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Vibronic coupling and coherence are crucial in the charge and energy transfer
of photoexcited molecules. Here we investigate the coupled electron-nuclear
dynamics of the photoionized benzene molecule using the time-resolved
Coulomb-explosion imaging method. A long-period oscillation is experimen-
tally observed in the ion yields of the C4HZ* channel, as well as the C* + C*, and
the C* + C" + C" Coulomb explosion channels. Quantum dynamics simulations
reveal that this -600 fs oscillation, which notably exceeds the period of any
vibrational modes, originates from pseudorotation of the benzene cation. This
motion arises from quantum beating between two coherent vibronic states of
the benzene molecule coupled via the Jahn-Teller effect around the conical
intersection. The structural evolution of the benzene cation via pseudorota-
tion is visualized by the time-resolved momentum imaging in the C' + C* + C*
three-body Coulomb explosion channel. Our work offers a comprehensive
characterization of coherent vibronic dynamics of the benzene cation and
demonstrates the power of the time-resolved Coulomb-explosion imaging for
unraveling coupled electronic and nuclear motions in aromatic molecules.

Electronic and vibrational coherence governs many light-induced
dynamics in atto- and femtosecond processes, such as the charge
migration, charge separation, and energy transfer in molecules'®. As a
paradigmatic example of aromatic ring molecules, the Jahn-Teller
distortion of a photoexcited benzene molecule plays a vital role in
many areas of physics and chemistry”®. The ultrafast charge transfer
process and energy relaxation in complex aromatic molecules after
photoexcitation are closely related to the non-adiabatic coupling

between electrons and nuclei’ ™. One of the important non-adiabatic
phenomena of benzene is the symmetry-induced (Jahn-Teller) conical
intersection (CI)>, where the intrinsic geometric instability of the
degenerate electronic states of the benzene cation leads to sponta-
neous symmetry breaking (SSB) of the molecular geometry and lifting
of electronic degeneracy”*°. SSB significantly impacts a wide range of
areas that include molecular physics, condensed matter physics,
quantum field theory, and the Standard Model of particle physics such
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as the Higgs mechanism?. The Jahn-Teller (JT) effect of benzene cation
has been studied both experimentally’”> and theoretically”>>. The
experimental studies of the Jahn-Teller effect and pseudorotation in
molecules mostly rely on high-resolution spectroscopy, including
infrared or microwave spectroscopy, and zero-kinetic-energy thresh-
old photoelectron spectroscopy among others* %,

Interestingly, the JT effect can lead to the internal rotation of the
molecule, dubbed pseudorotation®*3, which connects several stable
isoenergetic structures separated by potential barriers and leads to
conformational changes of the molecule®. Unlike real rotations where
all atoms in the molecule rotate synchronously, in pseudorotation, the
molecular structure undergoes a sequence of bond-angle changes that
mimics rotation®. Although many examples of JT-effect-induced
vibronic pseudorotation are known, direct real-time imaging of the
phenomenon is still lacking. The vibrational wavepacket dynamics of
the benzene cation, in which both the JT-effect-induced pseudorota-
tion and the non-adiabatic coupling participate, serves as a prototype
to reveal the role of conical intersections in the ultrafast coherent
vibronic dynamics®. The Cl-mediated population transfer can induce
electronic coherence, and its magnitude is highly dependent on the
symmetry of electronic states**’,

In this article, we report a ~600 fs coherent vibronic motion of
benzene caused by strong field ionization of benzene molecule, in
which the Jahn-Teller coupling between the excited cationic states
plays a significant role. The temporal evolution of the nuclear vibra-
tional wavepacket, including both the stretching of the C-C bond
within ~200 fs and the hundreds-femtosecond-long pseudorotation
accompanying the quantum beating between two vibronic states, are

b CH™ ct+ct c rd

Fig. 1| Potential energy surfaces (PES) of C¢H; and experimental time-resolved
ion yields of different channels. a Schematic of experimental setup. b PES along
the nuclear vibrational coordinate Qg and schematic of the C¢H; wavepacket
dynamics. The pump pulse initiates the C¢H; wavepacket dynamics in D and £
cationic states, and a delay-controlled probe pulse further ionizes C¢H , leading to
bounded C4H2" and dissociative C* + C* Coulomb explosion channels. ¢ The
adiabatic PES of c,,,Hg D state along Qi and Qyg, vibrational modes, whichis active
for the Jahn-Teller effect of D state and the pseudo-Jahn-Teller coupling between D
and E states. The coherent vibronic motion of C4H; wavepacket among three
potential minima leads to the long-period oscillation of experimental ion yields.

revealed by the time-resolved ion yield oscillations of the C4H2*,
C"+ C*, and C" + C" + C' channels. Finally, we capture the transient
structural evolution involved in the pseudorotation from time-
resolved momentum angle distributions in three-body Coulomb
explosion channels. Our results, analyzed with the help of full-
dimensional quantum dynamics simulations, provide a comprehen-
sive picture of vibronic coherence mediated by symmetry-induced Cls,
along with snapshots of transient structures during pseudorotation.
This opens a new avenue for investigating coupled electronic and
nuclear motions in aromatic ring systems.

Results and discussion

Figure 1a presents the experimental scheme. A femtosecond pulse
centered at 800 nm with a pulse width of 80 fs is split into pump and
probe pulses. The pump pulse ionizes the benzene molecules to a
manifold of cationic states, and a delay-controlled probe pulse ionizes
the benzene cation to the dicationic or tricationic states, which forms
bounded C4H2* dications or dissociates the molecule via Coulomb
explosion. Figure 1b presents the energy diagram of our pump-probe
measurement and the potential energy curve along the nuclear
vibrational coordinate Q.. The symmetry analysis of electronic states
and JT active modes is crucial to understand the vibronic coupling
Hamiltonian®, electronic coherence® and the three-minima structure
of adiabatic potential energy surface in Fig. 1c, which corresponds to
the pseudorotation of benzene. From wavepacket dynamics simula-
tions, we identify that the Q;s mode serves as the driving coordinate
for the long-period pseudorotation, and is also the active mode of the
Jahn-Teller effect. The vibrational mode Qs belongs to the Fy,
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Experimentally measured time-resolved ion yields of (d) bounded CﬁHﬁ+ and (e)
C" + C* Coulomb explosion channel as a function of pump-probe time delay. d Is
fitted to a decaying oscillation function to obtain the oscillation period 7= 621+ 49
fs. To characterize the oscillatory yield of the C* + C* channel, the ion yields are
firstly fitted with an exponential decay (e), and the residual distribution is also fitted
to the decaying oscillation function (f) (see Supplementary Note 6 for details of
fitting). The statistical errors are obtained as the square root of the counts and are
shown as the gray shadow (too small to be see). Source data are provided as a
Source Data file.
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Fig. 2 | Long-period oscillations of experimental time-resolved ion yields and
simulated benzene wavepacket dynamics. a, b Fourier spectrum analysis for
residual signal of C* + C* channel and C¢H2" channel. ¢ Fourier-filtered signal of the
ion yields of C¢H2* and C* + C* channel, and the shaded areas represent the
standard deviations of the statistical errors. The statistical errors are obtained as
the square root of the counts. The yields are divided by the average counts of the
long time part and shifted by a constant to facilitate comparison of relative yield
changes. The frequency ranges correspond to colored areas under the curves in (a)
and (b), centered around 56 cm™ for C(,Hé* channel, and 69, 408, 611 cm™ for the
three curves of C* + C* channel, respectively. d Vibrational spectrum of simulated
CgH, wavepacket dynamics initiated from the £ state, obtained from the Fourier
analysis of autocorrelation function. e Temporal evolution of the expectation value
of the driving vibrational mode Qg,, which exhibits hundreds-femtosecond-long
oscillations. f Temporal evolution of C¢H, ionization energy I, to the dicationic
ground state and g the corresponding ionization rate calculated by the exponential
factor exp[—2(2/,)*? /3£] of the ADK formula, where E is the electric field strength
of the ionizing laser. Abbreviations: FT, Fourier transform. Source data are provided
as a Source Data file.

symmetry representation of D¢y, point group, which is doubly degen-
erate with two components Qig, and Qyg,, as illustrated in Fig. 1c. The
pump pulse can populate the cationic D and E states through a strong
field ionization mechanism®. The population of D and E states is
strongly associated with the long-period oscillation of the experi-
mentally measured ion yields shown in Fig. 1d-f, because our quantum
simulations show that only the wavepacket dynamics initiated from
both D and E states show the corresponding long-period oscillatory
behavior (see Supplementary Fig. 2 for detailed autocorrelation ana-
lysis of wavepacket dynamics), while the oscillation periods of the
wavepackets initiated from the other lower cationic states are sig-
nificantly shorter. The intensity of the pump pulse is tuned to enhance
this channel, as shown in Supplementary Fig. 1 of Supplemen-
tary Note 1.

Figure 1d shows the measured time-resolved ion yield of the
C¢H2* channel. The C4H2* channel exhibits a prominent oscillation of
the ion yield as a function of the pump-probe time delay. The signal is
well described by a decaying oscillatory function, yielding a period of
T =621 + 49 fs with an initial phase of ¢ = 0.34m + 0.08m, and a decay-
time constant of 7= 316 + 90 fs. Surprisingly, the oscillation period T is
significantly longer than the period of any intrinsic vibrational mode of

benzene cation”**. The Fourier transform (FT) spectrum of the mea-
sured oscillation exhibits a dominant frequency centered at -56 cm’,
as shown in Fig. 2b.

The time-resolved ion yield of C;H2* — C* +C™* channel (with
other neutral fragments) exhibits somewhat different characteristics,
as shown in Fig. le. A strong enhancement of the signal around zero
time delay is dominating the channel followed by weak long-period
oscillations. To analyze the long-period oscillations, the time-resolved
ion yield is first fitted with an exponential decay function convolved
with a Gaussian function corresponding to the instrument response
function, obtaining a decay time constant r4 = 116 + 37 fs. This time
scale has been assigned to the decay from the D state, i.e. the popu-
lation in the D state is transferred to the B state’. The residual signal,
obtained by subtracting the fit from the measured C* + C" yield, is
shown in Fig. 1f and can be well described by a decaying sinusoidal
function with a period of T =570 + 44 fs.

The Fourier transform spectrum of the residual signal for C* + C*
channel is shown in Fig. 2a. Interestingly, high-frequency oscillations
appear before 200 fs, thus the Fourier spectrum shows two additional
bands centered at 408 cm™ and 611 cm™ along with the low-frequency
peak, which is also present in the Fourier spectrum of the C4H2"
channel shown in Fig. 2b. Figure 2c shows the Fourier-filtered yield
oscillation signals of both C¢HZ* and C' + C* channels, which exhibit
significant channel dependence. Both channels show long-period
oscillation corresponding to -60 cm™ peak that persist for -1 ps. In
contrast, the high-frequency oscillation of the C* + C* channel decays
rapidly within 200 fs.

To interpret the observed long-period oscillation of the ion yields,
we performed quantum wavepacket dynamics simulations using the
multi-configurational time-dependent Hartree (MCTDH) method*®
employing the vibronic-coupling Hamiltonian of CcH¢ derived in
refs. 23,24 (see Supplementary Fig. 4 for the vibrational modes of the
Hamiltonian). We simulated the nuclear wavepacket dynamics starting
from different cationic states, and their vibrational spectra were
obtained from the Fourier transformation of the autocorrelation
function, which is a standard method for vibrational analysis>*' (see
Supplementary Note 2 for detailed vibrational spectra analysis). As
shown in Fig. 2d, the vibrational spectra of the wavepacket dynamics
initiated on the E state exhibit a low-frequency peak at 56 cm™, which is
consistent with Fig. 2a, b. The 56 cm™ frequency is much lower than the
eigen-frequencies of any vibrational mode of C¢H,, and can only be
formed through the coupling of electronic and nuclear motion, i.e., it is
the frequency of a vibronic motion. The wavepacket initiated on the D
state also exhibits low-frequency peaks around 65 cm™ in the vibra-
tional spectrum (see Supplementary Fig. 2d in Supplementary Note 2),
similar to Fig. 2d. The low-frequency peak originates from the long-
period pseudorotation dynamics of benzene cation, as shown in
Figs. 2e and 3. In contrast, such low-frequency oscillation is absent in
the vibrational spectra obtained from the the wavepacket dynamics
initiated on the low-lying cationic states X, B, and C (see Supplemen-
tary Fig. 2a-c in Supplementary Note 2). Besides, our simulations show
that the nuclear wavepacket, initially on the E state, is rapidly trans-
ferred to the D state within 50 fs (see Supplementary Fig. 3). The above
analysis reveals a strong correlation between the wavepacket dynam-
ics in the D state and the long-period oscillations in the experimentally
measured ion yields. An experimental evidence supporting this con-
clusion is that the long-term oscillations in the ion yields are enhanced
at higher pump laser intensities. As pump laser intensity increases, the
jonization ratio to the highly excited cationic states (D and F) relative
to the cationic ground state (X) also increases. Consequently, the
highly excited cationic states become more significantly populated at
higher pump intensities, leading to more pronounced oscillations (see
Supplementary Fig. 1 for details).

To explore the origin of the low-frequency oscillation as quantum
beating of coherent vibronic states, we analyzed the effect of each
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Fig. 3 | Vibronic energy levels and coherent pseudorotation wavepacket
dynamics. a Schematic of the relevant vibronic energy levels and PES along Qs
vibrational mode. Under Born-Oppenheimer approximation, the vibrational
eigenstates of Qs mode in the D state is denoted by the quantum numbers

[Viger v18y>, and the energy difference between the vibrational ground state |0, 0)
and the first excited states |1, 0),|0, 1) is 624 cm™. The vibronic coupling between D
and  states reshapes the adiabatic PES of the lower branch to the Mexican hat
shape, and the energy difference between the coupled vibronic ground state |, )

and the first excited states |¢;), |9, ) is 56 cm™. b Schematic of the molecular
structure at different angles of the (Qisx, Qisy) configuration space. The change of
molecular geometries are exaggerated for visual convenience. c-i Temporal evo-
lution of probability density Pr(Qis,, Qus), t) of C6Hg wavepacket in D state. The
wavepacket exhibits two different types of motions. c-e Show radial motion
between potential minima and high symmetric geometry Qis, = Qis, = 0. f-i Show
angular motion moving among the three potential wells. Source data are provided
as a Source Data file.

vibrational mode on the change of the molecular geometry and found
that Qs is the driving mode of the ~600 fs wavepacket motion (see
Supplementary Fig. 5 for detailed comparison of molecular geometry
change due to each specific vibrational mode). Symmetry analysis
shows that the vibrational mode Qs of E,, symmetry is both a Jahn-
Teller coupling mode for the D state and a pseudo-Jahn-Teller (PJT)
coupling mode between the D and £ states”. As a result of the JT and
PJT couplings, the PES of the D and E excited states are largely different
from that under Born-Oppenheimer approximation. The shape of the
adiabatic PES of the lower branch is a “Mexican hat”, as shown in
Fig. 3a, which exhibits three minima corresponding to three equivalent
distorted geometries with lower symmetry (see Fig. 3b). With the
adiabatic PES, we calculated the vibrational energies and eigenstates
using discrete variable representation (DVR)***2, The vibronic ground
state |¢)y) is related to the following Born-Oppenheimer vibrational
eigenstates |v18x,v18y> as vigx + Vigy = 0, 2, 4, while the first excited
states |;), |, ) are related to |vig,, Vig, ) 3S Vigy + Vigy = 1, 3 (see Sup-
plementary Figs. 6, 7 in Supplementary Note 5 for details of DVR cal-
culations). The energy difference between the vibronic ground and
first excited states is 56 cm™. In comparison, the eigen-frequency of the
Qg vibrational mode is 624 cm™. The vibronic coupling thus leads to
significant changes of the energy levels*. Our analysis therefore shows
that the experimentally observed long-period oscillation of ion yields
stems from the coherent vibronic dynamics of the JT and PJT active
mode Qs that couples the D and F states.

The temporal evolution of the probability density along Qs
vibrational modes is illustrated in Fig. 3. As shown in Fig. 3c-e, during
the first ~-100 fs, the wavepacket rapidly oscillates along the radial
direction, i.e., between the JT distorted geometry (at the potential
energy minima) and the high-symmetry geometry with Qyg, = Q;5,= 0.
The radial oscillation corresponds to the vibrational 624 cm™ (53 fs
period) eigen-frequency of the Qs mode, which is consistent with the
experimentally measured high-frequency peak in the Fourier spectrum
shown in Fig. 2a. The amplitude of the radial motion decreases rapidly

with the population decay of the D state, leaving the wavepacket in the
three potential wells. As shown in Fig. 3f-i, after 200 fs, the long-period
angular motion of the wavepacket among the three potential wells
dominates the dynamics. The wavepacket density evolves from a
delocalized distribution spanning the three potential wells to a highly
localized one within a single well between 200 fs and 600 fs. After 800
fs, the wavepacket becomes delocalized once again.

We can qualitatively estimate the tunneling ionization rate as the
molecular geometry changes along the Qg coordinate, based on the
dominant  exponential ~ factor  exp[-2(2/,)’*/3E] of the
Ammosov-Delone-Krainov (ADK) formula, where I, is the ionization
energy and F is the electric field strength of the ionizing laser. The
ionization energy from the D state to the dicationic ground state is
shown in Fig. 2f. As shown, the corresponding relative ionization rate
exhibits oscillations that are consistent with the dicationic yield
reported in Fig. 1d. The dynamics thus corresponds to the pseudor-
otation of benzene cation®**, which arises from the vibronic JT cou-
pling between the D and E states, and accounts for the observed low-
frequency oscillations in the ion yield, since the geometric variation
modulates the ionization energy and consequently the ionization rate.

Can we gain a deeper understanding of the structural evolution of
the benzene cation that occurs during the pseudorotation? For this
purpose, the time-resolved three-body Coulomb explosion imaging is
implemented to extract the transient structure of benzene cation***¢,
which has been successfully utilized to track the ultrafast structural
dynamics such as internal rotation in other molecules*”*%. The domi-
nant three-body Coulomb explosion channel measured in our experi-
ment is C* + C* + C* channel. There are three possible dissociation
pathways that can contribute to this channel, including C;” +C; +C5,
C; +C; +C/,and C; +C; +CJ, where the subscripts label different C
atoms in benzene, as shown in the inset of Fig. 4b. The ranges of kinetic
energy release (KER) for the three pathways are different. We present
the time-resolved KER spectra and ion yield for C; + C, +C; pathway
in Fig. 4a-c. As shown in Fig. 4c, the ion yield of C;” + C; +C5 channel
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Fig. 4 | KER spectra and momentum angle distribution in of C; +C, +C;
Coulomb explosion channel. a Time-resolved KER spectra and b ion yield of

C; +C; +C; three-body Coulomb explosion channel. The ion yield is fitted with an
exponential decaying function, and the residual signal shown in (c) is fitted with a
decaying oscillation function. The statistical errors are obtained as the square root
of the counts and are shown as the gray shaded area in the figure. The yields are
divided by the average counts of the long time part. d, e Difference in the experi-
mentally measured momentum angle distribution at different pump-probe time

delays, where 6, is the momentum angle between C," and C; ion fragments. (For
detailed calculations, see Supplementary Note 7). d Is obtained by subtracting the
momentum angle distribution at 600 fs from that at 300 fs. Similarly, e is obtained
by subtracting the momentum angle distribution at 600 fs from that at 900 fs. In
comparison, fand g present the same difference plots obtained from the simulated
wavepacket dynamics. Diff. Difference, Exp. Experiment, Sim. Simulation. Source
data are provided as a Source Data file.

also exhibits a ~600 fs long-period oscillation as a function of pump-
probe time delay, similar to C* + C* and C¢H2" channels in Fig. 1. The
KER spectra of other pathways including C; +C; +C, and
C; +C; +CJ are shown in Supplementary Fig. 9 of Supplemen-
tary Note 7.

The time-resolved momentum angular distributions between C;
and C; ion fragments from the three-body Coulomb explosion chan-
nel reflect the structural evolution of the carbon skeleton of the ben-
zene cation. Since the time-dependent features are superimposed on a
strong time-independent background signal in our measurements, we
reveal the structural variation by presenting the differences in the
momentum angle distributions at three representative time delays:
300 fs, 600 fs, and 900 fs. These time delays correspond to the peak
and dip of the ion yield oscillation in Fig. 4c. The difference spectrain
Fig. 4d, e are obtained by subtracting the momentum angle distribu-
tion at 600 fs from that at 300 fs and 900 fs, respectively. In both
Fig. 4d, e, clear oscillations can be observed, and the positive (nega-
tive) peaks stand for the ratio of the structure contributing to the
specific momentum angle after three-body Coulomb explosion
increases (decreases). The oscillations are overall similar in Fig. 4d, e
but are more pronounced in e. Figure 4e exhibits four well-resolved
peaks, which are located at 124, 132°, 141, and 147:, respectively. The
prominent dips are located at 128, 136" and 144", respectively. The
similarity of Fig. 4d, e suggests that the momentum angle distributions
at 300 fs and at 900 fs are similar, and that both are different from the
distribution at 600 fs. Therefore, the long-period structural evolution
of benzene cation is revealed through time-resolved three-body Cou-
lomb explosion from two different perspectives: the oscillation of total
ion yield reported in Fig. 4c, and the momentum angle variation shown
in Fig. 4d, e.

To further confirm the structural evolution, we simulated the
time-dependent three-body Coulomb explosion process which serves
as a probe for the pseudorotation dynamics. The distribution of
momentum angles 8, from O fs to 1000 fs is shown in Supplementary
Fig. 11 of Supplementary Note 7. For direct comparison with the

measurement, the difference spectra are also obtained in the same way
as in the measurement. The results are shown in Fig. 4f, g. As we see,
the computed signal exhibits very similar oscillations, with four
dominant peaks that are consistent with the measurement (compare
panels e and g). The four dominant peaks are locate at 123, 127°, 130,
and 133, respectively. Those values are quantitatively smaller than
those extracted from the measurement; we attribute those dis-
crepancies to an idealized modeling of the Coulomb explosion in the
simulation, where the structural relaxation during the multiple ioni-
zation within the femtosecond laser pulse is not considered®. The
overall agreement between measurement and simulations is never-
theless quite good showing that more sophisticated structural changes
of the benzene cation during the pseudorotation can be inferred based
on the quantum simulations.

Finally, we comprehensively summarize how the bond angles of
the benzene cation evolve in real time and space. The momentum
angle 6, measured in the C; +C; +C; three-body Coulomb explosion
channel sensitively reflects the bond angle 6c of the carbon ring in
benzene (see Supplementary Fig. 10 in Supplementary Note 7 for how
the structural change of benzene cation affects the momentum angle).
From the quantum wavepacket dynamics, we obtain the time-
dependent distribution of 8¢, as shown in Fig. 5a, which exhibits the
long-period variations. The vibrational mode Qs is the driving mode
for the temporal change of 6 (see Supplementary Figs. 4, 5), so the
long-period pseudorotation shown in Fig. 3 along Qg vibrational mode
is also reflected by the time-resolved bond angle distribution in Fig. 5a.
From Fig. 3f we see that at -200 fs, the wavepacket is predominantly
located within the bottom of the three potential wells, corresponding
to the 0, 120" and -120° geometries in Fig. 3b. For these geometries,
four of the 6c bond angles in the carbon ring become larger compared
to the equilibrium benzene geometry, and two 6. become smaller. The
corresponding feature is shown in Fig. 5b, which exhibits a single peak
when 6¢ < 120" and double peaks when 8¢ > 120" at 300 fs. At 600 fs,
part of the wavepacket is already distributed in the saddle point region
of the PES, as shown in Fig. 3h, corresponding to the 60, 180", and -60°
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Fig. 5 | Structural evolution of benzene cation during the pseudorotation.

a Simulated temporal evolution of bond angle distribution of benzene cation,
convolved with a Gaussian function corresponding to instrument response func-
tion. O is the bond angle of three neighboring C atoms in benzene C; — C; — C3. The
black dashed lines indicate the temporal change of the bond angle distribution

peaks. b Bond angle distributions of benzene cation at 300 fs, 600 fs and 900 fs.
The schematic geometries and the displacement vectors of C atoms are shown in
the insets of (b), where the change of bond angles are exaggerated for visual
convenience. Source data are provided as a Source Data file.

geometries in Fig. 3b, where four 6c become smaller and two 6¢
become larger. Accordingly, the bond angle distribution in Fig. 5b
exhibits a double-peak structure when 6¢ < 120" and a single-peak
structure when 6c > 120" at 600 fs. The bond angle distribution at 900
fs is similar to that at 300 fs. Therefore, the coherent vibronic pseu-
dorotation leads to the long-period change of bond-angle distribution,
which is measured by the momentum-angle distribution from the
three-body Coulomb explosion imaging.

To conclude, we characterized a coherent vibronic pseudorota-
tion of photoionized benzene induced by the Jahn-Teller coupling and
quantum beating of vibronic states. The pseudorotation is probed by
the channel-specified time-resolved Coulomb explosion imaging
method, which exhibits a ~-600 fs long-period temporal oscillations of
the ion yield as a function of the pump-probe time delay. Furthermore,
we achieved a real-time, direct visualization of the pseudorotation by
capturing its transient structural evolution accompanying the coher-
ent wavepacket dynamics between vibronic states. Our results provide
a new avenue to understand the spontaneous symmetry-breaking and
coherent vibronic dynamics in polyatomic molecules.

Methods

Experimental methods

Briefly, an amplified Ti:Sapphire laser is used to produce a linearly
polarized laser pulse (800 nm, 1 kHz). A Mach-Zehnder interferometer
is employed to achieve the pump-probe measurement. The output
laser pulse is split into pump and probe beams. A translation stage is
used to control the time delay between the pump and probe pulses.
The polarization of the pump pulse is kept parallel to the time-of-flight
(TOF) axis, while the elliptically polarized probe pulse is used to ensure
the dominance of the direct strong field ionization process and reduce
the contributions from electron recollisions®*". The estimated inten-
sities of pump and probe pulses are 200 TW/cm? and 250 TW/cm?,
respectively. Benzene vapor at room temperature is introduced into
the chamber through supersonic expansion seeded with Ar. The

molecular ionization and fragmentation induced by the laser pulses
are studied by the cold target recoil ion momentum spectroscopy
(COLTRIMS)***, The produced ions are detected in coincidence by
time- and position-sensitive detectors through a uniform electric field
formed by a set of electrode plates, and their three-dimensional
momentum vector can be extracted®®. In the ion-ion coincidence
measurement, the count rates for the ions are 0.075/pulse. The abso-
lute experimental peak intensity is roughly estimated by comparing
the double ionization yield of Xe with the reference curve firstly, with
an error around 20%. The cross-correlation of the pump-probe pulse is
~80 fs.

To extract the oscillation signal from the ion yield of the CéHf,+
channel, as shown in Fig. 1d, we fit the yield curve with a decaying
oscillatory function combined with a Gaussian. This approach allows
us to determine the oscillation signal’s period and decay time constant.
The C" + C* channel (Fig. 1e) and the C* + C* + C* channel (Fig. 4b), both
show a significant enhancement with a distinct peak at time zero, fol-
lowed by a decaying tail and a characteristic long-period oscillation. To
isolate the oscillatory component, we fit the ion yield using an expo-
nential decay function, then subtract the fitted function from the raw
experimental data. For this oscillatory component, we also apply a
decaying oscillatory function fit to determine the oscillation period
and the decay time of the oscillation amplitude. This analysis enables
us to use Fourier transformation, as shown in Fig. 2, to accurately
determine the oscillation frequency without interference from the
initial decay profile. It also helps precisely identify the peaks and
troughs of the long-period oscillation shown in Fig. 4c, which is crucial
for analyzing the structural dynamics in pseudorotation (see Supple-
mentary Note 6 for detailed formulas of the fitting functions).

Quantum wavepacket dynamics simulation

To understand the dynamics of the benzene cation initiated by the
pump pulse, we performed wavepacket dynamics simulations using
the multi-configurational time-dependent Hartree (MCTDH)
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method*’, based on a multistate vibronic coupling Hamiltonian model
of C¢H¢ ****. The Hamiltonian includes the five lowest electronic states
of the cation. The vibrational modes included in the Hamiltonian
model are shown in Supplementary Fig. 4. The vibrational mode Qg of
E,, symmetry, which is important for t[uze ~600 fs vibronic motion, is an
active mogze for botl}zthe JT effect of D" E,,, state and the PJT coupling
between D" E,, and £~ B,, states (see Supplementary Note 4 of SM for
detailed symmetry analysis).

Data availability
Source data are provided via Figshare (https://doi.org/10.6084/m9.
figshare.30675734).

Code availability

The MCTDH input files used in this study, which we used to simulate
the wavepacket dynamics of benzene cation, are available in via Fig-
share (https://doi.org/10.6084/m9.figshare.30675734).
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