conversion,
photocatalysis, and optoelectronics.16–19 Recent advances in
ultrafast optical and X-ray spectroscopies have revealed that the
CT excitation results in signicant structural rearrangements,
accompanied by CWP motions associated with the structural
changes in the vibronic manifold of the CT excited states.20–32

Furthermore, the CWP motions evolve along the excited state
trajectories to the nal states during intersystem crossing and
© 2024 The Author(s). Published by the Royal Society of Chemistry
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spin-crossover dynamics, shedding light on the possibility of
the vibronic coherence between different spin states.29,30,33–36

These examples imply that the CWP motions following the CT
transition in the TMCs can exert a signicant impact on
subsequent PET toward the electron acceptor.

To investigate the effects of CWP motion in PET reactions,
we designed an electron donor–acceptor system (2) with
a cyclometalated Pt(II) dimer (1) as the donor and naphthalene
diimide (NDI) as the acceptor (Fig. 1a). As shown in previous
studies, a metal–metal-to-ligand charge transfer (MMLCT, ds*
/ p*) transition in Pt(II) dimer directly induces∼0.2 Å or larger
Pt–Pt distance contraction as the electron density from an
antibonding orbital is depleted.29,32,37 Meanwhile, a signicant
amplitude of CWP motions associated with Pt–Pt stretching
vibration can be launched in the MMLCT excited state, as evi-
denced by ultrafast optical transient absorption and X-ray
solution scattering experiments.29,32,36 In this study, using
ultrafast broadband transient absorption (BBTA) spectroscopy
with 20 fs (FWHM) pump pulses, we track the CWP motions
during the PET from Pt(II) dimer to NDI to identify the key
reaction coordinates in 2. The results unveil the clear evidence
for the certain CWP motions to directly modulate the NDI
radical anion formation dynamics and to inuence the PET
trajectories across the MMLCT and charge-separated (CS)
states.

Results and discussion
Excited state and PET kinetics

Pt(II) dimer (1) exhibits the typical electronic transitions of
a cyclometalated Pt(II) dimer as reported in previous studies,
featuring (1) ligand-centered (LC) transitions below 350 nm, (2)
a mixture of LC and metal-to-ligand charge transfer (MLCT)
transitions between 350–450 nm and (3) the MMLCT transition
above 450 nm (Fig. 1b, S5–S7 and Table S1†).37,38 The electron
donor–acceptor complex (2) also displays the MMLCT band
Fig. 1 (a) Schematic molecular structures of Pt(II) dimer (1) as the donor an
state absorption spectra for 1 and 2 dissolved in THF solvent. The inset sh
the BBTA measurements.

© 2024 The Author(s). Published by the Royal Society of Chemistry
above 450 nm, while a strong p–p* transition of the NDI elec-
tron acceptors appears with a clear vibronic feature below
400 nm in the steady-state absorption spectrum (Fig. 1b, S5–S7
and Table S1†).39 We investigated the PET reaction dynamics
from Pt(II) dimer to NDI upon MMLCT excitation using BBTA
spectroscopy with 20 fs pump pulses centered at 550 nm (see
the inset in Fig. 1b). As a reference, the BBTA signals of 1 display
rise dynamics across the entire probe spectral range within the
rst 2–3 picosecond (ps) time delay window (Fig. 2a). Aer the
rst few ps, the TA signal amplitudes persist without signicant
changes up to 150 ps (Fig. S8†). Global tting, performed with
the Glotaran program40 using a sequential kinetic model,
reveals two time constants for the early rise kinetics: 364 fs and
1.76 ps. The analysis of evolution-associated difference spectra
(EADS) for each time component demonstrates that these rise
kinetics are attributed to the decay kinetics of the stimulated
emission (SE) signal (Fig. 2c). The broad SE signal centered
around 650 nm rst emerges, which subsequently redshis to
700 nm with a time constant of 364 fs and then is completely
quenched with a time constant of 1.76 ps. Since the SE signal
stems from the singlet MMLCT state, the time constant of 1.76
ps is attributed to intersystem crossing (ISC) from the singlet to
the triplet MMLCT state. Aer undergoing vibrational cooling
within 71 ps,38 the 3MMLCT state persists longer than 150 ps
time window, which is consistent with the 3MMLCT lifetime of
341 ns obtained from the previous nanosecond TA measure-
ment on the same Pt(II) dimer.37

The BBTA signals of 2 exhibit distinctly different early TA
kinetics (Fig. 2b) under the same experimental conditions
compared as those of 1. The formation of NDI radical anion
dominates the temporal and spectral behaviors of 2 due to the
PET from Pt(II) dimer to NDI. Using the global tting of the
sequential kinetic model, analysis of EADS demonstrates that
the NDI anion spectrum rises with two time constants: 95 fs and
475 fs (Fig. 2d). Based on the computations of time-dependent
density functional theory (TD-DFT) and natural transition
d Pt(II) dimer with NDIs (2) as the donor–acceptor complex. (b) Steady-
ows a zoom of MMLCT absorption bands and pump spectrum used in
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc01876a


Fig. 2 (a and b) 2D contour plots of BBTA spectra and kinetic profiles at specific probe wavelengths for 1 (a) and 2 (b). All measurements were
carried out in THF solvent. (c and d) Evolution associated difference spectra (EADS) for 1 (c) and 2 (d), obtained by global kinetic analysis on the
BBTA data scanned up to 150 ps (Fig. S8†). Black arrows highlight the temporal evolution of stimulated emission (SE) signal. The BBTA data up to
70 fs were truncated for the global fitting in order to avoid the contribution of coherent spike and cross-phase modulation signal around time
zero.
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orbital (NTO) (Fig. S5–7 and Table S1†), we assigned the initial
excited state corresponding to the 1MMLCT state featured by
the black EADS. Despite cross-phase modulation in the rst
∼100 fs aer the excitation, the black EADS indicates the
signicant quenching of the SE signal around 650 nm due to the
PET on the similar time scale. The black EADS evolves to the red
EADS with a 95 fs time constant, and then to the blue EADS with
a 475 fs time constant. Notably, the red EADS differs signi-
cantly from the blue EADS with characteristic NDI radical anion
bands at 608, 700, and 775 nm.39 Instead, the red EADS shows
a broader absorption band at 608 nm and two blue-shied
bands at 667 and 750 nm. This distinction indicates that the
charge separation (blue EADS) occurs through an intermediate
CT (InCT) state formed between the Pt(II) dimer and NDIs
(shown by the red EADS) following the MMLCT excitation. Aer
the completion of the charge separation, the spectrum of the
NDI anion decays over time without signicant changes in its
spectral features (Fig. 2d and S8†). The multiple time constants
found in the decay kinetics (1.83, 15.1, and 220 ps) suggests that
different relaxation processes could be present, such as vibra-
tional relaxation or ISC during a charge recombination (CR) to
14768 | Chem. Sci., 2024, 15, 14766–14777
the ground-state. Although a detailed investigation of these
dynamics could provide insight into the mechanism of CR, the
current study focuses on the forward PET processes (Pt(II) dimer
/ NDI) which can be tracked by the CWP behaviors to deduce
their roles in the PET processes.

CWP motions

The CWP motions in both 1 and 2 launched by the 20 fs pump
pulses were detected as oscillatory signals across the probe
range overlaid with the population evolution signals (Fig. 3a
and b). Fast Fourier transformation (FFT) of the beating signals
aer the removing the population evolution in the TA signal
uncovers the frequencies of the CWP motions for 1 and 2 below
1000 cm−1, as shown in Fig. 3c and d. (Note: the THF solvent
vibration at 912 cm−1 is induced by an impulsive stimulated
Raman scattering (ISRS) process41). Previous ultrafast TA
studies on cyclometalated Pt(II) dimers, combined with normal
mode analysis, showed a frequency upshi in the CWP motion
associated with the Pt–Pt stretching vibration from ∼110 cm−1

for the ground-state to ∼150 cm−1 for the MMLCT excited-state
as the result of the Pt–Pt distance shortening or effective bond
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a and b) Wavelength-resolved residual map (top) and beating signals (bottom) at specific wavelengths for 1 (a) and 2 (b). The oscillatory
residuals were extracted by a global kinetic analysis on the BBTA kinetic traces. We performed inverse Fourier filtering on the CWP modes in 0–
800 cm−1 in order to visualize the temporal dynamics of the CWP motions obscured by strong THF solvent vibration at 912 cm−1. The raw data
are provided in Fig. S9† (c and d) wavelength-resolved FFT map (top) and spectra (bottom) at specific probe wavelengths for 1 (c) and 2 (d). The
FFT was carried out for the residuals within the time range of 0.07–2.5 ps to avoid the contribution of cross-phase modulation around time zero.
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order increase.29,30,36 Particularly, fs X-ray solution scattering
study directly observed a contraction of Pt–Pt distance by∼0.2 Å
in the MMLCT excited-state, accompanied by the Pt–Pt
stretching CWP motion with the 150 cm−1 frequency.32 In the
current investigation, the CWPs of 1 and 2 also exhibit signi-
cant FFT amplitudes at ∼110 and ∼150 cm−1 (Fig. 3c and d),
which are similar to the aforementioned frequencies of Pt–Pt
stretching vibrations in the ground- and MMLCT excited-states,
respectively.

Our fs-BBTA spectroscopy provides a broad probe spectral
range of 550–850 nm, allowing us to precisely map out a phase-
ip position associated with the Pt–Pt stretching CWP motion
and its temporal evolution (black dotted arrows in Fig. 3a and
b). Since the phase ip occurs around the energy minimum of
the potential energy surface (PES), its spectral position provides
the assignments of the electronic state where the CWP motions
take place.30,42–46 Specically, the phase ip in the ground-state
© 2024 The Author(s). Published by the Royal Society of Chemistry
CWP would occur around the ground-state bleaching (GSB)
maximum, while that in the excited-state CWP arises near the
SE or excited-state absorption (ESA) maximum.

The ∼110 cm−1 CWP motions in 1 and 2 commonly display
the strong FFT amplitudes exclusively around the GSB region of
550–600 nm, supporting that the CWPs are prepared in the
ground-state PES via the ISRS process.47 It is highly likely that
the phase-ip for this ground-state CWP is located around the
absorption maximum (520 nm), which falls beyond the probe
range of BBTA spectroscopy. An interference between the ∼110
and ∼150 cm−1 CWP motions is observed around the GSB
region (∼600 nm) due to the overlap of these oscillations. This
interference is distinct from the phase ip that arises from the
∼150 cm−1 excited state CWP observed beyond the GSB region.

In Fig. 3a, the wavelength-resolved residual map for 1 reveal
that the phase ip emerges rst around 650 nm and then
redshis to ∼700 nm, which is consistent with the redshi of
Chem. Sci., 2024, 15, 14766–14777 | 14769
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the SE maximum from 650 to 700 nm with the time constant of
364 fs (Fig. 2c). The temporal evolution of the phase ip
demonstrates that the 150 cm−1 CWP motion directly modu-
lates the SE spectral shape and amplitude along the probe
wavelength axis (also see Fig. S10†). In addition, the CWP
undergoes a damping with a time constant of ∼610 fs (Fig. S11
and Table S2†). These results conrm that the 150 cm−1 Pt–Pt
stretching CWP launched by the 1MMLCT excitation decays in
the PES of the 1MMLCT excited state during the ISC to the
3MMLCT state. In contrast, the phase ip for the 150 cm−1 CWP
motions in 2 disappears at the SE peak of 650 nm in <300 fs,
while a new phase ip emerges at 800 nm in early time and
blueshis to 750 nm. Moreover, the 150 cm−1 CWPmotions of 2
display an initial amplitude growth within ∼100 fs, similar to
the TA rise time of ∼100 fs associated with forming the InCT
state in the PET process (Fig. S11 and Table S2†). These features
differentiate the origin of the 150 cm−1 CWPs for 2 from that for
1. The decay and rise of the phase ip at ∼650 and ∼800 nm
demonstrate that the PET reaction quenches the SE signal of the
1MMLCT excited-state and concomitantly enhances the ESA
signals of the InCT and CS states. In addition, the damping time
of ∼1 ps indicates that the Pt–Pt stretching CWP sustains its
phase during the PET reaction (Fig. S11 and Table S2†).
Therefore, the 150 cm−1 CWPmotion observed in 2 is attributed
to the nuclear motion associated with the Pt–Pt stretching
vibration in the InCT and CS states.

In Fig. 3c and d, FFT analysis also reveals other CWPmotions
in 200–700 cm−1 frequency range. The weak FFT amplitudes
were observed at 230 and 293 cm−1 in 1, which were not clearly
detected in previous work.29 The 230 and 293 cm−1 modes
largely appear beyond the onset of the absorption spectra at
Fig. 4 (a) FFT amplitude distribution plots for the 678, 230 and 150 c
constants of 475 fs (red) and 1.83 ps (blue) are presented to compare th
distribution. Red arrows indicate the spectral position of phase-flip detec
for the two types of CWP motions: Franck–Condon and Herzberg–Telle
type oscillation highlights the difference in oscillator strength between t

14770 | Chem. Sci., 2024, 15, 14766–14777
∼600 nm and thus can be reasonably assigned to the CWPs in
the 1MMLCT excited-state. The 230 cm−1 CWP motion is also
observed in 2, while its spectral amplitude distribution is
distinct. The mode is predominantly detected around 608 and
667 nm, which are near the peaks of InCT state represented by
red EADS (Fig. 2d). 2 also shows new CWP motions with the
frequencies of 270, 308, 345, 540 and 678 cm−1 around 608 nm
peak of NDI anion. Interestingly, the wavelength-resolved
residual map displays the beating patterns of these modes
(dominantly 678 cm−1 frequency) with the phase ip around
608 nm (black dotted arrow in Fig. 3b). Additionally, the
amplitude of the 678 cm−1 beating signal gradually increases
over a period of ∼0.8 ps, as shown in the oscillation at 615 nm
(Fig. 3b).
Franck–Condon vs. Herzberg–Teller type CWP oscillations

The FFT amplitude spectra plotted as a function of probe
wavelength provide further characterization of the CWP
motions in 2 (Fig. 4a and S12†). The FFT amplitude of the
678 cm−1 mode is predominantly present around the NDI
radical anion band at 608 nm. Similar behavior is observed in
the FFT amplitudes of 270, 308, 345, and 540 cm−1 CWPs
(Fig. S12†). The spectra show a distinct valley at 608 nm due to
the phase ip of the CWP motion, which is consistent with the
wavelength resolved residual map (black dotted arrow at
608 nm in Fig. 3b). These CWP motions are attributed to
Franck–Condon type oscillations. As illustrated in Fig. 4b, the
periodic propagation of the CWP motions along its vibrational
coordinates leads to spectral modulations of the NDI radical
anion due to the displacement between the PESs of the lowest
(S1) and higher excited states (Sn) in the ESA region.
m−1 modes as a function of probe wavelength. EADSs with the time
e spectra of intermediate CT (InCT) and CS states with FFT amplitude
ted in the wavelength-resolved residual map (b) schematic illustration
r type oscillations. The thicker and thinner arrows in Herzberg–Teller
he left and right positions of PES.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a and b) EADS for 2 in toluene and acetonitrile (MeCN), ob-
tained by global kinetic analysis on the BBTA data scanned up to 150 ps
(Fig. S13†). (c) Early TA kinetic traces observed at the NDI anion peaks at
∼608 nm in toluene, THF and MeCN. Inset shows the kinetic traces up
to 20 ps.
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Specically, the 678 cm−1 CWP motion causes the peak of NDI
radical anion band to oscillate between wavelengths larger
(∼615 nm) and smaller (∼595 nm) than 608 nm with its vibra-
tional frequency. Although we do not directly excite NDI, the
phase ip at the peak of the NDI radical anion absorption
strongly indicates that the CWP in 2 originates from the nuclear
motions associated with the CS active vibration pertaining to
the NDI core.48 However, the PET time scales of ∼100 and ∼500
fs are not sufficiently short to impulsively generate 50 fs period
of 678 cm−1 CWP mode in the CS state. This result suggests
a different mechanism for the formation of 678 cm−1 CWP
motion in the CS state of 2.

The FFT amplitude for the 230 cm−1 CWP displays two bands
with peaks around 608 and 667 nm. Importantly, these peaks
match well with the characteristic bands at 608 and 667 nm of
the red EADS corresponding to the InCT state of the PET reac-
tion (Fig. 4a). This feature indicates that the 230 cm−1 CWP
motion only modulates the amplitudes of both ∼608 and
667 nm bands without the spectral shis, in contrast to the
678 cm−1 motion. Such CWP motions can be interpreted as
Herzberg–Teller type oscillation, as illustrated in Fig. 4b.49–52 In
this case, the CWP motion cannot modulate the TA spectral
shape and amplitude because the displacement between the
two PESs is negligible or zero; therefore, the transition energies
on both sides of the PES are identical. When the nuclear
motions, however, can differentiate the oscillator strength on
the right and le sides of the PES, it can be possible to probe the
intensity modulation while maintaining the spectral shape.
This phenomenon occurs through a vibronic coupling that
allows the intensity borrowing from one electronic state to
another at a specic molecular structure compared to the
opposite structure.49–53 Thus, the Herzberg–Teller type beating
pattern provides the strong evidence for non-Condon effect of
230 cm−1 CWP motion. Given that the transition strengths at
∼608 and 667 nm are proportional to the population of the
InCT state in the PET processes, it can be suggested that there is
the vibronic coupling between the 1MMLCT and InCT states
along the 230 cm−1 vibrational coordinates.

The Pt–Pt stretching vibration (150 cm−1 mode) exhibits FFT
amplitude spectra characterized by a sharp peak at ∼608 nm
and a broad peak at∼700 nm (Fig. 4a). These features match the
NDI anion bands in the CS state (blue EADS in Fig. 2d). Notably,
the oscillation residual map reveals the absence of phase ips
associated with the 150 cm−1 oscillation at ∼608 nm and
∼700 nm (Fig. 3b). The presence of a phase ip near 750 nm
(black dotted arrow in Fig. 3b and red arrow in Fig. 4a)
complicates the assignment of the origin of the 150 cm−1 CWP.
Nevertheless, the FFT spectral features at ∼608 and 700 nm
strongly suggests the non-Condon effect in the 150 cm−1

vibration, leading to alternation in the intensity of the NDI
radical anion spectrum. In contrast to the 230 cm−1 CWP
motion, the 150 cm−1 CWP only affects the TA spectra associ-
ated with the CS state (∼608 and 700 nm at the blue EADS).
Thus, the non-Condon effect for the 150 cm−1 Pt–Pt stretching
CWP motion implies that the vibronic coupling between the
InCT and CS states occurs along the 150 cm−1 vibrational
coordinate.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Solvent-polarity dependence of PET and CWP dynamics

To verify the correlations of the PET kinetics and the CWP
evolution, we also investigated the solvent dependence of the
PET and CWP dynamics (Fig. S13 and 14†). It is well-known
from Marcus theory that the solvent reorganization energy in
the ET processes changes with its dielectric constant, and thus
the PET rate.54 Generally, the polar solvent stabilizes the
charged species (radical cations and anions, i.e., CS state) and
thus increases the driving force of the PET reaction. We antic-
ipated that a polar solvent would enhance the PET rate and
affect the damping or rise time of the CWP motions. This
approach allows us to identify the CWPmotions associated with
the PET reaction coordinates.55–57 As shown in Fig. 5c, the rise
Chem. Sci., 2024, 15, 14766–14777 | 14771
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kinetics of NDI anion peak at ∼608 nm become faster as the
polarity increases; toluene (dielectric constant 3 z 2.38) < THF
(3 z 7.58) < acetonitrile (MeCN, 3 z 37.5). The global kinetic
analysis further reveals the solvent polarity dependency of the
PET processes (Fig. 2d, 5a and b): (1) the time scale of ∼100 fs
corresponding to the formation of the InCT state (the red EADS)
remain almost unchanged across different solvent polarities. (2)
the transition from the InCT to the CS state (the blue EADS)
becomes faster with increasing polarity, toluene (952 fs) > THF
(475 fs) > MeCN (224 fs). (3) the CR processes also occur faster in
higher polarity solvents.

Using the short-time Fourier transformation (STFT) method,
we analyze the temporal evolution of the CWP motions and
their correlation with the PET kinetics observed in different
solvents (Fig. 6, S16 and S17†). The STFT analysis captures the
time evolution of the amplitude of the frequency content
extracted from the oscillatory signals, and provides information
about the dephasing dynamics of CWP motions (see the details
in Fig. S15†). As shown in the wavelength-resolved STFT maps
(Fig. 6a and b), the ∼100 cm−1 ground state wavepacket
dephases only around the GSB region (550–600 nm). It is
because this CWP doesn't undergo any electronic transition and
vibrational relaxation in the ground state PES. Therefore, we
exclude the ground-state wavepacket contribution on the
excited state CWP dynamics beyond the ground state
absorption.

The amplitude of the 230 cm−1 mode signicantly decreases
during the PET from the 1MMLCT to InCT and almost
completely vanishes within 0.6 ps. Additionally, its dephasing
Fig. 6 (a and b) Wavelength-resolved STFTmaps for 2 in THF. (c) Time tra
STFT amplitudes at each time point were integrated in the frequency
678 cm−1 mode observed at ∼615 nm. The time traces are also detecte

14772 | Chem. Sci., 2024, 15, 14766–14777
dynamics appear to be nearly independent of solvent polarity.
The 150 cm−1 mode exhibits a noticeable dependence on
solvent polarity. The time point at which the amplitude reaches
half of its maximum value becomes smaller with increasing
solvent polarity, ranging from ∼0.9 ps in toluene, ∼0.6 ps in
THF to ∼0.4 ps in MeCN. This trend illustrates that the
150 cm−1 CWP undergoes faster dephasing dynamics in higher
polar solvents. Furthermore, the STFT maps show that the
amplitude of the ∼150 cm−1 CWP around 608 nm (blue dotted
circle in Fig. 6a and b) increases during the PET process from
1MMLCT to InCT and becomes evident during the PET process
from InCT to CS. This feature indicates that the non-Condon
effect for the 150 cm−1 mode is delayed in time and affects
the CS spectra later. This emergence suggests that the 150 cm−1

CWP induces the vibronic coupling between the InCT and CS
states. Most interestingly, the 678 cm−1 CWP clearly show
a distinct trend from the others, with its amplitude rise during
the PET processes. As the solvent polarity increases, the STFT
amplitude reaches its maximum faster at earlier delay times,
∼0.8 ps in THF to ∼0.6 ps in MeCN. The onset of the amplitude
decay for the 678 cm−1 mode also varies with the solvent
polarity, which can be interpreted as the consequence of the
polar solvents accelerating both CS and CR processes. This
nding demonstrates that the rise dynamics of this mode
become faster as the polarity increases, which is consistent with
the faster rise of NDI anion in MeCN solvent (Fig. 5c). Although
the STFT amplitude at early time is the lowest in toluene, the
time point at the maximum value remains similar to THF, fol-
lowed by slower dephasing. This result indicates that the
ces for STFT amplitudes for 230 cm−1 mode observed at∼667 nm (the
range of 200–300 cm−1), 150 cm−1 mode observed at 820 nm, and
d in toluene (top), THF (middle) and MeCN (bottom).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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678 cm−1 CWP in toluene begins the damping concurrently
with the rise dynamics during the PET processes, distinct from
those observed in other solvents. The 270, 308, 345 and
540 cm−1 CWPs do not show the polarity dependence
(Fig. S17†).

To support the STFT analysis, we performed a Fourier
ltering analysis using a super-Gaussian window.45 We selec-
tively ltered out the 230, 150 and 678 cm−1 FFT bands and then
conducted inverse Fourier transformation to retrieve the
ltered frequency domain data back to the time domain one. As
shown in Fig. 7, the 230 cm−1 CWP motion doesn't exhibit the
solvent-polarity dependence. However, the damping of the
150 cm−1 CWPmotion signicantly accelerates in polar solvent,
and the rise dynamics of the 678 cm−1 CWP also become faster
in polar solvent. Although narrow lters require careful use due
to potential artefacts, these results are consistent with STFT
analysis. Notably, the beating maps for 230 and 150 cm−1 CWPs
reveal the changes in the beating patterns around 667 and
608 nm during the PET processes (blue dotted boxes in Fig. 7a
and b). These features indicate that the 230 and 150 cm−1 CWP
motions propagate along the PET reaction coordinates,
Fig. 7 (a–c) Fourier filtering results for the 230, 150 and 678 cm−1 CWP m
pattern around 667 nm for 230 cm−1 CWP and 608 nm for 150 cm−1 C
around 608 nm. Black dotted arrows highlight the dephasing and rise dyn
solvent polarity.

© 2024 The Author(s). Published by the Royal Society of Chemistry
modulating the transition strengths of TA spectra associated
with InCT and CS states, respectively. These results support the
non-Condon effects of these CWP motions. Specically, the
non-Condon effect of the 230 cm−1 CWP indicates the vibronic
coupling between the 1MMLCT and InCT along the 230 cm−1

vibrational coordinate. This coupling might explain why the
dephasing dynamics of the 230 cm−1 CWP are independent of
the solvent polarity, which is similar to the trend in the PET rate
change from the 1MMLCT to InCT across different solvent
polarities. For the 150 cm−1 CWP motion, the non-Condon
effect suggests the vibronic coupling between the InCT and
CS along this vibrational coordinate, strongly supported by the
solvent-polarity dependence of its dephasing dynamics.

Compared to the damping dynamics of 230 and 150 cm−1

CWPs, the 678 cm−1 CWP dynamics clearly exhibit an intensity
growth during the PET processes in both STFT and Fourier
ltering analyses. Since the amplitude rise dynamics depend on
the PET rate varied by solvent polarity, we rule out the possi-
bility that this CWP is a spectator mode orthogonal to the PET
reaction coordinate and, thus, not active in the reaction. As
mentioned in the previous section, the impulsive generation via
otions. Blue dotted boxes highlight the temporal evolution of beating
WP. Blue dotted arrow indicates the phase flip for the 678 cm−1 CWP
amics of 150 and 678 cm−1 CWPmotions, which are dependent on the

Chem. Sci., 2024, 15, 14766–14777 | 14773
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the PET processes is also excluded because the PET time scales
of ∼100 and 224–950 fs are much longer than the vibrational
period of 678 cm−1 CWP (∼50 fs). Hence, the 678 cm−1 CWP
transfer strongly suggests the vibronic mechanism for the entire
PET processes, 1MMLCT / InCT / CS, which will be dis-
cussed below.
Key PET reaction coordinates

To gain insight into how the molecular vibrations of 150, 230,
and 678 cm−1 modes contribute to the PET reactions, we con-
ducted calculations involving optimized structures and normal
modes in both ground- and CS states (Fig. 8a and S18–23†).
Based on the knowledge of which the 150 cm−1 CWP motion
originates from the Pt–Pt stretching vibration, our initial focus
is on examining the relevant normal modes in the ground- and
CS states. Similar to 1, the Pt–Pt stretching vibration in 2
exhibits an upshi in frequency from 113 cm−1 in the ground-
to 148 cm−1 in CS state. It is because the one electron trans-
ferred to the NDI comes from a ds* antibonding orbital,
leading to Pt–Pt bond contraction. Notably, the nuclear motion
triggers an out-of-plane (OOP) motion of 2-phenylpyridine (ppy)
ligands (le in Fig. 8a and S19†), which arises due to the short
Fig. 8 (a) Calculated normal modes in the ground-state, assigned to 1
trajectories.

14774 | Chem. Sci., 2024, 15, 14766–14777
distance (∼3.6 Å) between these ligands. More interestingly, the
induced OOP motion concurrently leads to a dihedral angle
(DA) change between the ppy ligand and the NDI moiety,
resulting in ∼5° alteration (Fig. S21†). The DA alteration can
potentially increase the overlap of p orbitals between the ppy
and NDI, thereby accelerating the transfer of electrons from ppy
to NDI. Such a torsional motion has been noted to enhance p-
interactions, leading to rapid intramolecular CT in copolymers
and covalent organic frameworks built from donor–bridge–
acceptor congurations.58–60

Based on the Pt–Pt stretching motion, we searched for an
OOP vibration within the 200–300 cm−1 frequency range,
potentially corresponding to the 230 cm−1 mode. The calculated
OOP vibrational mode has a frequency around 282 cm−1 in both
the ground- and CS states, displaying an alteration of the DA by
∼5° (middle in Fig. 8a, S19 and S22†). The OOP motion is also
observable around a similar frequency in the normal mode
analysis for 1 (Fig. S20†), consistent with the CWP motion
observation at ∼230 cm−1 in 1 and 2 (Fig. 3c and d). An
intriguing collective vibration involving both the ppy ligand and
NDI core was calculated around 687 cm−1 in both ground and
CS states (right in Fig. 8a). This nuclear motion alters∼0.06 Å in
50, 230 and 678 cm−1 CWP motions. (b) Illustration of PET reaction

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the bond distance between the ppy and NDI constituents
(Fig. S23†). Therefore, the molecular vibrations of 150, 230 and
678 cm−1 frequencies are expected to be PET active due to the
alternation of DA and bond length between the ppy and NDI
moieties.

Based on the analyses of CWP motions and their corre-
sponding normal modes, the PET reaction mechanism for 2 can
be proposed, as illustrated in Fig. 8b. In the initial PET process
(∼100 fs), the 1MMLCT and InCT states are vibronically coupled
via the 230 cm−1 OOP vibration initiated by the MMLCT exci-
tation. This vibration leads to an enhancement in p-interaction
between the ppy and NDI moieties through the modulation in
the DA conguration. Even though the 230 cm−1 mode
completely decoheres in the InCT state, the p-interaction keeps
being boosted through the vibration of the Pt–Pt stretching
mode (150 cm−1), which also alters in the DA conguration.
Consequently, the vibronic couplings driven by the OOP and Pt–
Pt stretching vibrations render the efficient PET pathway
through the multiple PESs. More importantly, the PET pathway
is accompanied by coherence transfer of the 678 cm−1 CWP to
the CS state. The DA modulations enable vibronic wavefunction
delocalization across the multiple PESs, leading to the transfer
of the 678 cm−1 CWP along the entire PET processes. Along this
line, the vibronic couplings driven by the OOP and Pt–Pt
stretching vibrations may engender multiple conical intersec-
tions (CIs) through the PET trajectories (Fig. 8b). The CI is
a crossing region where two adiabatic PESs are degenerate at
a particular geometry. In this vicinity, strong vibronic mixing of
the electronic and nuclear degrees of freedom dominates,
leading to the breakdown of the Born–Oppenheimer approxi-
mation and enabling nonadiabatic transitions from the higher
to lower surfaces.61–63 Such vibronic coupling signicantly
inuences the CWP dynamics at the CI, facilitating its passage
through the CI and subsequent population in the nal state.64,65

In 2, the DA modulations enhance the nonadiabatic couplings
at the CIs, conserving the 678 cm−1 wavepacket phase and
leading to efficient coherence transfer to the CS state. In other
words, the 678 cm−1 CWP in 2 passes through the two CIs in the
crossing regions between the PESs of the MMLCT, InCT and CS
states, followed by dephasing processes during the CR
processes. In this context, the observation of non-Condon
effects can imply that the 230 and 150 cm−1 vibrations are the
coupling modes to form the CIs. In addition, it is conceivable
that the InCT state represents a vibronic CT state delocalized
between the ppy and NDI, vibronically bridging the 1MMLCT
and CS states during the PET processes. The strong dependence
of the TA kinetics for the InCT state on the solvent polarity also
supports this interpretation. Furthermore, the calculated
collective motion involving the ppy and NDI entities may signify
a distinct intramolecular vibration associated with the vibronic
CT.

Conclusions

In summary, we experimentally detected that MMLCT excita-
tion of Pt(II) dimer launches certain CWPmotions (150, 230 and
678 cm−1) which directly alter the formation and evolution of
© 2024 The Author(s). Published by the Royal Society of Chemistry
the NDI radical anion during PET. The temporal correlation
between the CWP and the PET dynamics revealed these modes
as key reaction coordinates for the PET processes. Based on
normal mode analysis, these ndings strongly suggest that the
CWP motions are coupled to the PET reaction coordinates by
modulating the energies associated with vibronic states to be
delocalized between the ligand and NDI. As a result, we also
discovered the dynamic interplay of these vibronic motions
enables the 678 cm−1 vibronic coherence to survive the entire
PET processes, even in ∼1 ps CS in toluene. Our ndings
demonstrate new possibility to leverage the vibronic effect to
determine the most desirable trajectory for an efficient PET
reaction. The vibrational motions coupled to the CT transition
of TMCs will offer an ideal avenue for harnessing the vibration-
assisted coherent ET in articial solar energy conversion
systems.

Data availability

The data supporting this article have been included as part of
the ESI.†

Author contributions

PK: performed the ultrafast BBTA experiments and analysis, as
well as wrote the manuscript. PK, XL, FNC and LXC: concep-
tualized and supervised the project and reviewed and edited the
manuscript. SR and SK: performed the synthesis and charac-
terization, wrote the synthetic methodology. AJSV and XL: per-
formed the computations, wrote the computational
methodology. PK and TWK: built up the ultrafast BBTA spec-
troscopic technique.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

P. K., S. R., A. J. S. V, X. L., S. K., T. W. K., X. L., F. N. C and L. X. C.
as well as computational work are supported in part by the
Ultrafast Initiative of the U. S. Department of Energy, Office of
Science, Office of Basic Energy Sciences, through Argonne
National Laboratory under Contract No. DE-AC02-06CH11357.
The development of computational method for simulating
excited state dynamics is supported by the National Science
Foundation (CHE-1856210 to X. L). The synthesis and initial
spectroscopic characterization were supported by the National
Science Foundation (CHE-2247821 to L. X. C and CHE-2247822
to F. N. C).

References

1 G. R. Fleming and R. v. Grondelle, Phys. Today, 1994, 47, 48–
55.

2 M. H. Vos, F. Rappaport, J.-C. Lambry, J. Breton and
J.-L. Martin, Nature, 1993, 363, 320–325.
Chem. Sci., 2024, 15, 14766–14777 | 14775

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc01876a


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 3
/2

8/
20

26
 1

:3
9:

58
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
3 K. Ando and H. Sumi, J. Phys. Chem. B, 1998, 102, 10991–
11000.

4 V. I. Novoderezhkin, A. G. Yakovlev, R. van Grondelle and
V. A. Shuvalov, J. Phys. Chem. B, 2004, 108, 7445–7457.

5 E. Romero, R. Augulis, V. I. Novoderezhkin, M. Ferretti,
J. Thieme, D. Zigmantas and R. van Grondelle, Nat. Phys.,
2014, 10, 676–682.

6 F. D. Fuller, J. Pan, A. Gelzinis, V. Butkus, S. S. Senlik,
D. E. Wilcox, C. F. Yocum, L. Valkunas, D. Abramavicius
and J. P. Ogilvie, Nat. Chem., 2014, 6, 706–711.

7 F. Ma, E. Romero, M. R. Jones, V. I. Novoderezhkin and
R. van Grondelle, J. Phys. Chem. Lett., 2018, 9, 1827–1832.

8 V. I. Novoderezhkin, E. Romero and R. van Grondelle, Phys.
Chem. Chem. Phys., 2015, 17, 30828–30841.

9 E. Romero, V. I. Novoderezhkin and R. van Grondelle,
Nature, 2017, 543, 355–365.

10 A. Sahu, J. S. Kurian and V. Tiwari, J. Chem. Phys., 2020, 153,
224114.

11 J.-L. Brédas, E. H. Sargent and G. D. Scholes, Nat. Mater.,
2017, 16, 35–44.

12 G. D. Scholes, G. R. Fleming, L. X. Chen, A. Aspuru-Guzik,
A. Buchleitner, D. F. Coker, G. S. Engel, R. van Grondelle,
A. Ishizaki, D. M. Jonas, J. S. Lundeen, J. K. McCusker,
S. Mukamel, J. P. Ogilvie, A. Olaya-Castro, M. A. Ratner,
F. C. Spano, K. B. Whaley and X. Zhu, Nature, 2017, 543,
647–656.

13 S. Raq and G. D. Scholes, J. Am. Chem. Soc., 2019, 141, 708–
722.

14 S. M. Falke, C. A. Rozzi, D. Brida, M. Maiuri, M. Amato,
E. Sommer, A. De Sio, A. Rubio, G. Cerullo, E. Molinari
and C. Lienau, Science, 2014, 344, 1001–1005.

15 Q. Bian, F. Ma, S. Chen, Q. Wei, X. Su, I. A. Buyanova,
W. M. Chen, C. S. Ponseca, M. Linares, K. J. Karki,
A. Yartsev and O. Inganäs, Nat. Commun., 2020, 11, 617.

16 D. M. Schultz and T. P. Yoon, Science, 2014, 343, 1239176.
17 O. S. Wenger, J. Am. Chem. Soc., 2018, 140, 13522–13533.
18 J. Twilton, C. Le, P. Zhang, M. H. Shaw, R. W. Evans and

D. W. C. MacMillan, Nat. Rev. Chem, 2017, 1, 0052.
19 V. W.-W. Yam, V. K.-M. Au and S. Y.-L. Leung, Chem. Rev.,

2015, 115, 7589–7728.
20 M. Iwamura, S. Takeuchi and T. Tahara, Acc. Chem. Res.,

2015, 48, 782–791.
21 T. Katayama, T. Northey, W. Gawelda, C. J. Milne, G. Vankó,
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