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Capturing the stereoconfiguration of (C¢Hg),Ar by Coulomb-explosion imaging
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The configurations of the (C¢Hg ), Ar (Bz,Ar) complex are identified by femtosecond laser-induced Coulomb
explosion, in which the produced three-body coincident ionic momenta (Bz* + Bz™ + Ar') is measured. The
triangular structure is clearly determined by coincident momenta combined with quantum chemistry calculations,
arising from classical trajectory simulations of eight promising configurations. Additionally, the bond distances
between Ar and two Bz molecules are retrieved from the measured coincident momenta. The good agreement
between measurement and computational calculations strongly suggests the laser-induced Coulomb explosion is
a powerful approach for imaging configurations of the weakly bound molecular clusters.
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I. INTRODUCTION

Aromatic rings are known to be widespread in nature and
play a vital role in physics, chemistry, and life sciences [1-3].
The interactions between aromatic molecules and other mo-
tifs, including w-m, w-H, and m-metal interactions, serve as
significant contributions to the stability of DNA and proteins,
drug binding, crystal engineering, and the formation of solid
materials containing aromatic rings [4—7]. Molecular clusters
consisting of benzene (C¢Hg, Bz) are prototypical systems for
studying these weak interactions, and they have been studied
extensively by determining their structures. The stable con-
figurations of the Bz dimer and trimer can be regarded to be
a result of -7 interactions, which have captured extensive
attention both experimentally and theoretically [5,8—11]. The
molecular clusters formed by Bz molecules with other motifs
also attracted great attention in the past few decades. The
structures of Bz with rare gas (Rg), Bz-Rg , (Rg = He, Ne,
Ar, Kr) have been measured by infrared spectra [12], and the
complexes of Bz clusters bonded to the molecules H,O, H,S,
OCS, and NO have been studied by measuring infrared and
microwave spectra [13—17]. Besides those clusters containing
-7 interactions with other motifs mentioned above, there is a
set of emerging series consisting of two Bz molecules and one
atom, which may involve the competition of 7-7 and 7 -atom
interactions. The structures of BzoM (M = Sc—Zn) have been
predicted theoretically and further determined by different
methods [18-27], in which both the sandwich and triangular
structures are involved and their configurations depend on
the number of valence electrons of metal atoms. For Bz,-Rg,
valence orbitals of atoms are fully occupied, yet structures
have still not been determined by either measurements or
calculations.
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Recently, the laser-induced Coulomb explosion (CE) was
proven to be a great success in imaging structures of
molecules and weakly bound complexes [28-37]. Kunitski
et al. imaged the Efimov state of the helium trimer [38], Ren
et al. observed the intermolecular Coulombic decay in Bz
dimers [39], and Voigtsberger e al. disentangled the same
trimer systems with different isotope atoms [40]. The structure
of the H, dimer was determined via coincidence momentum
imaging from femtosecond laser-induced CE, which proves
hydrogen dimers are a mixture of all possible structural con-
figurations [41]. Pickering et al. imaged structures of CS,
and OCS dimers inside a He nanodroplet by combining the
laser-induced alignment and CE [42,43]. Yu ef al. determined
the stereoconfiguration of OCS dimers based on a four-body
coincidence measurement of fragments from laser-induced
CE, where four isomers of the dimer are resolved and their
structures are retrieved based on classical trajectory simula-
tions [37]. This method has been demonstrated successfully
on the simple molecular dimers mentioned above.

In the present work, the structure of Bz, Ar is imaged from
an intense femtosecond laser-pulse-induced CE, and the bond
distances and angles between Ar and two Bz are retrieved
via classical CE simulation (CCES). The structure of Bz, Ar
is further computed by quantum chemistry calculations and
the isomerization energy decomposition analysis (IEDA). The
measurement and computational calculations agree well, and
both suggest the triangular structure is the most probable
configuration of the Bz, Ar complex.

II. EXPERIMENTAL AND COMPUTATIONAL METHODS

A. Experimental setup

The trimer, Bz, Ar, formed by jet expansion of argon (1.2
bars) seeded with Bz into the vacuum through a nozzle with
a diameter of 30 pm, is interacted with an 800-nm circu-
larly polarized laser pulse (intensity of 6 x 10 W/cm?,
pulse duration of 40 fs, and repetition of 1 kHz) which is
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FIG. 1. (a) Schematic of the experimental setup. (b) The mass-
to-charge spectrum of the total events. (c) The correlation map of the
conservation level of the different channels.

focused by a concave mirror (f = 7.5 cm) in a cold-target
recoil-ion-momentum spectrometer (COLTRIMS) [37,44,45],
as shown in Fig. 1(a). Briefly, the produced ionic frag-
ments are guided by a uniform electric field (19.8 V/cm)
toward a time- and position-sensitive particle detector. Three-
dimensional momenta of fragment ions are obtained from
the measured position and time of flight (TOF) of signals.
The typical measured TOF mass spectrum is shown in Fig
1(b). No obvious signal of Bz,Ar" ions is observed, while
previous research showed the Bz, Art can be generated with
quite low yield ratios relative to other clusters under simi-
lar conditions [46]. The circularly polarized laser is chosen
to minimize the possible preferred selection of certain iso-
mers during Coulomb-explosion imaging (CEI) due to the
orientation-dependent ionization rate of molecule clusters
in the laser-polarization direction [41]. The count rate is
controlled to be less than 0.4 per pulse to keep the false
coincidence rate sufficiently low.

The coincident events can be extracted by selecting
three ionic fragments out of all detected particles according
to a momentum-conservation condition. The momentum-
conservation level § for any three particles can be defined as

2 2 2
8 _ PSume Psum_)' Psum,z (1)
) 2 2 ’
p thre_x Pihre _y p thre_z

where Poum_x, Psum_y» and Pyy,_; are the components of the sum
momentum of the three ions along the x, y, and z directions,
respectively. pive_x, Pihre_y> and Pre_; are 3 times the standard
deviation of their corresponding distribution (13, 27, and 3.6
a.u. in our experiment, respectively). Events with § < 1 can
be seen as meeting momentum conservation, and the smaller
§ is, the better the conservation is.

To ensure the correctness of the channel selection, the
condition |Pg,+ o+ | > 20 a.u. is applied to avoid false coin-
cidences in which one or two fragments come from single
ionization of the monomer. What is more, the possible exis-
tence of the hydrogen-loss reaction, [Bz,Ar]** — C¢Hs™ +
Bzt + Ar™ + H, is distinguished from the direct channel,
[Bz,Ar]** — Bz™ 4+ Bz' 4 Ar™, by the correlation map
of their conservation levels shown in Fig. 1(c). The correla-

tion map indicates that there is no hydrogen-loss event since
the area which represents the hydrogen-loss channel shows a
random distribution. The hydrogen-loss channel can also be
excluded because no CgHs™ signals from the Bz monomer
in the mass spectrum are observed under the current experi-
mental conditions, as shown in Fig. 1(b). The kinetic-energy
release (KER) is calibrated by comparing the measured KER
of (Ar), from CE with previous measurements [34], and the
uncertainty is estimated to be 0.1 eV.

B. Computation details

The geometrical optimization of BzpAr is performed
by density functional theory (DFT) using the Gaussian 09
software package, where the hybrid metageneralized gradi-
ent approximation exchange-correlation functionals M06-2X
with 6-311G(d) basis set was used. The relative point groups
and spectroscopic states are C; and 'A. During the optimiza-
tion, over 30 structures are initially constructed by putting Ar
atoms around stable benzene dimers, and only eight stable
Bz, Ar complexes are located as a local minimum with all
positive vibrational frequencies.

The IEDA, which was successfully used to understand the
structural preference of the isolated clusters [47-51], is per-
formed within DFT using Perdew-Burke-Ernzerhof functional
with dispersion (PBE-D) and the triple-zeta plus double polar-
ization (TZ2P) basis set in ADF2020 package to determine the
isomeric preference. This approach can be defined as follows:

AL, = AE4i(Bzo) + AEy, ()

where the energy difference between two isomers AFEj, is
decomposed into two parts, including AEg;sc and AEj,, where
the former is the distortion energy of the respective con-
stituents (two Bz, groups herein) in eight isomers relative to
that of one isomer (isomer a here, as shown in Fig. 4 below).
The interaction energy AFEj, is the energy change when the
prepared fragments are combined to form the complex. A
quantitative energy decomposition analysis (EDA) divides the
interaction energy into the electrostatic interaction A FEgses,
Pauli repulsion AEp,y;, dispersion energy AEjs,, and attrac-
tive orbital interactions AEqg,:

AEiy = AEejstar + AEpaui + AEdisp + AEy, €))

where AFEs, Which is usually attractive, is the energy be-
tween the unperturbed charge distributions of the prepared
fragments. AEp,); is responsible for steric repulsion, which
consists of the destabilizing interactions between occupied
orbitals of the fragments. AEg, constitutes the attractive part
of the famous van der Waals (vdW) potentials. AE, accounts
for charge transfer and polarization.

III. RESULTS AND DISCUSSION

Bz,Ar dissociates after it is triply photoionized through
a three-body CE channel, [Bz,Ar]’* — Bzt + Bzt +
Art. To obtain the real events from the three-body CE
channel, Fig. 2(a) shows the density plot of the momentum-
conservation level § of the three ions versus their total KER,
which allows us to distinguish real coincidences from random
ones [34,52]. Region a comes from the CE of the Bz,Ar.
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FIG. 2. (a) Density plot of the momentum-conservation level &
of the three ions versus their total KER. The § value of coincident
events is situated close to zero, and thus, real coincidences can be
distinguished from random ones. The events in region a result from
the CE of triply ionized Bz,Ar. Region b comes from the CE of
BzAr** and a singly ionized Bz molecule. Region ¢ comes from CE
of Bz3™ and a singly ionized Ar atom. (b) KER of [Bz,Ar]** — Bz*+
+ Bz" + Ar™ after applying momentum-conservation conditions.

Regions b and ¢ come from false coincidences containing
a singly ionized monomer and CE of BzAr or Bz,. Events
from possible existing larger clusters Bz,Ar (n > 2), which
should localize to the right of region a [34,52], can be ne-
glected relative to the backgrounds. Other events come from
false coincidences that could not be unambiguously identified.
Combined with the momentum-conservation condition men-
tioned above, the real coincidences are selected, and the count
is about 270. The corresponding KER of the selected events is
shown in Fig. 2(b) with a single peak at 8.4 eV.

The dissociation dynamics of the three-body CE of Bz, Ar
should be determined first before imaging the structure since
three-body fragmentation can occur through both sequential
and concerted processes [30,53]; particularly, a sequential
fragmentation process will provide misleading information
about the accuracy and the reliability of structural recon-
struction for molecular clusters [54]. Generally, a sequential
fragmentation channel will show energy correlations among
fragments, which provides a clue to identifying the sequential
process [37,55]. Figure 3(a) gives the correlation map of the
kinetic energy of the three ions in a Dalitz plot [56], which
shows their energy correlations in a triangular coordinate sys-
tem and the coordinates can be expressed as

X = (E, — E2)/(V3W), Y =E3/W —1/3. 4)

where E|, E,, and Ej; are the kinetic energies of fragments and
W = E| + E, + E;. This kind of Dalitz plot related to energy
is usually elliptical because the momentum-conservation con-
dition under the energy representation is related to the mass of
fragments, which is different in most cases [56,57]. The dis-
tribution of the Dalitz plot in Fig. 3(a) mainly contributes near
the coordinate (0, 0.12), indicating that the kinetic energies
of the fragments have a fixed correlation and the fragments
are generated simultaneously. In another perspective, the sig-
nal from sequential fragmentation events always presents as
linear distributions [30,54] because the kinetic energy of the
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FIG. 3. (a) Dalitz plot of the events from three-body CE of
Bz,Ar, where E; and E, correspond to the kinetic energy of Bz*
and E; corresponds to that of Ar™. The distribution is centered at
(0, 0.12). (b) Simulated positions of calculated isomers in the Dalitz
plot; the relative momentum vectors of the three ions are shown as
arrows, red and blue for Bz and black for Ar.

fragment generated in the first step is irrelevant to the other
fragments. The distribution indicates that only a concerted
fragmentation process occurs during the three-body CE of the
Bz, Ar, which may be attributed to the weak vdW interactions
between the monomer molecules and atoms. Thus, we can use
all these measured events to further deduce their structure.

The structure of Bz, Ar can be preliminarily determined by
the relative momenta of the three ions by simulating the map-
ping between the momentum and structure. Figure 3(b) gives
the corresponding momentum vectors of the three ions for
various coordinates in the Dalitz plot. The measured result at
coordinate (0, 0.12) corresponds to a momentum composition
of the angle between the momenta of two Bz of about 125°
and the angle between the momenta of Bz and Art of about
117°. This momentum configuration can retrieve two potential
candidate structures, (56°, 62°, 62°) and (120°, 30°, 30°) in the
angle order of (/Bz-Ar-Bz, /Ar-Bz-Bz, /Ar-Bz-Bz), by a
point-charge-approximated CE simulation since the mapping
between the momentum and structure is nonunique [58].

However, it is not enough to determine which structure is
the real one using the current information, and further quan-
tum chemical computations are necessary to distinguish the
two geometries. The optimized structures of the eight isomers
of Bz, Ar are shown in Fig. 4, showing mainly two types of
isomers, triangularly distributed structures (isomers a, c, d,
and f) and nearly linearly distributed structures (isomers b,
e, g, and h). The distances and relative angles among the
center-of-mass (c.m.) of the constituents of Bz, Ar are given
in Table 1. The results show that the geometries of isomers
a, ¢, and d are close to the structure (56°, 62°, 62°), and no
isomer corresponds to the other preliminary candidate. This
means that the structure of Bz, Ar is likely to be like isomers
a, ¢, and d with nearly equilateral triangular structures.
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TABLE I. Distance and relative angle among the c.m. of the constituents of Bz, Ar and their relative energy computed at the M062x/6-
311G(d) levels with zero-point corrections of M062x/6-311G(d) for various isomers. The Coulomb potentials between constituents after

threefold ionization are included.

Isomer

a b c d e f g h
Rpp, (A) 4.6 3.8. 3.8 39 4.8 4.9 6.8 8.3
Rpzar (A) 4.4 6.9 4.6 4.5 33 8.4 34 5
Rpoar (A) 33 33 4.6 5 8.1 4.8 34 33
/Bz-Ar-Bz (deg) 71.5 14.7 49.3 48.8 7.2 30 177.7 168.7
/Ar-Bz-Bz (deg) 65.9 12.6 65.3 72.9 167.8 120.9 1.1 6.8
Z/Ar-Bz-Bz (deg) 42.6 152.7 65.3 58.2 5 29.1 1.2 4.5
Energy (kcal/mol) 0 0.3 0.3 0.6 0.7 1.8 2.8 34
Coulomb potential (eV) 9.4 8.2 9.4 9.1 7.8 7.5 8.5 8.0

Moreover, we also simulate the position of the Dalitz plot
for these isomers based on the CCES of the three-body CE
of Bz,Ar. In the simulation, the rotation of the two Bz™ is
ignored, and the averaged Mulliken charge distribution of Bz™
6y = 0.212, §¢ = —0.046) has been used in calculating the
Coulomb force among fragments. The Newton equations of
the ions can be expressed as

3 N
qik9jm —> -
E E 3r1k/m—mlr1u (5)
=1,j7i k,m=1 | zkjm|

where 77 and g; represent the position vector and charge of
the kth partial charge of the ith fragments, respectlvely, Tik, jm

represents the vector pomtmg from rir to r s and ri. is the
second derivative of the c.m. position vector of the ith ions.
The simulated position shown in Fig. 3(b) also indicates that
the structure of Bz,Ar is likely to be like isomers a, c, and
d since the positions of isomers a, c, and d are close to the
measured one, while those of the other five isomers, isomers
b, e, f, g, and h, are away from the measured results.

The reason why only the triangular structure is confirmed
experimentally may be attributed to their generally lower en-
ergies compared with those of linearly distributed isomers

i »ﬁ%&* »@;%

@) o

20g e Slini &
i °

= <o < - 2o - e e
© ® ® )

FIG. 4. The optimized structures of low-lying energy isomers of
Bz, Ar determined by M06-2X/6-311G(d).

which may have more population, as shown in Table I. How-
ever, no signal corresponds to isomer b in the Dalitz plot,
even though isomer b may have populations similar to those of
isomers c and d because of their close total energy. To further
understand such a structure preference, we have performed
an IEDA, and the results are given in Table II, where the
values of AE;,, from the IEDA formula are consistent with the
relative energy trend given in Table I. The sum of two terms,
AEgs (Bzy) and AE;,, determines the isomeric preference.
Isomers a, b, and ¢ have the same AEgy (Bz;) values, while
isomer a has lower AEj, compared to the other two, which
indicates the interaction energy dominates the contribution
of cluster stabilization. The significant AEg (Bzy) affects
the thermodynamic stability of isomers d, e, and f compared
to isomer a, although they have considerable AEj,. Isomers
g and h possess weak structural preference because A FEgig
(Bz;) and AEj, are both unfavorable. In the lowest-energy
isomer, isomer a, the considerable AEs,; and AEg;, provide
a driving force to stabilize such intriguing complexes.

The structure of Bz, Ar can be reconstructed in coordi-
nate space by fitting the simulated momenta to the measured
ones for various initial structures using a genetic algorithm.
The number of probable reconstructed structural parameters
is only three for a three-body CE coincidence measurement
because three degrees of freedom from the constraint of mo-
mentum conservation and three degrees of freedom from the
random orientation of the trimer should be subtracted from
the nine total dimensions of momenta of the three fragments.

TABLE II. The IEDA results of the Bz, Ar cluster (in kcal/mol),
considering one Ar atom with two neutral Bz groups as interacting
fragments at the PBE-D/TZ2P-ZORA level.

Isomer

Energy a b c d e f g h

AEy, —44 -36 -38 -35 -24 -18 -18 -—-1.7
AEgist 0 0 0 0.5 1.8 2 04 04
AEin —-44 =36 -38 —4 —-42 =38 -22 =21
AEpyui 76 14 7.8 4.9 5.7 3.1 32 2.2
AEqg —43 -3.6 -37 -25 -34 -22 -17 -14
AEgs, —56 —-56 —-59 —-49 -46 -33 -29 22
AEy, —-21 -18 -22 —-15 -18 -14 -07 -0.7
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FIG. 5. (a) The reconstructed spatial distribution of three
monomers. Coordinates are rotated to the molecular frame of refer-
ence, where the c.m. of the trimer defines the origin and the angular
bisector of the angle Bz-Ar-Bz defines the y axis. All other coordi-
nates are oriented relative to these definitions. (b) The distribution of
intermolecular distances of Bz-Bz and Bz-Ar in coordinate space.

Only the structure of their c.m. can be reconstructed, and the
orientation of the Bz cannot be obtained. During the recon-
struction, the relative orientations of the two Bz™ are set to
be the same as that of isomer a since isomer a is the most
probable from the calculation. All bond angles are limited
to less than 90° during the reconstruction since all the bond
angles are acute angles for isomer a. The goodness parameter
n can be given as

N
n=>y_1p—pil 6)
i=1

where p{ and p are the magnitudes of the momentum of the
ith ion from experiment and simulation, respectively.

The reconstructed structure of the c.m. of two Bz
molecules and Ar is given in Fig. 5(a), with their corre-
sponding bond lengths shown in Fig. 5(b). The distribution
indicates that the most probable structure of Bz, Ar is a nearly
regular triangle. The most probable value of Rp,g, from the
experimental reconstruction is about 5.0 + 0.4 A, and that of
Rg,a: is about 4.7 0.8 A, a little larger than that from the
calculated structure in Table I. Such overestimation of inter-
molecular distance is also reflected in the difference between
the KER and the Coulomb potential among constituents which
is given in Table I, where the Coulomb potential energies of
the triangle isomers a (9.4 eV), ¢ (9.4 eV), and d (9.1 eV)
are higher than the measured KER peak at 8.4 eV. The lower
KER relative to the Coulomb potential may originate from
the non-Coulomb effects [36], polarization between fragments
which may enlarge the distance between the charges relative

to the geometrical distance, and the undetected internal energy
during the dissociation, such as the vibrational and rotational
energies of the Bz. The longer distance of Bz-Ar relative to
the calculation may also result from faster vibration of the Ar
atom than the Bz molecule due to the lower weight of the Ar
atom relative to the Bz molecule.

The clusters of Bz;M (M=Sc-Zn) mainly have sand-
wich structures (M =Sc-Ni) and triangular structures (M =Cu,
Zn), as has been reported from experiments and calculations
[18-27]. However, the most probable structure of Bz, Ar has a
triangular structure, as indicated by both the measurement and
quantum chemical calculation in our work, which is similar to
the configuration of Bz,Cu and Bz,Zn. The formation of the
triangular structures of BzoM (M =Cu, Zn) was ascribed to
the very weak interaction between Cu (Zn) and Bz relative
to the w-H interaction between two benzene molecules [21]
due to their fully occupied valence orbitals of atoms. And the
structure is no longer a stacked form. Similarly, for the Bz, Ar
system, the valence orbitals of Ar are also fully occupied, the
interaction between Ar and Bz is very weak, and the w-H
interaction is dominant, leading to triangular structures.

IV. CONCLUSION

The configurations of the (Bz),Ar complex were im-
aged by using laser-induced CE and predicted from quantum
chemistry calculations. Experimentally, the momenta of three
fragment ions from CE of [Bz,Ar]** — Bzt + Bzt + Ar?
were coincidentally measured with the COLTRIMS, and the
structures with triangle distributions were confirmed by the
CCES combined with quantum calculations. Theoretically,
there are eight local minimums predicted by the M062x/6-
311G(d) level, and the most stable structure has a triangle
distribution. Note that this structure agrees quite well with our
measurement. Furthermore, the structural parameters between
Ar and two Bz molecules were retrieved from the measured
coincident momenta by comparing the measured momenta
with those simulated from CCES for various initial structures
using a genetic algorithm. The agreement between exper-
imental and theoretical results indicates that the unknown
configurations of the molecular clusters can be imaged by
femtosecond laser-induced CE.
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