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Real-time observation of ultrafast molecular rotation in weakly bound dimers

Jiaqi Zhou ,1,2 Chaoxiong He,3 Ming-Ming Liu,3 Enliang Wang ,2,4 Shaokui Jia,1 Alexander Dorn ,2

Xueguang Ren ,1,2,* and Yunquan Liu 3,5,6,†

1MOE Key Laboratory for Nonequilibrium Synthesis and Modulation of Condensed Matter, School of Physics, Xi’an Jiaotong University,
Xi’an 710049, China

2Max-Planck-Institut für Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany
3State Key Laboratory for Mesoscopic Physics and School of Physics, Peking University, Beijing 100871, China
4J. R. Macdonald Laboratory, Department of Physics, Kansas State University, Manhattan, Kansas 66506, USA

5Collaborative Innovation Center of Quantum Matter, Beijing 100871, China
6Collaborative Innovation Center of Extreme Optics, Shanxi University, Taiyuan, Shanxi 030006, China

(Received 14 September 2020; accepted 31 March 2021; published 16 April 2021)

The fragmentation dynamics of dicationic dimers of acetylene molecules initiated upon strong-field laser
ionization is studied. Time-resolved pump-probe experiments with femtosecond laser pulses, accompanied by
ab initio dynamical calculations, allow us to evaluate the detailed behavior of molecular ions during the
dissociation process. The dynamical properties of the intermediate C2H+

2 · · · C2H+
2 state created by the pump

pulse are probed by a second pulse which causes further ionization. The time-dependent yield of a coincident
C2H+

2 + C2H2
2+ ion pair exhibits an oscillation feature with a periodicity of 240 ± 30 fs. Our studies demonstrate

that this is caused by an ultrafast rotation of C2H+
2 cations driven by intermolecular Coulomb force together with

the orientation-dependent ionization rate. We suggest that the present observation of ultrafast molecular rotation
can be a general phenomenon occurring in a wide variety of systems.

DOI: 10.1103/PhysRevResearch.3.023050

I. INTRODUCTION

Weak noncovalent or intermolecular interactions, such as
hydrogen bonding and van der Waals forces, are significant in
all realms of chemistry ranging from supramolecular sciences
to chemical reactions [1–6]. In recent years, studying the
properties of excited states in weakly bound systems has at-
tracted considerable interest due to the possibility for opening
various ultrafast energy and charge transfer processes like the
intermolecular Coulombic decay (ICD) [7]. In ICD, the inner-
valence vacancy is filled by an outer shell electron, and the
energy released is transferred to neighboring molecules. This
leads to ejection of a low-energy electron and formation of
two repulsive ions at a distance of a few angstroms (Coulomb
explosion).

It has been shown that ICD is a very general phenomenon
occurring after a manifold of excitation schemes and in
numerous weakly bound systems (see, e.g., [8–10]). The im-
portance of ICD as an efficient source of low-energy electrons
has been widely recognized, both for fundamental reasons
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and because of its potential relevance for radiation damage
of biological matter. A detailed understanding of the quantum
behaviors of ionic molecular species following ICD remains
unexpectedly incomplete despite the paramount importance of
these radical ions as reactive intermediates in the chemical and
biological sciences. Moreover, such repulsive ion species are
also observed through various mechanisms in weakly bound
systems such as electron transfer mediated decay [11–13],
strong-field laser ionization [14–16], direct Coulomb explo-
sion by ion collision [17,18], and so forth. A recent calculation
by Vendrell et al. investigated the fragmentation dynamics of
two neighboring H2O+ ions, i.e., the dicationic state after ICD
in a water dimer [19]. Interestingly, the calculation revealed a
significant change in the rotational energy and angular mo-
mentum of these species, in particular within a propagation
time of about 150 fs.

In this work, we perform time-resolved pump-probe ex-
periments [20,21] in molecular dimers using strong-field
femtosecond laser pulses [15] in order to trace the rotational
as well as vibrational and translational dynamics of molecular
species during Coulomb explosion. Here, we choose the dimer
of simple organic acetylene molecules as a target system. The
ionization rate of the acetylene cation C2H2

+ is sensitively
dependent on the orientation of molecules relative to the laser
polarization direction of the probe pulse [22,23], which can be
used to study the rotational properties of molecular ions.

As illustrated in Fig. 1(a), the neutral dimer is directly pop-
ulated to a repulsive C2H2

+ · · · C2H2
+ state upon multiphoton

absorption. A second probe pulse causes further ioniza-
tion of the system onto a more repulsive C2H2

+ · · · C2H2
2+
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FIG. 1. (a) Illustration of the pump-probe experiment and the
relevant potential energy curves for the neutral and ionized states
of (C2H2)2 calculated using the second-order Møller-Plesset pertur-
bation theory with the aug-cc-pVTZ basis set. (b) Schematic view
of the experimental geometry. The green arrow denotes the direction
of the extracted electric field; �ε is the laser polarization direction (z
direction).

tricationic dimer. We measured the kinetic energy release
(KER) of the C2H2

+ + C2H2
2+ Coulomb explosion as a

function of time delay between the pump and probe pulses.
This tracks the dynamical properties of the initially created
C2H2

+ · · · C2H2
+ state. Furthermore, we observed an oscil-

lation of the time-dependent yield of C2H2
+ + C2H2

2+ ion
pairs with a periodicity of 240 ± 30 fs. This can be ex-
plained by an ultrafast rotation of C2H2

+ cations driven by
intermolecular Coulomb forces, which is supported by our
ab initio molecular dynamics (AIMD) simulations. Our study
implies that the present observation of molecular rotation is
a general phenomenon in the dicationic complexes with two
charges located in neighboring molecules. Indeed, our calcu-
lations indicate that it may also occur in the dimer of nitrogen
molecules.

II. EXPERIMENTAL METHODS

As schematically shown in Fig. 1(b), the experiment was
performed using a multiparticle imaging spectrometer which
allows measuring the three-dimensional momentum vectors
of ions and electrons in coincidence [15,24,25]. The acety-
lene dimer was generated by a supersonic expansion of a
mixed gas of Ar and C2H2 (20%) through a 30-μm nozzle
into a vacuum chamber. This mixture obtains a branching
ratio of about 4.5% for the (C2H2)2 dimer in comparison
with its monomer. The linearly polarized femtosecond laser
pulse centered at 800 nm with a temporal duration of 25 fs
was generated from an amplified Ti:sapphire laser system.
The laser beam was split into two halves with a continuous
time delay at a resolution better than 3.5 fs and focused to
the center of the gas jet using a spherical mirror with a 75-
mm focal length. The peak density of the pump and probe
pulses was estimated to be I1 = I2 � 2.0 × 1014 W/cm2

with the same polarization direction (z direction). The created

FIG. 2. (a) Measured ion emission angular distribution for the
C2H2

+ + C2H2
+ channel. θ denotes the C2H2

+ emission angle (and
thus the orientation of the intermolecular axis) relative to the laser
polarization direction, as illustrated in Fig. 1(b). The inset shows
the dimer configuration (T shape) with dipole moment (blue arrow).
(b) and (c) Single-pulse and pump-probe measured kinetic energy
release (KER) distributions for the C2H2

+ + C2H2
+ and C2H2

+

+ C2H2
2+ channels, respectively. (d) Ab initio molecular dynamics

(AIMD) calculation of the KER for the C2H2
+ + C2H2

+ ion pair.

ion pairs, emerging from the interaction of laser pulses with
dimers, were accelerated by a homogeneous electric field onto
a multihit time- and position-sensitive detector, which allows
us to reconstruct their momentum vectors and, consequently,
the kinetic energies. We performed both pump-probe and
single-pulse experiments for comparison.

III. THEORETICAL CALCULATIONS

We performed calculations for the Coulomb explosion
channel of C2H2

+ + C2H2
+ using AIMD simulations. In

these calculations we considered an optimized T-shaped
dimer corresponding to the global-energy minimum geome-
try [see the inset in Fig. 2(a)]. The AIMD simulations were
performed in two steps: (i) The initial conditions, i.e., ge-
ometries and velocities of every atom, of neutral (C2H2)2

were sampled by the quasiclassical fixed normal-mode sam-
pling method [26] under a temperature of 10 K in which the
populations of the initial vibrational states were determined
by Boltzmann distributions. (ii) We consider a vertical tran-
sition to the electronic ground state of the doubly charged
(C2H2

+ · · · C2H2
+) dimer by the removal of an outermost 1πu

electron from each of the C2H2 molecules. The dynamical
simulations were performed under the extended Lagrangian
molecular dynamics scheme adopting the so-called atom-
centered density matrix propagation (ADMP) method [26–28]
using the ωB97XD method that is a long-range corrected
hybrid density-functional theory with the cc-pVTZ basis set.
In order to obtain a well adiabatic control, we run the ADMP
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simulation with the keyword FULLSCF option, which means
a converged self-consistent field simulation at each step. This
is an effective way to maintain the dynamics on a given
electronic state, i.e., equivalent to the Born-Oppenheimer sur-
face [26–28]. Propagation was performed for 1000 fs when
an intermolecular distance of about 63.5 Å was reached. The
total KER can be obtained as the sum of the center-of-mass
energies at this instant plus the remaining Coulomb energy.
Overall, we consider the three-dimensional (both intramolec-
ular and intermolecular) motions of the system as a function of
propagation time for both the initial condition sampling of the
neutral dimers and the dynamical simulations of the dicationic
dimers. All calculations were carried out with the GAUSSIAN

16 suite of programs [29].

IV. RESULTS AND DISCUSSION

Upon interaction with the pump pulse, the repulsive
dicationic state (C2H2

+ · · · C2H2
+) is created, where the inter-

molecular hydrogen bond is oriented preferentially along the
laser polarization vector �ε, as shown in the inset in Fig. 2(a).
Since the C2H2

+ + C2H2
+ Coulomb explosion is faster than

the rotation of the dimer system, we determine experimen-
tally the orientation of the intermolecular hydrogen bond by
the emission direction of C2H2

+ ionic fragments based on
the axial recoil approximation [30]. Here, the fragmenting
double ionization of (C2H2)2 with hydrogen-bond breaking
is favored when the intermolecular axis is oriented along the
laser polarization direction [31]. This is confirmed by the
angular distribution presented in Fig. 2(a), where a narrow
angular distribution along the laser polarization is observed.
The tendency of the C2H2

+ · · · C2H2
+ state to dissociate along

the polarization direction allows us to trace the motions of
ionic species during the Coulomb explosion. These results
will be discussed in the following sections.

The measured KERs for the Coulomb explosion channels
of C2H2

+ + C2H2
+ and C2H2

+ + C2H2
2+ are presented

in Figs. 2(b) and 2(c), respectively, performed with both
single-pulse and pump-probe experiments. For the latter data
all pump-probe delays (50–1000 fs) were summed. For the
C2H2

+ + C2H2
+ ion pair, the KER distributions are almost

identical for both experiments, which show a single peak
located at KER ∼ 3.05 eV. The AIMD calculated KER dis-
tribution is presented in Fig. 2(d) with a peak value of about
3.18 eV. This is in rather good agreement with the experi-
mental KER, while the slight deviations in peak values can
arise from the deformation of the dimer structure induced by
strong laser fields in the experiments [32]. We notice that the
calculated KER is in excellent agreement with the coincident
measurements of the C2H2

+ + C2H2
+ ion pair induced by ion

collisions [33].
For the C2H2

+ + C2H2
2+ ion pair in Fig. 2(c), however,

we observed different KER distributions between single-pulse
and pump-probe experiments. The single-pulse measured
KER shows a unimodal structure with a peak value at ∼6.1 eV,
while the KER obtained in the pump-probe experiment ex-
hibits an additional peak located at ∼3.4 eV. The peak at
KER ∼ 6.1 eV can be understood by the direct population
of the dimer from its neutral ground state to the repulsive tri-
cationic state (C2H2

+ · · · C2H2
2+) induced by a single pulse.

FIG. 3. (a) Measured KER of the coincident C2H2
+ + C2H2

2+

ion pair versus the time delay spectrum. (b) Projection of KERs
between 2.5 and 5.5 eV on the time axis.

This matches well with the value of about 6.5 eV estimated
by calculating the kinetic energy of two point charges starting
a Coulomb explosion at the mean intermolecular distance
of the (C2H2)2 dimer (4.4 Å) [34–36]. The additional peak
(KER ∼ 3.4 eV) arises from stepwise ionization by the pump
and the delayed probe pulses. Thus, by continuously scanning
the time delay and recording the KER of the corresponding
ion pair, the wave packet motion of intermediate states can be
traced in real time [21,37].

In Fig. 3(a) the measured KER of the coincident C2H2
+ +

C2H2
2+ ion pair is plotted as a function of delay time. This

spectrum shows two different features: one is time depen-
dent, with decreasing KER towards larger time delay, and the
other one is time-independent contributions for KER around
6.1 eV. As mentioned above, the latter is a result of a direct
process via a single (pump/probe) pulse. However, the time-
dependent component starts from about 6.1 eV, decreases as
time increases, and asymptotically reaches 3.4 eV energy,
which are clear signatures of delayed ionization.

There are three possible intermediate states, i.e.,
C2H2

+ · · · C2H2, C2H2
2+ · · · C2H2, and C2H2

+ · · · C2H2
+.

However, only one state is initiated in the present experiment.
We can determine C2H2

+ · · · C2H2
+ is the relevant

intermediate state by comparing the asymptotic energies
in the time-dependent KER spectrum with the various
dissociation channels [37,38]. The pump pulse removes one
electron from the outermost (1πu) orbital in each molecule
of the dimer to reach this dicationic state. Subsequently, two
C2H2

+ ions propagate freely on the potential energy curve
of the intermediate state until the probe pulse arrives. Then,
one of the C2H2

+ is further ionized and projected to the final
C2H2

+ · · · C2H2
2+ state. During the dissociation, the wave

packet moves towards a larger intermolecular distance under
the action of Coulomb force, resulting in the decrease of KER.
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Moreover, the spectrum exhibits an oscillation structure
in the yield of the ion pair. This feature is more evident in
Fig. 3(b), where the ion yield for KER between 2.5 and 5.5 eV
is projected onto the time axis. We found an oscillation with
a period of 240 ± 30 fs. First, this oscillation is statistically
significant, which can be seen by comparing it with the ion
pair yield for the KER region between 5.5 and 6.5 eV that
shows no regular oscillations. Second, intramolecular vibra-
tion can be ruled out as the origin since experiments show a
much shorter vibrational period of about 25 fs [39]. Third, in-
termolecular bond vibration can be excluded, causing period-
ically enhanced ionization since the pump pulse breaks the in-
termolecular hydrogen bond and initiates Coulomb explosion.

The observed oscillation is caused by an ultrafast rotation
of C2H2

+ cations which is much faster than the rotational
period of 14 ps for neutral C2H2. The pump pulse creates
C2H2

+ · · · C2H2
+ oriented along the laser polarization axis.

Here, one of the C2H2
+ cations in the intermediate state

is further ionized via probe pulse to the nondissociative
dication of C2H2

2+ (3�−
g , 1�g, or 1�+

g ) in which two
electrons are removed from the outermost orbital [22,40]. It
has been shown that the strong-field ionization rate depends
sensitively on the molecular orientation [22,23,31,41–43].
The C2H2

+ cation experiences an enhanced ionization rate
(C2H2

+ → C2H2
2+) when the cationic axis is perpendicular

to the polarization direction because the outermost orbital
is distributed perpendicular to the molecular axis [22,23].
The rotational angle of C2H2

+ is convoluted with the
transition probability to the final state in the probe step. The
yield of the C2H2

+ + C2H2
2+ ion pair reaches maximum

periodically whenever the probe pulse meets the rotating
cation perpendicular to the polarization axis. This causes the
oscillation in the time-dependent ion yield.

The present observations can be interpreted more quanti-
tatively with the help of our AIMD simulations. Calculated
molecular motions of the C2H2

+ + C2H2
+ Coulomb ex-

plosion are shown in Fig. 4(a), eventually forming the
path-integral trajectories. It can be seen from Fig. 4(c) that af-
ter creating the dicationic dimer, ultrafast rotation is initiated
in the H-donor C2H2

+ d cations as the rotational energy Erot

of this ion has increased dramatically due to intermolecular
Coulomb interaction. Erot converges to a value of ∼150 meV
at larger time, while for the H-acceptor C2H2

+ a ions, the
obtained Erot is very small (about 1 meV) and almost constant
over the whole range of delay time, as presented in Fig. 4(b).
This means a much slower rotation of this ion, which is clearly
visible from the rotational angle θa versus time spectrum pre-
sented in Fig. 4(d). Here, θa is the angle between the molecular
orientation and the intermolecular axis that is also parallel to
the laser polarization axis in the experiments.

As presented in Fig. 4(e), the rotational angle θd versus
time spectrum reveals directly the ultrafast rotation of C2H2

+

d ions, from which an effective period for 2π rotation is
derived as 500 ± 100 fs, corresponding to a rotational speed of
about 2.0 ± 0.5 THz. This ultrafast rotation causes the molec-
ular orientation to be periodically perpendicular to the laser
polarization [see Fig. 4(a)], where the cation experiences an
enhanced rate for secondary ionization (C2H2

+ → C2H2
2+).

It will happen twice that the C2H+
2 cation is perpendicular to

the laser polarization within a 2π rotational period, and thus,

FIG. 4. (a) Calculated dynamics of two C2H2
+ ions under

Coulomb explosion. The intermolecular axis is along the horizontal
direction. Blue and red dots denote H atoms in two C2H2

+ cations
for better visualization of molecular motions. (b) and (c) AIMD cal-
culated rotational energies for the H-acceptor C2H2

+ a and H-donor
C2H2

+ d ions, respectively. (d) and (e) AIMD calculated rotational
angles of θa and θd relative to the intermolecular axis for C2H2

+ a
and C2H2

+ d ions, respectively. (f) Calculated time-dependent KER
spectrum of the C2H2

+ + C2H2
2+ Coulomb explosion.

leads to the observed oscillation period of 240 ± 30 fs in
the ion yield. The difference between experiment and simu-
lation may result from the influence of the laser field, which
is quantified by the so-called kick strength parameter using
the delta-kick method [44,45]. In the present experiment, the
maximum amount of angular momentum transferred from the
laser pulse to the C2H2 molecule is determined to be 15.35h̄,
corresponding to a rotational energy of about 32.5 meV.

In addition, the calculated KER versus time spectrum is
presented in Fig. 4(f). This spectrum is achieved by adding the
Coulomb energy from secondary ionization to the real-time
kinetic energies of two C2H2

+ cations. Additionally, we ac-
count for the orientation-dependent ionization rate [22,23] by
simulating the angular distribution for the second ionization
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process with the rotational angle θd . It can be seen that the
calculated spectrum is in very good agreement with the exper-
imental result concerning both the time-dependent KER for
the dissociation path and the ion yield oscillation in general.
This confirms the present observation of ultrafast molecular
rotation driven by intermolecular Coulomb force.

V. CONCLUSIONS

In summary, we performed time-resolved experiments us-
ing strong-field femtosecond laser pulses to investigate the
molecular dynamics in the dicationic acetylene dimer with
two charges located separately. After creating a repulsive
C2H2

+ · · · C2H2
+ state with the pump pulse, the time evo-

lution of this state is detected by the probe pulse, which
causes further ionization of the system to C2H2

+ · · · C2H2
2+.

The dissociative motion of the ionic fragments is observed
by the measurements of kinetic energy release of coincident
C2H2

+ + C2H2
2+ ion pairs as a function of the time delay

between pump and probe pulses. Importantly, we observed
an oscillation in the time-dependent yield of ion pairs. Our
study indicates that after removing an outermost 1πu electron
from each molecule, the C2H2

+ cations are subjected to in-
termolecular Coulomb force, leading to ultrafast rotation with
a period time of 480 ± 60 fs. This causes the C2H2

+ ion to
be oriented perpendicular to the laser polarization two times
within a 2π rotation period where the cation experiences an
enhanced rate for the second ionization and thus results in
oscillation in the ion yield. These results, supported by our
ab initio molecular dynamics calculations, reveal a previously
unexpected phenomenon of ultrafast rotation in molecular
dimers.

Our further calculations on (N2)2 dimers, shown in Fig. 5,
indicate that a similar feature appears also in the molecular
nitrogen dimer. Here, the calculated KER for the N2

+ +
N2

+ ion pair is in good agreement with the measurement of
ICD in (N2)2 [46]. These results demonstrate that the present
observation of ultrafast molecular rotation could be a general
phenomenon occurring in a wide variety of systems. Our
studies could have important implications in broad areas both
for fundamental reasons of the molecular angular momentum
and because of its role in many chemical, physical, and optical
applications [47], e.g., the molecular rotation effects in hot-air
lasing [48–50], the understanding of the Coulomb explosion

FIG. 5. (a) Dicationic dimer of molecular nitrogen. (b) AIMD
calculated KER for the N2

+ + N2
+ ion pair. (c) and (d) AIMD

calculated rotational angles relative to the intermolecular axis for θ1

(ion 1) and θ2 (ion 2), respectively, as described in (a).

imaging principle [51,52], and laser alignment of molecular
clusters [53–55]. Furthermore, molecular reactivity strongly
depends on the relative orientation of molecules with respect
to one another. Therefore, understanding how an environment
affects molecular rotations is crucial to control chemical re-
actions, in particular ion-molecule reactions [3–6,56,57] and
gas-surface interactions [58–60]. Future studies on more com-
plex systems with higher signal-to-noise ratios are expected to
provide more insights into the findings of this work.

ACKNOWLEDGMENTS

We thank R. Moshammer for valuable discussions. This
work was jointly supported by the National Natural Sci-
ence Foundation of China under Grants No. 11974272,
No. 92050201, and No. 11774281 and by the Deutsche
Forschungsgemeinschaft (DFG). J.Z. is grateful for support
from the China Scholarship Council (CSC). E.W. acknowl-
edges a fellowship from the Alexander von Humboldt
Foundation.
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