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Structure determination of heteroaromatic thiophene dimers by intermolecular Coulombic decay
upon electron-impact ionization
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This paper reports the structure and intermolecular potential energy curve (PEC) of heteroaromatic thiophene
dimers obtained using a cold-target recoil-ion momentum spectroscopy reaction microscope. The three-
dimensional momenta and kinetic energy release (KER) of the C4H;S™ + C,H,S™ ion pairs are obtained by
coincident momentum measurement. The two-body dissociation channel is initiated either by the rapid removal
of one outer-valence electron from each thiophene molecule via sequential ionization or by intermolecular
Coulombic decay (ICD). Our analysis of the absolute cross sections indicates that the C;H,S™ + C4H4S™ ion
pair is preferentially formed by the ICD process. The measured KER and PEC, accompanied by ab initio
molecular dynamics simulations for three different types of conformers, enable us to clarify the minimum energy
configuration of thiophene dimers in the gas phase. These results are helpful for our understanding of 7-7 and

o -7 interactions within heteroaromatic ring complexes.
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I. INTRODUCTION

The heteroaromatic moiety thiophene plays a crucial
role in accurately understanding noncovalent interactions be-
tween molecular species, which is essential for a variety
of fundamental scientific inquiries and applications, such
as the development of conductors [1,2], electrode materials
[3,4], and organic semiconductors [5,6]. The characteristic
polyconjugated nature of the thiophene polymer allows the
intermolecular delocalization of 7 electrons resulting in the
reduction of the band gap [7], which determines its electronic
and nonlinear optical properties [8,9]. Knowledge of the struc-
tural preference of thiophene dimers dictates how the units
are bonded by van der Waals forces and sheds light on the
factors influencing electronic overlap, such as the orientation
and distance between adjacent molecules.

Investigations on molecular complexes with a small num-
ber of moieties are essential to understand how changes in
noncovalent interactions influence structural arrangements.
Several theoretical and experimental studies investigated
the correlation between the structure and stability of small
aromatic complexes [10-21]. In the case of a conjugated
thiophene dimer, the calculations showed that it can be
placed either in a stacking, T-shaped, or coplanar arrange-
ment [14-17]. The stacking and T-shaped configurations were
found to be stable, while planar configurations lie higher in
energy. Nevertheless, due to the similar interaction energies
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of stacking and T-shaped structures [14—16,21], and the strong
basis set dependence of ab initio calculations, the more stable
one among them is still a subject of debate.

Gas-phase data are particularly helpful for clarifying this
controversy, as experimental results can be directly compared
with theory. In this paper, we study the structural properties
of thiophene dimers by double ionization and subsequent
Coulomb explosion, which has been proven to be a fea-
sible method for reconstructing intermolecular distances in
clusters [22-31]. Coincidence momentum imaging provides
kinematically complete information on the Coulomb explo-
sion process, where the three-dimensional momentum vectors
of all product ions resulting from a single parent ion are
determined. This dynamical information is closely related to
the positions of charges and nuclei prior to the dissociation in
the molecular frame, which enables us to deduce the initial
configuration of the molecular systems. It is worth noting
that the nuclei must be “frozen” during the double ionization
process before the Coulomb explosion to prevent structural
deformation, which requires an ultrafast ionization reaction.

One effective method of achieving ultrafast ionization
is electron collision, where the outer-valence electrons of
molecular clusters can be quickly ionized by two different
mechanisms. One involves the sequential ionization (SI) of
an outer valence electron from each molecule. The other path-
way involves inner-valence ionization, followed by ultrafast
radiationless energy transfer from the excited species to its
neighbor. The energy transferred leads to the emission of
one electron from the neutral neighbor, which is known as
intermolecular Coulombic decay (ICD) [32]. Both ionization
processes proceed on the femtosecond timescale [29,33,34],
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during which the slower motion of the molecular complexes
relative to each other can be neglected.

Here, we clarified the minimum energy configuration of the
neutral thiophene dimer ('A") through a Coulomb explosion
induced by electron-impact ionization (200 eV). Two product
ions (C4H4S™) are detected in coincidence, and six momen-
tum vector components (three for each fragment ion) are
determined for a single explosion event. The measured kinetic
energy release (KER) of the Coulomb explosion channel is
compared with the ab initio calculations of three different
conformers of thiophene dimers. The consistency between the
calculated results of different initial configurations and mea-
sured KER reveals the most stable structure of the gas-phase
thiophene dimer, and the result is further supported by the
potential energy curve (PEC) of the thiophene dimer deduced
from the measured KER spectrum.

II. EXPERIMENTAL METHODS

The experiment was performed using a cold-target recoil-
ion momentum spectrometer (COLTRIMS) located at the
Xi’an Jiaotong University. The details of the experimental
setup have been introduced elsewhere [35-37], and here we
provide only a brief overview. The thiophene dimers are
generated through a supersonic gas expansion of thiophene
and the carrier gas helium at room temperature. The neutral
molecular dimers are ionized by a well-focused pulsed elec-
tron beam (40 kHz) that is emitted from an electron gun, in
which the tantalum photocathode is irradiated by a pulsed
ultraviolet laser beam (0.5 ns pulse duration). The cations
produced in the electron-molecule interaction are extracted
by a uniform electric field (25 V/cm) onto a temporal and
position-sensitive detector. During off-line analysis, the three-
dimensional momentum vector of each detected cation is
reconstructed from the measured time of flight (TOF) and
position. Additionally, the momentum conservation condition
is applied to filter out false coincidences.

III. THEORETICAL MODELS

We simulated the intermolecular and intramolecular dy-
namics during the Coulomb explosion of the doubly ionized
dimer in order to quantify the partitioning of the Coulomb
potential energy into center-of-mass kinetic energy and inter-
nal rovibrational energy. As starting point the neutral dimer
geometry was taken and the time propagation was conducted
over 500 fs. These ab initio molecular dynamics (AIMD)
simulations were performed using the GAUSSIAN 16 pack-
age [38]. We consider three different types of conformers of
thiophene dimers: parallel displaced (PD), T-shaped (T), and
coplanar (C) conformers. As shown in Fig. 1, the planes of two
thiophene molecules have either a parallel or perpendicular
orientation to each other. The initial conditions, i.e., geome-
tries of a neutral dimer, were sampled by the quasiclassical
fixed normal-mode sampling method under the temperature of
the gas target (30 K). The populations of the initial vibrational
states of the thiophene dimer were determined by Boltzmann
distributions. The molecular dynamics simulations were per-
formed under the extended Lagrangian molecular dynamics
scheme, adopting the so-called atom-centered density matrix
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FIG. 1. Schematic of geometries of the thiophene dimers.
(a) Parallel displaced, (b) T-shaped, and (c) coplanar configurations.
All structures are selected from Ref. [15] (B, I, K), which are opti-
mized at the MP2/6-311G** level.

propagation (ADMP) method [39-41] using the density-
functional theory (DFT) method at the Becke three-parameter
Lee-Yang-Parr/correlation-consistent polarized valence dou-
ble zeta (B3LYP/cc-pVDZ) functional level. All atoms were
characterized by their three-dimensional momentum vectors.
Propagation was performed for a duration of 500 fs with a
time step of 0.5 fs. The total KER can be calculated by adding
the kinetic energies of the simulated molecular ions together
with the remaining Coulomb potential energy considering the
center-of-mass distance at t = 500 fs [42,43].

IV. RESULTS AND DISCUSSION

In the experiment, the thiophene dimers can be ionized
by two ultrafast ionization mechanisms, i.e., SI and ICD. As
illustrated in Fig. 2, for the SI, the incident electron sequen-
tially knocks out an outer-valence (la,) electron from each
thiophene molecule. The electron scattering process occurs on
a subfemtosecond timescale for a 200 eV impinging electron,
which is much faster than the timescale of nuclear movement.
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FIG. 2. Schematic of (a) SI and (b) ICD. The green and red
arrows denote electron emission and intramolecular deexcitation,
respectively. The orange wavy line denotes intermolecular energy
transfer.
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The SI has a threshold of about 20.88 eV, which is estimated
by adding up the single ionization potentials of two thio-
phene molecules (9.0 eV x 2) [44] and the Coulomb energy
(about 2.88 eV) at an intermolecular distance of 5.0 A (the
intermolecular distance of the T-shaped configuration). The
ICD process occurs on the femtosecond timescale [33,34,45],
which is also much faster than the intermolecular motion.
The intermolecular vibrational period of the thiophene dimer
is greater than 1 ps [46], which is much longer than the
ICD lifetime (~100 fs) [33,34,45]. Therefore, the structural
changes in the dimer due to intermolecular vibrations during
the double ionization process are negligible. In the thiophene
dimer, the ICD process can be initiated by ionizing one inner-
valence electron (4b,) [44] with the binding energy above the
dimer double ionization threshold. The outer-valence electron
transitions downward to fill the inner-valence hole, releasing
excess energy resulting in the ionization of the neighboring
thiophene molecule. The contribution of SI and ICD can be
estimated by calculating the absolute cross sections of the two
processes. The absolute cross section of SI is estimated as the
product of the cross sections of two sequential ionization steps
[47,48], which is expressed as

U(E':;H 4S (E 1 ) (1)

47 R?

The first term refers to the partial ionization cross sections for
the first collision partner, and the latter is the possibility
to ionize subsequently the other thiophene molecule. Here,
odn,s(Bo) = oy s (E1) ~ 2.78 x 10~ cm?, which is de-
termined by the ionization cross sections for electron collision
with thiophene [49] and the proportion of C4H4S™ parent ions
in the mass spectrum [50]. R = 5.0 A is the intermolecu-
lar distance for the T-shaped configuration of the thiophene
dimers [15]. As a result, the cross section of SI is deter-
mined as 2.46 x 107'8 cm?. If the ICD decay channel is open
it is normally faster than other decay modes such as inter-
nal conversion which dominates the decay of inner-valence
vacancies in monomers. Since the influence of neighboring
molecules on the inner-valence ionization cross sections of
thiophene is minor, the inner-valence ionization cross sec-
tions of thiophene dimers and monomers are nearly identical
[31]. The cross section of the ICD process can be estimated
as the cross section of the inner-valence ionization of the
thiophene molecule. The inner-valence ionization of thio-
phene monomer leads to the C;H* and C4H™ fragments [51],
whose cross sections (i.e., cross sections of the ICD process)
are 2.55 x 1077 cm?. Therefore, the analysis of the calcu-
lated absolute cross sections indicate that the contribution
of ICD (2.55 x 1077 cm?) is dominant in comparison with
SI (2.46 x 10~'® cm?) in the double ionization of thiophene
dimers. This result is consistent with the previous studies
on ICD, where the cross section for SI was estimated to
be approximately 20% in comparison with the ICD cross
section [30,48,52]. Electron and ion coincidence experiments
could give more insight and possibly clarify the contributions
of SI and ICD [11,29].

Upon direct ionizing of two electrons at the equilibrium
dimer configuration, the initially bound thiophene dimers
transition to the Coulomb repulsion state followed by
dissociation. The generated ion fragments are measured in

osi(Ep) = GE;H4S (Eo)
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FIG. 3. Experimental TOF correlation spectrum of two measured
cations. The distributions at the solid, dashed, and dotted diagonal
lines show the C,HyS* + C,H4S™ two-body dissociation channel,
and the '3C and 3*S isotope channels, C4H,S* +!3 CC;H,S* and
C4H,S™ + C4H3*S™, respectively. The color bar is linear which rep-
resents the number of measured coincidence counts.

coincidence, and their mass-to-charge ratios and three-
dimensional momentum vectors are determined. The
C4H,;S™ + C4HyS™ channel is identified in the time-of-flight
correlation spectrum of two measured cations. As shown in
Fig. 3, the fragmentation channel displays a sharp diagonal
structure with a slope of —1, due to the back-to-back
emission of two cations and the momentum conservation.
The dispersed background is attributed to the dissociation
of larger clusters, wherein at least one neutral thiophene
is emitted [11]. The recoil momenta due to the undetected
neutral species result in the broadening of the correlation
line. The vertical and horizontal lines originate from false
coincidences. The distributions at the dashed and dotted lines
are attributed to the '3C and 3*S isotope channels.

The measured kinetic energy release (KER) spectrum of
the C4H4S™ + C4H4S™ is presented in Fig. 4, which exhibits
a dominant peak at approximately 2.6 eV with two shoul-
ders at around 1.9 and 3.3 eV, respectively. The KER of
the Coulomb explosion channel depends sensitively on the
initial intermolecular distance and the orientation of the thio-
phene dimer, thereby providing important information about
the initial configuration of molecular dimers. The intermolec-
ular center-of-mass distances of the three configurations are
quite different, and they are about 4.0, 5.0, and 6.4 A for
the parallel displaced, T-shaped, and coplanar conformers,
respectively. This allows us to reconstruct the minimum en-
ergy configuration of the thiophene dimer. When we neglect
the internal energy conversion during the Coulomb explosion,
the intermolecular distance restored by the KER (2.6 eV) is
about 5.5 A. This coarse estimation is inconsistent with the
interomolecular distance of all three structures (4.0, 5.0, and
6.4 A).
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FIG. 4. The experimental and calculated KER of the C4H,S* +
C,H,;S™ two-body dissociation channel. The black dots correspond
to the experimental KER with multipeak Gaussian fitting results, and
the orange, red, and green bars are the simulated KER for coplanar,
T-shaped, and PD conformers, respectively.

An accurate method for elucidating the correlation between
KER and molecular configuration is an ab initio molecular
dynamics simulation. First, the structures of three different
thiophene dimer conformers are optimized using the second-
order Mgller-Plesset perturbation theory (MP2) method and
the 6-311G** basis set. The dimerization of the thiophene
molecules is mainly driven by long-range interactions such
as electrostatic and dispersion forces [15,16]. Here, we deter-
mined the configurations of three conformers from Ref. [15],
where the geometries were optimized at the MP2/6-311G**
level and the correction of the basis set superposition error
(BBSE) is considered.

Second, the AIMD simulations are initiated by sampling
the optimized thiophene dimer at a finite temperature (30 K)
and stripping the two outermost electrons from the complex.
Here, we have neglected the deformation of the molecular
structure during the ionization process assuming instanta-
neous SI or ICD. In the simulations, all trajectories terminated
as C4H4ST + C4HsS™ and the KER of each trajectory is
calculated as the sum of the kinetic energies of the cationic
fragments at a propagation time of ¢+ = 500 fs and the re-
maining Coulomb potential at the intermolecular distance R
(t = 500 fs) ranging from 8.48 to 16.74 A.

The simulated KER distributions from the three conform-
ers have been integrated into Fig. 4 and compared with
the experimental results. All of them exhibit a single-peak
structure with peaks located at 2.2, 2.6, and 2.8 eV for copla-
nar, T-shaped, and PD configurations, respectively. Among
these configurations, the simulated KER distribution from the
T-shaped structure agrees very well with the main peak, indi-
cating that the T-shaped dimer is the dominant structure of the
thiophene dimers in the gas jet. The contributions of coplanar
and PD configurations are minor, and these cause the two

shoulders. This result is consistent with the previous calcu-
lations, where the intermolecular interaction energies for the
coplanar, T-shaped, and PD isomers are —31.7, —135.2, and
—74.1 meV, respectively [18]. This indicates that the T-shaped
structure is the most stable, followed by the PD and coplanar
conformers. Additionally, by analyzing the measured KER
using a multipeak fitting, we determined the branching ratios
for the coplanar, T-shaped, and PD isomers to be roughly
0.04 : 0.86 : 0.10. The difference of measured and simulated
KER distributions of coplanar and PD configurations may
originate from the accuracy of the calculation methods, and
the contributions of other coplanar (L-Q in Ref. [18]) and
parallel (A, C in Ref. [18]) structures. Thus, the T-shaped
configuration is designated as the more stable one. It is noted
that the KER of the Coulomb explosion derived from the
T-shaped configuration is about 0.28 eV smaller than the
Coulomb potential at the equilibrium structure, which indi-
cates the portion of the Coulomb repulsion energy which is
converted into the internal energy of the cationic fragments,
e.g., rotational and vibrational energy [42,43]. The accuracy
of the computational methods and contributions from excited
states could also contribute to the differences between the
experimental results and theoretical calculations.

Based on the relation between the KER and intermolec-
ular center-of-mass distance, we can reconstruct the shape
of the intermolecular PEC of the thiophene dimer using the
measured KER spectrum. For a bound dimer system, the
Schrodinger equation is typically considered as the condition
equation for the wave function W(R) of the system, which
determines the full functional dependence of the interaction
potential V (R) between the particles [53],

1 d*Y(R)
2n  dR?

Y= "4

+E. )

The wave function of the vibrational ground state of the dimer
is real valued and positive. Therefore, such wave functions
are experimentally accessible by determining their density
distribution [53,54]. Here, the KER distribution is determined
by the square of the ground-state wave function, [W(R)|? [as
shown in Fig. 5(a)]. R is the intermolecular distance and E
is the binding energy of the dimer. R is deduced from the
Coulomb repulsion potential with a further correction con-
sidering the conversion of Coulomb potential energy into the
vibrational as well as rotational energy,

_ kqig>
KER

R —0.53 A. 3)

k is the electrostatic constant. Here, 0.53 A is an approx-
imate correction value considering the R (5.53 A) restored
for T-shaped structures and the actual R (5.0 A). By measur-
ing a significant number of Coulomb explosion events, we
can derive the distribution of the nuclear distances R that
occur within the system. This distribution, in turn, directly
corresponds to the measurement of the square of the vibra-
tional wave function. d>W(R)/dR* is computed numerically
by analyzing the second derivative of the W(R). To reduce the
statistical fluctuations, the curvature was calculated encom-
passing five adjacent data points instead of three.
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FIG. 5. (a) |[W(R)|* and (b) intermolecular potential energy curve
of thiophene dimers obtained from the measured KER. The red,
black, and blue dashed lines indicate three minima, which correspond
to the PD, T-shaped, and coplanar conformers, respectively.

The result of V(R) obtained from the measured KER dis-
tribution and using Eqs. (2) and (3) is shown in Fig. 5. For
the energy scale an offset of 135 meV was chosen which is
the binding energy of the dominant T-shaped conformer [15].
There are three minima on the PEC located at R ~ 4.1, 4.9,
and 5.9 A, respectively. The positions of three minima enable
us to identify the different conformers. The global minimum
on the PEC corresponds to the bound T-shaped conformers,
while the other local minima belong to the bound PD and

coplanar configurations. Furthermore, the T-shaped configura-
tion has a higher binding energy than the PD structure, which
confirms that the T-shaped configuration is more stable than
the PD conformer in the gas phase. Unlike atoms, the center of
mass and the center of charge in molecules may not coincide,
which could lead to errors in the aforementioned calculations,
but it can still reveal qualitatively the characteristics of the
dimer PECs [54].

V. CONCLUSIONS

In conclusion, we have investigated the minimum energy
configurations of thiophene dimers by multiparticle coin-
cidence momentum spectroscopy combined with ab initio
molecular dynamics simulations. The KER of the two-body
fragmentation channel C4;H4S™ + C4H;S* is determined by
the coincident momentum measurement of fragmentation
ions. The C4H4S™-C4H4S™ intermediate dication is primarily
accessed through ICD, which has a higher cross section com-
pared to the SI process. The ICD occurs on an ultrafast
femtosecond timescale such that nuclear motion can be ne-
glected. The fragmentation dynamics of the C4H;S*-C4HyS™
dication are interpreted with the help of AIMD simulations.
We calculated the KER of three different types of configura-
tions, PD, T-shaped, and coplanar conformers, among which
the simulated KER of the T-shaped structure responds well
to the experimental spectrum indicating the dominant con-
tribution of T-shaped thiophene dimers in the supersonic gas
jet, while the populations of PD and coplanar configurations
are minor. Furthermore, the sum of the PECs of the thio-
phene dimers is obtained using the measured KER, which
indicates that the T-shaped conformer is more stable than the
PD and coplanar structures. Current research on m-stacking
interactions shows that the stability of heterocyclic dimers
depends on the orientation between molecules. Despite the
electrostatic interaction being weaker than the dispersion in-
teraction, it is highly orientation dependent. This indicates that
electrostatic interactions play an important role in the inter-
molecular interaction of heterocyclic dimers. These results
are expected to be applicable to the reconstruction of PEC
and configuration for molecular complexes, and to expand
our understanding of the w-7 and o-m interactions between
aromatic rings. Furthermore, the current findings can distin-
guish molecular complex isomers that are challenging for
theoretical calculations, and can also serve as a powerful tool
for comprehensively testing theoretical models.
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