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OPTICS

Intermolecular vibrations mediate ultrafast

singlet fission

Hong-Guang Duan’?3¥, Ajay Jha'#, Xin Li*, Vandana Tiwari'>, Hanyang Ye$, Pabitra K. Nayak’,
Xiao-Lei Zhu®, Zheng Li'®", Todd J. Martinez*®, Michael Thorwart>**, R. J. Dwayne Miller'*'°"

Singlet fission is a spin-allowed exciton multiplication process in organic semiconductors that converts one
spin-singlet exciton to two triplet excitons. It offers the potential to enhance solar energy conversion by circum-
venting the Shockley-Queisser limit on efficiency. We study the primary steps of singlet fission in a pentacene film
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by using a combination of TG and 2D electronic spectroscopy complemented by quantum chemical and non-
adiabatic dynamics calculations. We show that the coherent vibrational dynamics induces the ultrafast transition
from the singlet excited electronic state to the triplet-pair state via a degeneracy of potential energy surfaces, i.e.,
a multidimensional conical intersection. Significant vibronic coupling of the electronic wave packet to a few key
intermolecular rocking modes in the low-frequency region connect the excited singlet and triplet-pair states.
Along with high-frequency local vibrations acting as tuning modes, they open a new channel for the ultrafast

exciton transfer through the resulting conical intersection.

INTRODUCTION

Conversion of sunlight into electrical current with photovoltaic cells
is one of the promising technologies to harness renewable energy.
Concerted research efforts are directed to obtain cost-effective
third-generation photovoltaics with improved power conversion
efficiency. Singlet fission (SF) (1) is an exciton multiplication pro-
cess, which could be used to overcome the fundamental thermody-
namic constraint on efficiency, known as the Shockley-Queisser
limit (~30% for an ideal single-junction silicon cell) (2). The SF
process has been widely observed in acenes (3), diphenylisobenzofu-
rans (4), carotenoids (5), and other conjugated molecules (6, 7). In
the SF process, a photoexcited singlet exciton (S;) is converted to
two triplet excitons (2 x T1), which requires another electron in the
So state of an adjacent molecule to be promoted to an excited elec-
tronic state. The generally accepted mechanism of SF involves three
steps: (i) primary SF (PSF), which is a spin-conserved step; (ii) spa-
tially separated triplet-pair state (SSP); and (iii) spin decoherence
(SD) processes

| So) % | 8,y BSE, (7, 7)) -SSP,
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There has been a persistent debate in the literature about the na-
ture of the intermediates in the SF process (8). Recent consensus is
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that in PSF, the singlet excited state (S;) is first converted into a spin-
correlated triplet pair YT, T}), which further forms an SSP (T;...T})
with an overall singlet spin retained in the process. The final process
leading to the generation of free triplet excitons (T} + T;) from the
interacting triplet pair YTy 1) happens via spin decoherence (9, 10).
If the energy levels in the system are such that 2E(T)) < E(S,), then
SF is an overall exothermic process. On the other hand, if 2E(T;) >
E(S;), then the SF process is endothermic. The detailed molecular
insight of the process holds the key to the realization of synthetic
control over the process. Thus, it becomes imperative to reveal the
underlying mechanisms of the SF processes in different molecular
systems.

Pentacene and its derivatives have shown great promise as poten-
tial SF-based materials for photovoltaics. Baldo and co-workers
(11, 12) have demonstrated an external quantum efficiency of >126%
based on pentacene/Cg in photovoltaics. This level of external
quantum efficiency for charge collection has fueled the great interest
in pentacene and its derivatives in determining the underlying pho-
tophysical mechanisms for the SF process (13). In crystals of penta-
cene and its derivatives, SF is an exothermic process, which makes
SF in pentacene energetically favorable. The process of PSF occurs
on the time scale of 100 fs to form the spin-correlated triplet pair
Y(TyTy) (13, 14). This '(T,T,) pair is shown to remain bound for
hundreds of picoseconds before spin decoherence forms 2 x T; (15).
There have been numerous studies to unravel the dynamics of the
YT, T,) formation. In 2012, Zhu and co-workers (16) have reported
the direct observation of the (T, T}) state using time-resolved two-
photon photoemission spectroscopy. They have measured ~20-fs rise
time in the triplet population in both tetracene and pentacene,
which they attributed to the formation of the multiexciton state.
Motivated by this, Berkelbach et al. (17-19) proposed a microscopic
theory to study the coherent dynamics in singlet exciton fission.
However, first-principles calculations suggested that, instead of the
superexchange between the singlet and the triplet pair, strong elec-
tronic couplings to charge transfer states could possibly mediate the
evolution of the singlet exciton to the multiexciton state (20). Moreover,
a phenomenological model has been constructed to reproduce the time
scale of SF in TIPS [6,13-bis(triisopropylsilylethynyl)]-pentacene
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(21). These results support a scenario where SF is mediated by a
coherent superexchange mechanism via an energetically higher-lying
charge transfer state. In addition, the role of the charge transfer
state in the PSF has been further advocated by studies on intra-
molecular SF in herringbone-packed SF materials (22-24) and pen-
tacene crystals (25).

In contrast to these ideas, recently, vibronic coherence has been
considered as a mediator between the singlet and triplet-pair states.
On the basis of a vibrational analysis, Kukura and co-workers (26)
have proposed that the ultrafast SF in pentacene and its derivatives
is realized by a conical intersection (CI) between the singlet exciton
and triplet-pair state. In this work, however, the details of the vibra-
tional dynamics remained elusive. Moreover, two-dimensional (2D)
electronic spectroscopy has been applied to study the SF of a penta-
cene crystal (27). In this study, intramolecular ground-state vibra-
tions are identified, and the associated vibronic coherence has been
considered to trigger the PSF from the singlet to triplet-pair states. A
vibronic dimer model has been constructed on the basis of intramo-
lecular vibrations to fit the time scale of PSF (28). In addition, this
vibronic coherence has also been reported in tetracene (29) and hex-
acene (3). The dynamics of SF in rubrene has been examined by
transient absorption spectroscopy; the results demonstrated that
the PSF is induced by a symmetry-breaking mode (30). Apparently,
despite these enormous theoretical and experimental efforts, the un-
derstanding of the primary step of SF, i.e., the dynamics of the for-
mation of the 1(Tl T,) state and the role of intermolecular vibrations
in pentacene remained elusive.

To clearly distinguish the different mechanistic aspects of ultra-
fast SF in pentacene, we examine the process of PSF in a pentacene
film using a combination of ultrafast heterodyne-detected transient-
grating (TG) and 2D electronic spectroscopy. Because of the near-
zero background and the associated higher sensitivity relative to
pump-probe methods (31), TG spectroscopy allows us to directly
capture the small signal modulations because of the nuclear vibra-
tional coherence that induces the transition from the singlet exciton
to the triplet-pair state. On the basis of a vibrational analysis, several
key modes are identified in the low- and high-frequency region,
which trigger SF, i.e., the transition from the singlet exciton to the
triplet-pair state. Moreover, the SF process is further examined by
2D electronic spectroscopy, and the associated correlation analysis
excludes any functional role of electronic coherence and reveals the
existence of vibronic coherence connecting the singlet exciton and
triplet-pair state (32). Quantum chemistry calculations reveal the
significant strength of the vibronic coupling of the molecular rock-
ing vibrations along the longitudinal molecular axis in a pentacene
dimer, which markedly modulates the electronic coupling between
the singlet exciton and triplet-pair state. They play the role of inter-
molecular vibrations. With the assistance of vibronic couplings to
intramolecular vibrational modes, intermolecular vibrations open
up new channels, which induce SF in pentacene on an ultrafast time
scale.

RESULTS

Thin films of pentacene were prepared on 2-mm-thick quartz
substrates using the thermal evaporation method. The details of the
sample preparation and characterization are given in Materials and
Methods. Figure 1A represents the ground-state absorption spec-
trum (red circles) of a 200-nm-thin pentacene film at room tem-
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perature (296 K). The lowest singlet state for pentacene lies at 677 nm
(~14,800 cm™) (27). To perform transient spectroscopic measure-
ments on these pentacene thin films, a broadband pulse is generated
by a home-built nonlinear optical parametric amplifier (NOPA)
and then judiciously tuned-in frequency. The spatial and temporal
chirp of the pulse is compensated by the combination of a prism pair
and a deformable mirror. The laser pulse spectrum used for the mea-
surements is shown as the blue shaded region in Fig. 1A. Within
the probe window (650 to 750 nm), the primary step of SF is moni-
tored by capturing the ground-state bleach (GSB; Sy — ), stimu-
lated emission, and excited state absorption [ESA; Y1) - (T T)]
features, which are illustrated in Fig. 1B. The absorption signa-
ture of §; — S, lies at A < 645 nm (27), which is out of our probing
range.

2D electronic spectroscopy

To examine the coherent dynamics coupled with the primary elec-
tronic transition of SF, we measure the 2D electronic spectra of the
pentacene film at room temperature (296 K) (for details on the ex-
perimental conditions, see Materials and Methods). 2D electronic
spectroscopy provides additional resolution along the excitation
frequency axis, which helps to decongest the spectra due to different
overlapping electronic transitions. In Fig. 1 (C to F), the real parts of
the 2D electronic spectra are shown for selected waiting times. The
GSB and ESA are separated along the excitation () and probe (A;)
frequencies. At T = 0 fs, the center peak at 680 nm is strongly
stretched along the diagonal direction, which illustrates the signifi-
cant inhomogeneous broadening of the excited electronic transition
in the pentacene film. The 2D spectrum at T = 0 fs also carries a
small contribution originating from the quartz substrate (33). With
increasing waiting times, the magnitude of the central diagonal peak is
strongly decreased because of the decay of the stimulated-emission com-
ponent (see the 2D spectrum at T = 50 fs in Fig. 1D). This decay is
primarily due to the population transfer from the singlet state to the
triplet-pair state (13). The ESA band in the 2D spectrum at T = 50 fs,
appearing as an off-diagonal feature at (A, A;) = (680, 700) nm, corre-
sponds to the YT,T)) - YT,T,) transition. These ESA features
allow us to follow the coherent generation of the Y(T\T)) state and
subsequent dynamics over time. To further resolve the rates of the
underlying electronic transitions, several series of consecutive 2D
spectra at different times have been analyzed by the global fitting
approach. The obtained time scale of the kinetics and the decay-
associated spectra are shown in section S2. The fastest decay compo-
nent reveals a time scale of ~100 fs, which is in good agreement with
earlier reports on the PSF process in pentacene (26, 27, 34). In addi-
tion, information on the coherent dynamics can be obtained by re-
moving the kinetics from the measured data. Here, we first perform
the 2D correlation analysis to distinguish the origin of coherence
based on the correlation or anticorrelation of peaks along the diago-
nal direction (see the Supplementary Materials for details) (35). In
Fig. 1G, the 2D correlation spectrum is shown together with the
overlap of the 2D electronic spectrum at T = 500 fs (white contour
lines) to clarify the spectral position of the correlations. In the cor-
relation map, two negative anticorrelation peaks with strong mag-
nitudes are symmetrically located along the diagonal direction,
which match the peak of the GSB in the 2D spectrum at T = 500 fs.
Earlier theoretical work (35) has demonstrated that the anticorrelation
in the 2D correlation spectrum indicates the existence of vibrational
coherence, while the positive correlation corresponds to electronic
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Fig. 1. SF in a pentacene film: 2D electronic spectroscopy and correlation analysis indicate a vibrationally driven primary step, PSF. (A) Ground-state absorption
spectrum of a pentacene film on quartz substrate (red dots) and laser spectrum is used in this measurement (light-blue shadow). (B) Calculated site energies of the
ground, singlet excited states (So, S, and S,,), and triplet-pair states ['(T:7) and (T T2)1. The selected 2D electronic spectra (real part) for selected waiting times are shown
from (C to F). Positive diagonal and negative off-diagonal features denote the GSB and ESA, respectively. (G) 2D correlation map obtained from a correlation analysis
along the diagonal direction. Two negative peaks are shown in the region of the GSB (the 2D spectrum at T=500 fs is shown as a white contour), which indicates the vi-
brational origin of the oscillations.
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coherence in the respective area of the 2D spectrum. In Fig. 1G,
there is no sign of any correlation in the position of the ESA peak,
which signifies the absence of electronic quantum coherence
mediating the generation of the triplet-pair state. Thus, our mea-
surement does not support the conclusion in (16).

TG spectroscopy

After excluding the role of electronic quantum coherence, we mea-
sure the TG response of the pentacene thin film to capture the wave-
packet dynamics associated with the PSF transition of the singlet
exciton S to the triplet-pair state YT, T)). The details of the exper-
imental setup and the measurement conditions are described in
Materials and Methods. In Fig. 2A, we show the TG spectrum with
positive (centered at 685 nm) and negative bands (centered at
705 nm). The TG spectrum evolves considerably in the initial 200 fs
and then is largely invariant for the remaining times. The prominent
rapid decay of the signal at 685 nm has been assigned in earlier re-
ports to the decay of the stimulated emission from the singlet exciton
due to PSF (13). The residual signal at 685 nm at later times corre-
sponds to GSB. The ESA feature centered at 705 nm corresponds to
the transition !(T; T;) = (T, T,). Because of the enhanced sensitivity
of TG measurements to capture coherences, the oscillations riding
on these transient features are clearly visible in Fig. 2A. Traces of
the averaged kinetics of the GSB and the ESA regions (marked
as black, 685 to 690 nm; green, 700 to 705 nm, dashed lines) are
shown in Fig. 2 (B and C), respectively. To retrieve the coherent vi-
brational modes associated with the transient dynamics, we use the
exponential function to fit the TG spectrum and then use a Fourier
transform analysis of the residuals after removing the decay compo-
nents at the probed frequencies (for further description of the global
fitting analysis, see the Supplementary Materials). To show the ex-
cellent quality of the fits, two averaged traces (red and blue dashed
lines) are shown along with the fitted decay curves in Fig. 2 (B and
C). The retrieved vibrational frequencies of the GSB and the ESA
are shown in Fig. 2 (D and E), respectively. The identified low- and
high-frequency modes are marked. Notably, the low-frequency
modes at 140 and 460 cm ™" are present in the GSB and the ESA
bands. In addition, the high-frequency modes at 1206, 1300, and
1370 cm ™" are shown in the GSB and the ESA bands, which manifest
the adjacent vibrational coherence during the transfer of the wave
packet from the singlet to the triplet-pair state.

To explore the vibrational dynamics, we perform the wavelet
analysis on the residuals of the kinetic analysis in the GSB and the
ESA regions of the TG spectrum. The details of the wavelet analysis
have been described in the Supplementary Materials. In Fig. 3A, the
magnified residual of the GSB is shown as a red solid line. The vibra-
tional dynamics in the high- and low-frequency ranges obtained
from GSB residuals of the decay fits are presented in Fig. 3 (B and C),
respectively. On the basis of the wavelet analysis, we obtain the life-
time of the vibrational coherence corresponding to the high-
frequency modes to be 150 fs. However, poor frequency resolution
limits our resolution of the modes, which results in a broadband
oscillation at ~1300 cm ™" due to the nonlinear scale of the frequency
resolution in the wavelet analysis (marked by the black dashed
arrow in Fig. 3B). The low-frequency region of the wavelet-analyzed
spectrum shows a splitting of vibrational frequencies, as becomes
visible in Fig. 3C. Initially, a positive peak can be seen at the frequen-
cy of 170 cm™, which shows a linear increase in its frequency for up
t0 250 cm™ ! within 500 fs. In addition, one new frequency at 140 cm ™
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is gradually generated on an ultrafast time scale of 100 fs, which has
been marked by a magenta box in Fig. 3C. This splitting of oscilla-
tions is highlighted by two black dashed arrows. The observed
evolution of the two new vibrational modes at 140 and 250 cm ™"
suggests changes in the vibrational frequencies after the transfer
from the potential energy surfaces (PESs) of the singlet exciton state
to that of the triplet-pair state. We have also performed the wavelet
analysis of the residual of the ESA portion of the TG spectrum
shown in Fig. 3D. We obtain, in the high-frequency range, a weak
signal of an oscillation lasting for 150 fs, as shown in Fig. 3E. In
Fig. 3F, the results of the wavelet analysis in the low-frequency re-
gime of the ESA band show a vibrational mode of 140 cm ™" that lasts
for along time. It is marked by a black dashed arrow. In addition, the
comparison of the phases of the vibrational oscillations in the wave-
let analysis distinctly reveals opposite phases of the GSB (Fig. 3, B
and C), as compared to the ESA (Fig. 3, E and F). This points to the
coherent transfer of populations between different electronic
states (36). Thus, based on the 2D vibrational analysis, we clearly
identify a few key vibrational modes in the low- and high-frequency
{egime, which induce the coherent generation of the triplet-pair state
(ThTy).

Calculations and modeling

To assign the experimentally observed coherent vibrational dynamics,
we have performed quantum chemical calculations on a pentacene
pair [see Fig. 4 (A and B)]. The initial geometry of the pentacene pair
has been extracted from the crystal structure (37), and the ground
state was optimized by a mixed quantum mechanical-molecular
mechanical approach on the density functional theory (DFT) level
with the general Amber force field for the pentacene dimer inside
the crystal structure (see fig. S3). The calculated vibrational fre-
quencies and the associated coupling strengths between the singlet
and triplet-pair electronic states are shown in Fig. 4 (E and F) (see
section S7). To account for the triplet-pair generation, an ab initio
exciton model has been used, which yields information on the mo-
lecular vibrations of the pentacene pair and the Huang-Rhys factors
(parameters are associated with the displacements of the equilibri-
um positions of the nuclei on a photoexcitation of molecule) of the
singlet excited and triplet-pair states. Using these calculations, vibra-
tional modes with strong Huang-Rhys factors are clearly identified,
as shown in Fig. 4 (E and F). Among them, the low-frequency mode
of 177 cm™" corresponds to the intermolecular rocking motion in
the pentacene dimer, which, based on our simulations, significantly
modulates the electronic couplings between the singlet exciton and
triplet-pair state (the details are described in section S9). In addition,
a few high-frequency modes (1013, 1196, and 1517 cm™') with
strong Huang-Rhys factors are resolved in Fig. 4F. On the basis of
the calculations, these high-frequency modes correspond to the
C—C and C=C stretching modes, which strongly modulate the site
energies (energy level of the molecular excited states) of the elec-
tronic excited state of the pentacene molecule and can be classified
as intramolecular vibrations. These key modes have strong vibronic
couplings of ~100 meV to the electronic states, which implies that
these high-frequency modes can significantly reduce the effective
energy gap between the singlet and triplet-pair states and, thus,
make them even nearly degenerate in the vicinity of a CI (38). More-
over, to distinguish the vibrational coherence on each of the S; and
Y(T,T}) PES, we have calculated the vibrational modes of both elec-
tronic states. The results are shown in Fig. 4 (C and D). We
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Fig. 2. Vibrational coherence mediating the PSF process is captured by TG measurements. (A) Measured TG spectrum of pentacene film with a time step of 2 fs. The
GSB (positive) and the ESA (negative) in the spectrum originate from the corresponding transitions in Fig. 1B, as red (So — S7) and blue arrows [1(T1 ) — 1(T1 T>)1. The aver-
aged kinetics of the GSB [685 to 690 nm, marked by black dashed lines in (A)] and ESA [700 to 705 nm, marked by green dashed lines in (A)] are shown as red and blue
dashed lines in (B) and (C), respectively. The associated exponential fitting curves are presented as black dashed lines. The obtained residuals of the GSB and the ESA bands
are magnified and shown as red and blue solid lines in (B) and (C), respectively. A Fourier transform has been performed to examine the vibrational dynamics, the obtained
power spectra of GSB and ESA are shown as red and blue lines in (D) and (E), respectively. In (D), the marked dashed lines indicate the vibrational frequencies at 140, 218,
460,953, 1030, 1206, 1300, and 1370 cm™, respectively. In addition, the marked dashed lines in ESA show the frequencies of 140, 276, 460, 1027, 1206, 1300, and 1370cm™".

observe that the mode at 177 cm™' changes its frequency to 150 cm ™

on the triplet-pair state PES (notice the correlation analysis of the
vibrational modes in fig. S6), which is in excellent agreement with
the observations revealed in our TG measurements and shown in
Fig. 3 (Cand F).

To illustrate the role of the identified key modes (inter- and
intramolecular vibrations) both in theory and experiment, we
construct a simple two-state two-mode model to calculate the
wave-packet dynamics during the PSF process (more details of the
calculation are described in the section S10). We construct the PESs
with an energy difference of 850 cm™ and the electronic coupling of
6 cm™! (39) between the two electronic states. The reaction coordi-
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nates for the transition are selected according to the strong vibronic
interaction of the intramolecular vibrations with 1013 cm™ (although
there are a few more high-frequency modes) and the intermolecular
vibration with 177 cm™". The corresponding intra- and intermolecular
vibrations can now be identified as tuning (Q;) and coupling (Q.)
modes, respectively. On the basis of the computed vibronic cou-
pling strengths, the CI can be established at the reaction coordinate
Q: = 1.4, as shown in Fig. 4D. In this figure, the wave packet has the
possibility to pass through the PES of the singlet excited state to the
PES of the triplet-pair state when vibrational coherence is generated
between two vibrational levels of the tuning mode. On the basis of
these parameters, we simulate the coherent dynamics of the wave
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Fig. 3. Time evolution of vibrational coherences shows the structural evolution by low-frequency modes. (A) Magnified residuals of the GSB band. The dynamics
of each vibrational mode is revealed by the wavelet analysis. The high- and low-frequency ranges are shown in (B) and (C), respectively. In (B), we show the vibrational
mode at frequency of ~1300 cm™" with a lifetime of 150 fs, which is highlighted by the dashed arrow. In (C), we initially find a strong vibration at 170 cm™", which reduce
its frequency to 140 cm™ on a time scale of 100 fs (marked in magenta box). Moreover, one new frequency at 250 cm™ is gradually generated within the initial 500 fs.
(D) Magnified residuals of the ESA. The high- and low-frequency ranges of the vibrations are shown in (E) and (F), respectively. In (E), a broadband vibration (~1300 cm™)
shows weak oscillations decaying on a time scale of 150 fs. In addition, one low-frequency mode at 140 cm™ shows strong oscillation in the ESA band, which is highlighted

by a dashed arrow.

packet on the PESs. For this, we assume the initial wave packet to be
in the lowest vibrational level of the singlet excited state and calcu-
late the time evolution of the density matrix associated to the two-
state two-mode model. Because of the strong vibronic couplings in
the vicinity of the CI, the wave-packet dynamics is calculated by the
numerically exact hierarchy equation of motion approach (40) using
graphics processing unit (GPU) parallelization (41, 42). The calcu-
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lated results of the wave-packet dynamics are shown in Fig. 5 on the
singlet exciton state and the triplet-pair state, respectively. On the
basis of the calculation, we observe that, initially, the wave packet is
mainly located on the singlet excited state PES. With on-going time
evolution, the wave packet propagates to the right side and reaches
Q: = 1.4 where it can decay to the lower excited state through the
CI. After that, the wave packet on the lower excited state moves
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Fig. 4. Calculated vibrational modes and PESs. (A and B) Few key modes identified from the calculations. The low-frequency mode (177 cm™ in A) is associated with
the intermolecular rocking motion of two pentacene molecules along the longitudinal molecular axis, which serves as the intermolecular vibration. The calculated
high-frequency mode of 1013 cm™ (in B) corresponds to the intramolecular vibration. Constructed PES along the coupling (C) and the tuning (D) modes, which are based
on quantum chemistry calculations for the Huang-Rhys factor between the singlet excited and triplet-pair states. The calculated Huang-Rhys factors of the low- and
high-frequency modes are shown in (E) and (F), respectively. Red and blue bars correspond to the modes of the singlet and triplet-pair states.

further to the right side to Q; = 2.5 and then returns back to the
degenerate point. The wave packet repeats the propagation process
again to reach the CI and transitions to the lower excited state. After
100 fs, we observe that the amplitude of the wave packet on the
YT, T)) state PES gradually reaches its plateau before 400 fs. The ob-
tained time scale of the population transfer for the S; to Y1) pro-
cess is ~180 fs [the population dynamics of §; and YT, T)) are shown
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in the Supplementary Materials], which qualitatively agrees with the
SF time scale reported by other groups (13). Moreover, the periodic
motion of the wave packet is shown to have the period of ~32 fs,
which perfectly matches the vibrational frequency of the tuning
mode in the modeling. On the basis of the calculations, we demon-
strate the transfer of vibrational coherence of the intramolecu-
lar vibration from the singlet state to the triplet-pair state, which
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Fig. 5. Calculated wave-packet dynamics in the vicinity of the Cl. The calculated wave-packet dynamics of S; and T;T; along the tuning mode are shown in (A) and (B). The

wave-packet dynamics along coupling mode are shown in (C) and (D), respectively.

agrees with the observations in our 2D vibrational maps obtained
from the TG and 2D electronic spectra. The wave-packet dynam-
ics along the coupling mode is shown in Fig. 5 (C and D). The results
show that the vibrational coherence of the low-frequency coupling
mode does not transfer to the '(T,T}) state, which is in complete
agreement with our experimental observation from TG measure-
ments (Fig. 3, C and F). Thus, based on the kinetic analysis and the
coherence transfers, our model of the CI fully reproduces the exper-
imental observations revealed by TG and 2D electronic measure-
ments. However, clearly, due to the simplicity of this model, we are not
able to reproduce the frequency upshift of the coupling mode from
170 to 250 cm ™.

To further identify the functional role of the intermolecular vi-
brations, we turn off the vibronic coupling of the coupling mode by
setting A = 0 cm™' (the model parameters are described in the Sup-
plementary Materials). We find that in this condition, the transfer of
the wave-packet population is significantly slower than observed in
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the experiment (~100 fs) because the electronic coupling between
the singlet excited state and triplet-pair state is too weak to produce
such a fast transfer. It underpins the fact that solely vibronic coupling
to the electronic state is not sufficient to reproduce the ultrafast
PSF dynamics (29). In addition, the theoretical model presented by
Bakulin and co-workers (27) perfectly reproduces the time scale of
PSF in pentacene, however, with rather strong electronic couplings
between S; and (T, T}). Such a scenario is not supported by the pre-
vious quantum chemistry calculations (20). Moreover, to monitor
the role of the charge separation (CT) state, the population dynam-
ics of PSF has been determined by other groups. Their calculations
show long-lived electronic quantum coherence between the S;, CT,
and the YT T,) states originating from the strong electronic cou-
plings between the CT and the S; and YT, Ty) states (21). However,
our correlation analysis of the measured 2D electronic spectra clear-
ly demonstrates the absence of long-lived electronic coherence. In
addition to the intramolecular mode of 1013 cm™' used in our
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modeling, there are a few more high-frequency modes that are
identified both in the measurements of the TG spectra. With the
intermolecular vibration at 177 cm™', these multivibrational modes
generate a CI of higher-dimensional PESs. On the basis of our work,
it becomes clear that a few high-frequency modes with strong
vibronic couplings further reduce the barrier for the transition from
the S; to '(T,T)) states, and the low-frequency modes help to bridge
between the two PESs by forming the CI, which leads to the SF on an
ultrafast time scale (43).

DISCUSSION

We note here that our modeling is limited to a pentacene dimer. In
pentacene films, the initially created exciton states are more delocal-
ized, typically over a few (four to five) molecules, but the notion of a
coherence length is ill defined. Some estimate can be gained from
the decay time of electronic quantum coherence observed in our 2D
spectroscopic measurement. The antidiagonal linewidth in Fig. 1C
at T = 0 gives a homogeneous linewidth of ~170 cm™, as lower esti-
mate given the interference with the ESA (44, 45). This linewidth
corresponds to the lifetime of electronic dephasing of ~61 fs, which is
related to the coupling to the bath. The uncorrelated bath fluctua-
tions limit the coherence length to a few pentacene molecules at any
given instant. The absence of long-lived electronic coherence and
subsequent SF demonstrate that the delocalized exciton rapidly
collapses to a localized triplet-pair state, where two electrons occupy
adjacent pentacene molecules. Nevertheless, it would be interesting
to extend the exciton basis beyond the model pentacene dimer to
see what effect this would have on the required vibronic couplings.
Such an extended basis is computationally beyond the scope of the
present work. We expect that the basic physics would remain un-
changed given the expected rapid decoherence and localization of
the excitation. The present results illustrate that the ultrafast transi-
tion from the singlet to the triplet-pair state, mediated by a strong
vibronic coupling of intermolecular vibration, destroys the elec-
tronic quantum coherence and the spatial extent of the nascent ex-
citon state (46).

CONCLUSIONS

In summary, we have performed a detailed investigation of the
mechanism of the primary step of SF in a pentacene film by using a
combination of ultrafast heterodyne-detected TG and 2D electronic
spectroscopy. The wave-packet dynamics has been monitored to
capture the coherent §; — YTy crossing by tracking the vibra-
tional coherence from the singlet exciton to the spin-correlated
triplet-pair state. A time-domain analysis of the vibrational transients
reveals the existence of a novel low-frequency mode of 177 cm ™" cor-
responding to the rocking motion along the longitudinal molecular
axis in a pentacene dimer, with high-frequency modes remaining
unchanged. These observed key modes show strong vibronic
couplings, which bridge the singlet exciton to the triplet-pair state.
In addition, based on our calculations, the low-frequency rocking
motion strongly modulates the electronic coupling between the two
electronic states. The high-frequency vibrational modes, which cor-
respond to the intramolecular vibrations with significant vibronic
couplings, reduce the energy gap between the singlet exciton and
triplet-pair states and render them nearly degenerate. Our work
demonstrates, in detail, experimentally and theoretically that the
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concept of a CI can be constructed on the basis of the interplay of
intermolecular (low frequency) and intramolecular (high frequency)
modes coupled to the electronic degrees of freedom. This CI mark-
edly speeds up the process of SF. Hence, our work reveals a novel
dynamical mechanism in which low-frequency vibrational modes
play a key role in SF. They modulate the couplings of two electronic
states and, by this, open a new channel to the desired states by form-
ing a CI between two PESs. This mechanism can be used as a basic
design principle for developing new materials to achieve an efficient
PSF process in future chemical architectures by exploring the con-
structive role of vibrational coherences.

MATERIALS AND METHODS

Sample preparation

Quartz substrates were sonicated in a water solution of 2.5%
Hellmanex III soap, deionized water, acetone, and isopropyl alco-
hol, each at 50°C for 10 min. The cleaned substrates were blow dried
with compressed air and then transferred into a UV-Ozone cleaner
(UVO-Cleaner, Model 30, Jelight Company Inc.) for 10 min before
being loaded into the vacuum chamber (base pressure of approxi-
mately 5 x10”° mbar; B30 from Oerlikon Leybold Vacuum Dresden
GmbH, Germany; with major parts upgraded). This chamber opens
up to air, i.e., samples fabricated in this chamber will see air when
removed from the chamber for further measurements. Pentacene
thin films with a thickness of 200 nm were obtained by thermal
evaporation at the rate of 0.5 A/s. A quartz crystal oscillator was used
to monitor the evaporation rate. The evaporated thin films were
transferred into a glove box with exposure to air as little as possible.
Then, the samples were kept sealed in N, before they were used
for time-resolved optical studies. X-ray diffraction (XRD) thin film
measurements of pentacene were performed using a SmartLab x-ray
diffractometer (Rigaku Corporation) (the XRD data are shown
in the Supplementary Materials). The voltage and current of the
instrument were set as 40 kV and 30 mA. The x-ray wavelength
is 1.54059 A . Ultraviolet-visible (UV-vis) measurement of the sam-
ples was performed in a LAMBDA 1050 UV/Vis spectrophotometer
(PerkinElmer Inc.).

TG and 2D electronic measurements with

experimental conditions

Details of the experimental setup have already been described in ear-
lier reports of our group (44). The measurements have been per-
formed on a diffractive optics-based all-reflective 2D spectrometer
with a phase stability of A/160 (47). The laser beam from a home-
built NOPA (pumped by a commercial femtosecond PHAROS laser
from Light Conversion) is compressed to ~18 fs using the combina-
tion of a deformable mirror (OKO Technologies) and a prism pair.
Frequency-resolved optical grating (FROG) measurement is used to
characterize the temporal profile of the compressed beam, and the
obtained FROG traces are evaluated using a commercial program
FROG3 (Femtosecond Technologies). A broadband spectrum ob-
tained carried a linewidth of ~100 nm (full width at half maximum),
centered at 700 nm, which covered the electronic transitions to the
first excited state and the ESA in triplet-pair states. Three pulses are
focused on the sample with the spot size of ~100 um, and the photon
echo signal is generated at the phase-matching direction. The photon
echo signals are collected using Sciencetech spectrometer model
9055, which is coupled to a charge-coupled device linear array camera
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(Entwicklungsbiiro Stresing). The 2D spectra for each waiting time
T were collected by scanning the delay time t = #; — £, in the range of
[-128 to 128 fs] with a delay step of 1 fs. At each delay step, 100
spectra were averaged to reduce the noise to signal ratio. The waiting
time T = f3 — t, was linearly scanned in the range of 2.1 ps with steps
of 10 fs. For all measurements, the energy of the excitation pulse is
attenuated to 10 nJ with 1-kHz repetition rates. Phasing of obtained
2D spectra was performed using an “invariance theorem” (48). To
optimize the contribution of ESA, the pentacene film was slightly tilted
(5° to 6°) relative to the plane perpendicular to the incident beam.

Calculations

The ab initio exciton model (49) was used to study SF in a pentacene
crystal. In this approach, the elements of the exciton model Hamil-
tonian matrix (namely, the excitation energies and couplings) are
calculated in an ab initio manner without empirical parameters
from first principles. We have reported the inclusion of CT excited
states in the exciton model, and in this work, the multiexcitonic excited
states are further involved to properly describe the SF process. The
ab initio exciton model provides a more efficient approach as com-
pared to the multiconfigurational methods and minimizes the errors
without introducing empirical parameters in the Hamiltonian matrix.

We have used a QM/MM setup where a pentacene dimer is de-
scribed by the ab initio exciton model, and the surrounding penta-
cene molecules are modeled by the general Amber force field (for the
definition of the QM/MM regions, see the Supplementary Materi-
als) (50). For the QM region, the long-range corrected (LRC) densi-
ty functional LRC-@ PBEh (51) and the cc-pVDZ basis set (52) were
used in DFT and time-dependent DFT calculations, with dispersion
correction modeled by Grimme’s dispersion (53) with Becke-Johnson
damping (54). Ab initio exciton model calculations were carried out
using the GPU-accelerated TeraChem code (55). The exciton model
for the pentacene dimer in the QM region was set up to involve two
locally excited (LE) states (one on each pentacene molecule), two CT
excited states, and one TT (triplet-pair) excited state. We have
documented the exciton model in details in our previous work (49, 56).
The spin-adapted wave function of the TT state is used to facilitate
the evaluation of the couplings. Diagonalization of the exciton model
Hamiltonian gives the adiabatic excited states as linear combinations
of the diabatic excited state (namely, the LE, CT, and TT states). The
gradient of the ab initio exciton model was derived on the basis of
the Hellmann-Feynman theorem.

Comparison with the multiconfigurational method suggests that
the ab initio exciton model systematically overestimates the vertical
excitation energies, while the ordering of the states and the energy
gaps are nicely predicted by the model. In particular, the exciton
model gives a Davydov splitting of 0.12 eV, which corresponds well
with the experimental measurement and the multiconfigurational
result (20). We have optimized the geometries and performed a nu-
merical frequency analysis for the adiabatic S1 and S2 states of the
QM pentacene dimer, which are of dominant TT and LE character,
respectively. The Huang-Rhys factors S; were calculated as S; =m;
;A Qf/ 2h, where m;, ®;, and AQ; are the reduced mass, frequency,
and the equilibrium displacement of the i-th vibrational mode, re-
spectively. For the calculation of the coherent dynamics, the popula-
tion dynamics of the wave packet in the two-state two-mode model
is being calculated by the hierarchical equation of motion (40) with
GPU parallelization (Tesla K80). To obtain the stable Hamiltonian
matrix, 20 (Qp) and 10 (Q.) vibrational levels are used in the tuning
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and coupling modes, respectively. To monitor the wave-packet dy-
namics on two reaction coordinates, we perform the projection cal-
culation based on the theoretical work in (57, 58).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/38/eabb0052/DC1
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