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 23 

The control of excited-state vibrational and electronic energy flows in 24 

molecular solids has a considerable impact on the performance of optoelectronic 25 

devices. In this study, we applied a novel ultrafast pump-probe system with 3.2 fs 26 

resolution to demonstrate that the aggregated Pt(II) complex 4H, an efficient near-27 

infrared emitter, exhibits prominent single-mode vibrational coherence (VC) with 28 

a frequency of 32 cm−1 (~ 0.96 THz) in the excited state. This single-mode VC is 29 

associated with the collective out-of-plane motions induced by intermolecular 30 

metal-metal-to-ligand charge transfer transitions, which occur through ultrafast 31 

intersystem crossings with lifetimes of 150 fs. Similar single-mode VC 32 

characteristics were observed in analogues of 4H and other Pt(II) complexes with 33 

intense NIR emission. The conservation of single-mode VC enables excited-state 34 

deactivation to proceed along low-frequency coordinates, which contributes to the 35 
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suppression of nonradiative decay rates and causes highly intense near-infrared 36 

emission in aggregated Pt(II) complexes. These novel results highlight the 37 

importance of VC in understanding nonradiative processes, elucidating the 38 

foundations of VC in molecular solid, which serve as a benchmark for evolving 39 

the device performance. 40 

 41 

Quantum coherence has attracted broad interest due to its potential role in 42 

influencing photophysical and photochemical processes1-13 and in energy-conversion 43 

applications such as photocatalysis, photovoltaics and luminescent materials. In 44 

polyatomic systems ranging from small molecules to proteins, vibrational coherence 45 

(VC), a quantum coherence that reflects vibrational degrees of freedom, occurs upon 46 

electronic excitation and can provide insights into excited-state relaxation or reaction 47 

pathways. To prevent significant decoherence processes, the dynamics of VC are 48 

usually studied in the gaseous or solution phases.7, 14, 15 Recently, due to rapid advances 49 

in materials science, VC in the solid phase has been investigated, and the impact of VC 50 

on optoelectronic devices has received considerable attention.16-25 Several studies have 51 

proposed that VC may assist photoinduced charge separation in photovoltaic 52 

materials,16, 18, 25, 26 although the correlation between VC-assisted charge separation and 53 

device performance is still unknown.17, 27 Despite fundamental and technical difficulties, 54 

this emerging field has considerable potential and various unexplored topics. In this 55 

study, we aim to explore the advantages of VC in molecular solids to reveal new 56 

material properties. Moreover, the underlying mechanisms are expected to enhance 57 

practical applications of these materials. 58 

 Here, we focus on the ultrafast dynamics of the self-assembled Pt(II) complex 4H 59 

(Fig. 1a) in a solid film, which has been reported to exhibit highly intense near-infrared 60 

(NIR) photoluminescence and electroluminescence at > 830 nm.28 We utilized transient 61 

absorption spectroscopy (TAS) driven by a ytterbium-based multiple plate compression 62 

(MPC) light source,29-31 which provides ultrafine and adjustable time resolution up to 63 

3.2 fs. Based on the proposed MPC-TAS system, we acquired comprehensive pulse-64 

duration and excitation-wavelength dependent TA measurements and verified a single-65 

mode VC at 32 cm-1 in the 4H solid film that was conserved during ultrafast intersystem 66 

crossings. Importantly, similar single-mode VC patterns were observed in analogues 67 

and other Pt(II) complexes in thin films that were correlated with anomalously intense 68 

NIR emissions in the self-assembled Pt(II) complexes.28, 32-34 This finding, as well as 69 

additional computational results, led us to propose that the conservation of single-mode 70 

VC contributes to the suppression of nonradiative decay rates by reducing vibration-71 

associated excited-state deactivation. Thus, this study provides a novel perspective on 72 
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VC that may encourage investigations on the correlation among vibrational coherence, 73 

exciton delocalization and exciton-vibration coupling in molecular solids and the 74 

effects on device performance. 75 

 76 

Results 77 

System. The aggregation of Pt(II) complexes anchored with various electron donor-78 

acceptor chelates has become one of the most promising classes of NIR emitters for 79 

organic light-emitting diodes (OLEDs), with a maximum emission in the 700-1000 nm 80 

region and a photoluminescent quantum yield (PLQY) greater than 10% in thin films.28, 81 
32-34 This efficient and redshifted optical transition arises due to self-assembly, i.e., the 82 

formation of well-aligned molecular packing structures. According to previous reports, 83 

as shown in Fig. 1a, the intermolecular distance along the c axis for this class of Pt(II) 84 

complexes is extremely short, i.e., approximately 0.42 nm, significantly increasing 85 

intermolecular interactions and resulting in redshifted emissions.28 In this study, we 86 

analysed a prototypical aggregated 4H exhibiting intense emissions, with the peak 87 

centred at 866 nm (Fig. 1a and 1b).28 To elucidate the characteristics of the electronic 88 

transition upon aggregation, we performed density functional theory (DFT) calculations 89 

on tetrameric 4H, and the initial packing alignment is determined according to the 90 

grazing incidence X-ray diffraction (GIXD) structure along the c axis.27 Detailed 91 

information on the DFT calculation is provided in the Methods section. An analysis of 92 

the natural transition orbital shows the dominant intermolecular metal-metal-to-ligand 93 

charge transfer (MMLCT) transition (Fig. 1c), which is common in dimeric and 94 

oligomeric Pt complexes.4, 35-40 As mentioned in previous studies,28 the oblique packing 95 

structure decreases the wavefunction overlaps between the dz2 orbitals of central Pt(II) 96 

atoms, leading to a reduced probability density for central Pt(II) atoms in the particle 97 

transition orbital. Note that the number of the simulated aggregated 4H (N = 4) is 98 

similar to the observed exciton delocalization length in experimental approaches (N = 99 

5-6),28 validating our calculation results. 100 
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 101 

Figure 1 │ Aggregated Pt(II) complex 4H in a thin film. (a) Molecular structure 102 

and schematic illustration of packing alignments. The distance is adopted from a 103 

grazing-incidence X-ray diffraction experiment.28 (b) Steady-state absorption (dotted 104 

line) and emission (solid line) spectra in a thin film at RT. (c) Natural transition orbitals 105 

of tetrameric 4H with an S0 equilibrium geometry. The eigenvalues of the hole and 106 

particle are set to 0.83. 107 

 108 

Ultrafast dynamics and vibrational coherence in aggregated 4H. To probe the 109 

ultrafast dynamics of aggregated 4H, we built a multiple plate compression (MPC) 110 

system to generate an intense and coherent supercontinuum spanning from 550 nm to 111 

950 nm (Figs. 2a and S1). Detailed information on the MPC system is provided in the 112 

Methods section. Spectral filtering and dispersion compensation methods can be 113 

applied to tune the pulse duration between 3.2 fs and 115 fs. In addition, the central 114 

excitation wavelength can be tuned between 450~980 nm by using additional harmonic 115 

generation and tunable colour filters. This approach allows us to vary the time 116 

resolution and excitation wavelength in the transient absorption spectroscopy (TAS) 117 

system. The pulse durations are characterized by polarization-gating frequency-118 
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resolved optical gating41, 42 (PG-FROG) at the sample position (Figs. S1-S4). Based on 119 

the MPC-TAS technique, the transient absorption (TA) spectra for a 4H solid film with 120 

a 3.2 fs excitation pulse duration were measured (Fig. 2b). In a 250 fs time window, 121 

the positive transmission difference corresponds to ground-state bleaching (GSB) from 122 

the singlet ground state (S0) to the first singlet excited state (S1), and the negative 123 

transmission difference corresponds to excited-state absorption (ESA) from S1 to a 124 

higher singlet state (Sn). The GSB is verified by the central excitation wavelength 125 

dependence of the TA measurements, demonstrating the matching spectral distribution 126 

between the GSB signal and the excitation spectral range (Fig. S5). In addition, the 127 

excitation-wavelength-dependent GSB in Figs. S5 and S6, which is associated with 128 

transient spectral hole burning,43 reveals the considerable inhomogeneity of the 129 

aggregated 4H. After 250 fs, the drastic change in the TA spectrum indicates the 130 

occurrence of a new process, and the corresponding assignments can be divided into 131 

two parts. First, according to the steady-state absorption spectra (Fig. 1b), the positive 132 

ΔT/T centred at 625 nm and 800 nm are assigned as GSB, and the spectral change in 133 

the GSB signal may be related to energy migration processes.43 Then, we determine 134 

that the ESA centred at 700 nm corresponds to populations in the triplet state (Tn) due 135 

to the substantial Pt(II) atom-enhanced spin-orbit coupling (SOC) between S1 and Tn 136 

(Tables S1 and S2). Moreover, we deduce that the first populated triplet state Tn is T1, 137 

which is near S1, due to the overlapping onset energy between the steady-state 138 

absorption (S0 → S1) and emission peaks (mainly T1 → S0) (Fig. 1b) and the calculated 139 

energy diagram (Figs. S7 and S8). 140 

Based on the above assignments, the considerable spectral change after 250 fs 141 

indicates intersystem crossing (ISC) from S1 to T1 with a time constant τISC of 150 fs. 142 

Importantly, the validity of τISC is confirmed because the temporal evolution in the TA 143 

spectra remains essentially constant when the pump pulse duration changes from 3.2 fs 144 

to 115 fs (Figs. S9 and S10). Note that the remaining ESA centred at 575 nm indicates 145 

that the populations in S1 are partially transferred to the T1 state and that the dynamics 146 

reach pseudo equilibrium. These results indicate a small singlet-triplet energy gap 147 

between S1 and T1, which is consistent with the calculated electronic energy levels (Figs. 148 

S7 and S8). 149 
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 150 

Figure 2 │Ultrafast dynamics of vibrational coherence in aggregated 4H. (a) 151 

Schematic setup of the MPC-TAS system. The spectral bandwidth is spanned over one 152 

octave using multiple stages of different MPC modules,29, 44 and the shortest pulse 153 

duration is 3.2 fs. The pump pulse is modulated by a mechanical chopper and the pulse 154 

duration, and the excitation bandwidth can be arbitrarily adjusted by two tunable colour 155 

filters. The temporal overlap between the pump and probe pulses is scanned by a delay 156 

line system, and the transient transmission spectra are measured by our designed 157 

spectrometer. CM1~CM5: concave mirrors, C: chopper, TCFs: tunable colour filters, 158 

P: off-axis parabolic mirror, S: sample. (b) Transient absorption spectra of aggregated 159 

4H measured by a 3.2 fs pump pulse at RT. ΔT/T indicates the transmission difference. 160 

The black dashed line represents the delay time at 250 fs. (c) Time traces of (b) 161 

monitored at selected wavelengths, indicating the singlet-state ESA (575 nm) and 162 

triplet-state ESA (700 nm). The amplitude modulations in the singlet-state ESA and 163 

triplet-state ESA oscillate with a similar frequency of 32 cm-1.  164 
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Notably, the 32 cm-1 (~0.96 THz) oscillatory signals arising in the ESAs centred 165 

at 575 nm and 700 nm are of particular interest because they represent single-mode VC 166 

in the S1 and T1 states, respectively (Fig. 2b and 2c). In addition, Fig. 2c shows that 167 

single-mode VC is conserved during the ISC process, resulting in out-of-phase 168 

population dynamics in S1 and T1. Note that S1 and T1 have similar dephasing lifetimes 169 

(τd ~ 534 fs), which supports our proposed mechanism because the population dynamics 170 

in S1 and T1 both reached pseudo equilibrium. It is worth noting that the oscillatory 171 

signals are not caused by the impulsive Raman responses due to the lack of an 172 

oscillatory signal in the TA measurement with off-resonance pumping (Fig. S5e). In 173 

addition, the assignment of single-mode VC is supported by the fast Fourier transform 174 

(FFT) results, which show a lack of significant FFT signals as the frequency exceeds 175 

50 cm-1 (Fig. S11). Moreover, an analysis of the wavelength-resolved FFT shows that 176 

the oscillatory frequency is independent of the probed wavelength, proving that the 32 177 

cm-1 oscillatory signals are not caused by the strain pulse propagation.45, 46 Importantly, 178 

similar patterns occur in 4H analogues and other Pt(II) complexes such as Pt(fprpz)2, 179 

4Me, 4tBu, DR and MeDR in thin films (Figs. 3a and S12), which have been reported 180 

to exhibit highly intensive NIR emissions.28, 32-34 Thus, the results demonstrate the 181 

ubiquity of single-mode THz VC in solid-state Pt(II) aggregates. Interestingly, Fig. 3b 182 

shows that the VC frequencies of these Pt(II) complexes are inversely correlated with 183 

the delocalization length, revealing that longer delocalization lengths contribute to 184 

slower coherent vibrational motions (Fig. 3c). Incidentally, the delocalization lengths 185 

are determined by the relation of one-exciton to biexiton transition energy and the 186 

delocalization lengths.28, 34 Note that the delocalization length dependence of VC 187 

frequency agrees with the concept that exciton delocalization contributes to the 188 

partitioning of vibrational reorganization energy.28  189 

 190 
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 191 

Figure 3 │  Correlation of VC frequency and Delocalization lengths in 4H 192 

analogues and other Pt(II) complexes in thin films. (a) Time traces of transient 193 

absorption spectra of various aggregate Pt complexes in thin film with 3.2 fs pumping 194 

pulse at room temperature. The frequency indicates the single mode VC. (b) 195 

Delocalization length dependence of VC frequency. The deviation of delocalization 196 

lengths arises from the full-width-at-half-maximum of the one-exciton to biexciton 197 

excited-state absorption peak. The deviation of VC frequencies results from the fitting 198 

results of different probed wavelengths. (c) Schematic illustration of suppressing VC 199 

frequency via elongation of delocalization length. The red shades represent the 200 

delocalization lengths. 201 

 202 

To investigate the nuclear displacements of the 32 cm-1 VC in 4H, we calculate 203 

the vibrational normal modes in the S0 state and demonstrate that normal modes with 204 

frequencies close to 32 cm-1 are associated with collective out-of-plane motions (Fig. 205 

4). Notably, due to the slow structural relaxation induced by the 32 cm-1 VC, it is 206 

reasonable to assume that the molecular geometry resembles the S0 equilibrium 207 

geometry in the observed time range. Among the three normal modes depicted in Fig. 208 

4, the Pt(II) atoms are displaced mainly along the Pt–Pt direction (c axis) in the 36.6 209 

cm-1 normal mode. In contrast, the Pt(II) atoms in the 28.8 cm-1 and 33.7 cm-1 normal 210 

modes are displaced mainly along the a and b axes, respectively, which differs from the 211 
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nuclear motions of VC in reported dimeric and oligomeric Pt(II) complexes.4, 35-40 The 212 

results indicate that the Pt–Pt stretching mode (36.6 cm-1) and in-plane shearing modes 213 

(28.8 cm-1 and 33.7 cm-1) are involved in the VC induced by the intermolecular 214 

MMLCT transition process. 215 

 216 

Figure 4 │  Possible normal mode displacements of the observed VC in the 217 

optimized ground-state geometry. The yellow vectors indicate the nuclear 218 

displacements. 219 

 220 

To explore the formation mechanism of the 32 cm-1 single-mode VC, we perform 221 

TA measurements at different central excitation wavelengths λ0 (Fig. S5). The results 222 

show that the 32 cm-1 single-mode VC occurs during S0-S1 electronic excitation (λ0 = 223 

600 or 650 nm) but disappears during high electronic excitation (λ0 = 460 nm), 224 

revealing that the 32 cm-1 single-mode VC is mainly associated with S0-S1 MMLCT 225 

absorption. To validate this inference, we calculate the nuclear displacement (Huang-226 

Rhys (HR) factor) between S0 and S1 since VC signals are correlated with the 227 

amplitudes of HR factors (Fig. S13).13, 47, 48 The results show that nuclear displacements 228 

at low vibrational frequencies (< 50 cm-1) are considerably greater than those at high 229 

vibrational frequencies. Thus, we deduce that the 32 cm-1 single-mode VC arises due to 230 

the large nuclear displacements between the ground-state and excited-state geometries 231 

at equilibrium. We note that the 32 cm-1 single-mode VC is not typically associated 232 

with ISC processes in our system. First, according to the Franck-Condon principle, the 233 

considerable disparity between the time scales of the ISC lifetime (τISC = 150 fs) and 234 

VC period (~ 1.0 ps) indicates that the nuclear dynamics decouples with ISC processes. 235 

In addition, the FFT analysis shows the negligible contributions of frequencies > 150 236 

cm-1 before and after the ISC process (Fig. S14), thereby revealing that the ISC process 237 

does not filter out VC frequencies in our system. In summary, the VC in our system 238 
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does not reveal the reaction coordinate of the ISC process and instead elucidates the 239 

vibrational relaxation pathway between the ground-state and excited-state equilibrium 240 

geometries. 241 

Based on the above experimental and calculation results, we summarize the 242 

ultrafast dynamics of VC in aggregated 4H (Fig. 5) as follows: upon photoexcitation, 243 

the dynamics evolve mainly along the normal mode with a frequency of 32 cm-1, 244 

leading to the formation of a 32 cm-1 oscillatory signal. Next, the 32 cm-1 VC is 245 

transferred from the S1 state to the T1 state through an ultrafast ISC process with a τISC 246 

of 150 fs. In addition, the small singlet (S1)-triplet (T1) energy gap results in pseudo 247 

equilibrium between the S1 and T1 states. After 1 ps (~ one VC period), the VC in the 248 

S1 and T1 states gradually disappears with a similar dephasing lifetime (τd ~ 534 fs). 249 

 250 

Figure 5│Schematic representations of the key ultrafast dynamic processes of VC 251 

in aggregated 4H. The red arrow represents photoexcitation. The green lines indicate 252 

intersystem crossing (ISC). The orange arrows represent the dephasing processes in the 253 

S1 and T1 states. The bottom-right inset illustrates the direction of the 32 cm-1 coherent 254 

vibrational mode. 255 

 256 

 257 

 258 

 259 
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Correlation between low-frequency VC and nonradiative decay rates. To clarify 260 

the relation between vibrations and nonradiative processes, we introduce the theory of 261 

nonradiative rates 𝑘nr  derived by Englman and Jortner. Here, we focus on 262 

nonradiative processes caused by vibronic coupling. Therefore, in the strong vibronic 263 

coupling regime shown in Fig. S13 (total HR factor >> 1), 𝑘nr can be expressed as49 264 

𝑘nr = 𝐶2ħ √ 2𝜋𝜆𝑘𝐵𝑇eff exp [− (∆𝐸 − 𝜆)24𝜆𝑘𝐵𝑇eff ],                                 (1) 265 

where 𝑇eff = 12 ħ𝜔̅coth ( ħ𝜔̅2𝑘𝑇)  corresponds to the effective temperature, 𝜔̅ =266 ∑ 𝑆𝑗𝜔𝑗𝑗 ∑ 𝑆𝑗𝑗⁄  is the mean vibrational frequency weighted by the HR factor of each 267 

normal mode 𝑆𝑗, C is the effective electronic coupling strength, ΔE is the energy gap 268 

between two electronic states and 𝜆 is the total vibrational reorganization energy. The 269 

validity of Eq. 1 is discussed in the Methods section. We applied Eq. 1 to quantitatively 270 

analyse the 𝜔̅ dependence of 𝑘nr in our system (Fig. 6a). Note that C is adopted from 271 

the calculated SOC between T1 and S0, and ΔE is determined according to the 272 

experimental emission peak (866 nm). Given these parameters, Fig. 6a shows that a 273 

low value of 𝜔̅ suppresses 𝑘nr. Comparing the simulated (blue, red and green lines) 274 

and experimental 𝑘nr  results (black solid circle) in Fig. 6a, we note that the 275 

intersections of the abscissa are smaller than the frequencies of C=C ligand vibrations 276 

(~1600 cm-1) and C-H vibrations (~3000 cm-1), which reveals that nonradiative 277 

processes in our system are substantially suppressed by low-frequency vibrational 278 

deactivation pathways. Therefore, assuming that intramolecular vibrational energy 279 

redistribution (IVR) processes between the 32 cm-1 coordinate and other coordinates 280 

can be neglected due to their low frequency,50 the 32 cm-1 single-mode VC may 281 

contribute to the suppression of nonradiative processes governed by the energy-gap law, 282 

leading to high PLQY in the NIR region. The detailed effects of VC on the suppression 283 

of 𝑘nr can be summarized as follows. First, the single-mode characteristics reveal that 284 

the excited-state populations evolve mainly along the 32 cm-1 nuclear coordinate, which 285 

results in a low 𝜔̅ (see 𝑇eff of eq. (1)) Moreover, the 32 cm-1 VC associated with 286 

intermolecular displacements suppresses IVR processes from the 32 cm-1 coordinate 287 

and high-frequency intramolecular displacements due to orthogonality. 288 
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 289 
Figure 6│Effects of the mean vibrational frequency on nonradiative rates. (a) 𝜔̅ 290 

dependence of nonradiative decay rates 𝑘nr for different vibrational reorganization 291 

energies λ. Please see the text for the parameter values used in Eq. (1). The black solid 292 

circle represents the experimental value of the nonradiative rate.28 The experimental 𝜔̅ 293 

= 111 cm-1 is estimated according to the calculated HR factor (Fig. S14). (b) Schematic 294 

illustration of the nonradiative processes for different mean vibrational frequencies (𝜔̅). 295 

The red and blue shaded areas represent the vibrational wavefunctions in the ground 296 

and excited states, respectively. The intensity of the blue wagging arrows represents the 297 

amplitude of 𝑘nr. 298 

 299 

To generalize the concept of 𝑘nr suppression by decreasing 𝜔̅, we provide a 300 

physical overview of the 𝜔̅  dependence of 𝑘nr  in Fig. 6b. For 𝜔̅ ≫ 0 , severe 301 

nonradiative processes occur due to significant Franck-Condon overlaps among 302 

vibrational states between excited states (S1 or T1) and S0. For 𝜔̅ ≈ 0, the small Franck-303 

Condon overlaps inhibit nonradiative processes. In other words, a small value of 𝜔̅ 304 

reduces the characteristic energy gap where 𝑘nr  can increase, thereby reducing 305 

nonradiative processes in the NIR region and essentially overcoming the energy-gap 306 

law. Thus, we conclude that 𝑘nr can be effectively suppressed if one of the excited-307 

state deactivation processes occurs along the low-frequency vibrational coordinate axis. 308 

A similar concept has been realized through deuterium substitutions, which decrease 309 
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nonradiative decay rates caused by high-frequency C-H vibrations.34, 51-53 310 

 311 

Conclusion 312 

In this study, we investigate the VC dynamics in the aggregated Pt(II) complex 4H and 313 

the suppression of nonradiative decay rates according to low-frequency VC. The 314 

significance of this work can be summarized as follows. First, we applied versatile 315 

pump-pulse modulations in the proposed MPC-TAS system to observe and characterize 316 

the 32 cm-1 single-mode VC and 150 fs ultrafast ISC processes in aggregated 4H. This 317 

experiment confirmed for the first time that the MPC system can modulate pulse 318 

duration and bandwidth in transient absorption spectroscopy, thus providing an 319 

omnidirectional platform for adjusting pumping and probing pulses. Moreover, the 32 320 

cm-1 single-mode VC is associated with collective out-of-plane vibrations that arise due 321 

to the substantial vibrational displacements along the low-frequency coordinates 322 

between S0 and S1 (MMLCT transition). In addition, the 32 cm-1 VC is expected to 323 

exhibit THz responses in THz spectroscopy measurements,54, 55 which should be 324 

investigated in future applications. Furthermore, based on the similar VC patterns in 325 

4H, its analogues and other Pt(II) complexes, we suggest that low-frequency VC 326 

contributes to the suppression of nonradiative rates by decreasing the mean vibrational 327 

frequency, which may account for the high NIR PLQY in aggregated Pt(II) complexes. 328 

The concept of nonradiative decay suppression can be viewed as reducing the threshold 329 

of the energy gap where the effects of the energy-gap law are significant (particularly 330 

in the NIR region). Finally, the results indicate that well-aligned molecular solids with 331 

substantial intermolecular charge-transfer transitions are promising candidates for NIR 332 

luminescent materials since they tend to be associated with characteristic low-333 

frequency VC. Moreover, the VC frequencies or mean vibrational frequencies can be 334 

used as benchmarks to predict the nonradiative decay rates and design efficient 335 

optoelectronic devices. Thus, this study not only provides a new perspective on VC in 336 

molecular aggregates but also demonstrates the correlation between VC and emission 337 

efficiency, potentially improving device performance. 338 

 339 

 340 
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Methods 588 

Computational method. The tetrameric 4H was simulated using the established 589 

packing model. We applied the Gaussian 16 program56 to perform density functional 590 

theory (DFT) calculations at the hybrid functional PBE1PBE-D3/LANL2DZ (for Pt 591 

atoms) and ωB97XD/6-31 g(d) (for H, C, N, F atoms) levels. According to the GIXD 592 

packing structures, we adopt the GIXD-resolved packing structure as the initial 593 

structure in the optimization process. The natural transition orbitals are calculated by 594 

the Multiwfn program.57 The spin-orbit couplings are calculated using the ORCA 595 

program,58 and the results are shown in Tables S1 and S2. 596 

Light source. The measurements were performed using a commercial Yb:KGW laser 597 

system (Pharos, Light Conversion) with a central wavelength of 1030 nm, an average 598 

power of 2.5 W, a repetition rate of 3.125 kHz, a pulse energy of 800 μJ and a pulse 599 

duration of 190 fs. Two identical pulses were produced with a low-GDD 50/50 beam 600 

splitter and passed through our designed nonlinear compressor using a previously 601 

reported technique, namely, multiple plate compression (MPC).29, 30 For this 602 

experiment, a high-pass filter with a cut-off wavelength of 980 nm was applied. The 603 

final spectra of these two pulse replicas spanned from 550 nm to 980 nm, as shown in 604 

the grey area of Fig. S1a. Pulse compression was achieved with 8 chirped mirror 605 
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bounces (Ultrafast Innovation), thus removing the material dispersion introduced by the 606 

optics before the sample. The compressed pulses had an FWHM duration of 3.2 fs and 607 

were characterized at the sample position with a polarization-gating frequency-resolved 608 

optical gating (PG-FROG), as shown in Fig. S1. 609 

High-speed shot-to-shot transient absorption setup. The schematic setup of our 610 

ultrafast transient absorption measurement system is depicted in Fig. S2. The pump 611 

pulse was modulated by a laser-triggered mechanical chopper modulating at half the 612 

laser repetition rate (1.5625 kHz). Tunable colour filters (combination of high- and low-613 

pass filters) were employed to fine-tine the pumping bandwidth and central wavelength. 614 

A broadband half-wave plate and wire-grid polarizer were used to precisely control the 615 

excitation power and ensure that no nonlinear effects were introduced. The delay time 616 

(relative to the pump pulse) of the probe pulse was adjusted by a linear translation stage 617 

(DL325, Newport) that supports a delay range up to ~ 2.2 ns. The pump and probe 618 

beams were both focused on the sample in a noncollinear manner with a cross-angle of 619 

5 degrees. Different focusing conditions were chosen for pump and probe pulses to 620 

ensure that the focused pump spot size (~67.7 μm) was slightly larger than the focused 621 

probe spot size (~27.3 μm) and that the probed region was uniformly excited. After the 622 

pulses passed through the sample, the transmitted probe pulse was spatially separated 623 

and guided into our designed spectrometer, which includes a high-speed linear array 624 

camera (Glaz Linescan-I-Gen2, Synertronic with S12198-512Q CMOS, Hamamatsu) 625 

to ensure that each probe pulse is captured. Since the pump pulses are modulated at half 626 

of the repetition rate, the spectral difference between every two probe shots (one sees 627 

the pump, while the other does not) provides the ΔT/T signal. 628 

Tunability of the excitation bandwidth and pulse duration. The bandwidth and 629 

pulse duration tunability of our ultrafast transient absorption system is essential for 630 

performing the measurements discussed in this paper. In general, the duration of the 631 

pump pulse is measured by an intensity autocorrelation (IA) or second-harmonic 632 

frequency-resolved optical gating (SHG-FROG). However, these measurements 633 

provide only indirect results and may fail to measure durations less than 10 fs due to 634 

phase-matching bandwidth limitations. Thus, we use a polarization-gating frequency-635 

resolved optical gating (PG-FROG) to acquire the pulse information used in our 636 

measurements and present the results in Figs. S4 and S5. 637 

Fitting of the beating signal. To quantify the frequency of vibrational coherence in the 638 

TA measurements, the oscillatory components f(t) were fit using Eq. 2: 639 𝑓(𝑡) = 𝐴1 sin(2𝜋𝑡/𝑇 + 𝜑) 𝑒(−𝑡/𝜏1) + 𝐴2𝑒(−𝑡/𝜏2) + 𝐵0,      (2) 640 

where A1 is an oscillation amplitude scaling constant, 𝜏1 is the dephasing time, 𝑇 is 641 

the period, 𝜑 is the phase shift, A2 is a prefactor of the exponential decay, B0 is the 642 
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baseline signal and 𝜏2 is the decay lifetime of the incoherent excited-state deactivation 643 

processes. The time trace at 575 nm can be determined with Eq. 1 using values of 𝜏1= 644 

τd = 534 fs, 𝑇= 1.063 ps and 𝜏2= 916 fs. The time trace at 700 nm can be determined 645 

with Eq. 1 using 𝜏1= τd = 534 fs, 𝑇= 0.977 ps and 𝜏2= 4.234 ps. 646 

Validity of Equation 1. According to a previous report,49 Eq. (1) is valid when λ/𝜔̅ >> 647 

1. To verify whether the aggregated Pt(II) complexes met this criterion, we estimated 648 

the λ and 𝜔̅ values of aggregated 4H. According to the relation between the Stokes 649 

shift of the steady-state spectra (Fig. 1b) and the reorganization energy,59-61 we 650 

determined that λ ≈  2627 cm-1. Based on the definition of 𝜔̅  and Fig. S14, we 651 

calculated 𝜔̅ ≈ 111 cm-1. Based on the above estimation, we obtained λ/𝜔̅ ≈ 23.67, 652 

which satisfies the validity criteria for Eq. (1). 653 
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