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ABSTRACT
We investigate the formation mechanisms of covalently bound C4H4

+ cations from direct ionization of hydrogen bonded dimers of acetylene
molecules through fragment ion and electron coincident momentum spectroscopy and quantum chemistry calculations. The measure-
ments of momenta and energies of two outgoing electrons and one ion in triple-coincidence allow us to assign the ionization channels
associated with different ionic fragments. The measured binding energy spectra show that the formation of C4H4

+ can be attributed to
the ionization of the outermost 1πu orbital of acetylene. The kinetic energy distributions of the ionic fragments indicate that the C4H4

+

ions originate from direct ionization of acetylene dimers while ions resulting from the fragmentation of larger clusters would obtain sig-
nificantly larger momenta. The formation of C4H4

+ through the evaporation mechanism in larger clusters is not identified in the present
experiments. The calculated potential energy curves show a potential well for the electronic ground state of (C2H2)2

+, supporting that
the ionization of (C2H2)2 dimers can form stable C2H2 ⋅ C2H2

+
(1π−1

u ) cations. Further transition state analysis and ab initio molecular
dynamics simulations reveal a detailed picture of the formation dynamics. After ionization of (C2H2)2, the system undergoes a signifi-
cant rearrangement of the structure involving, in particular, C–C bond formation and hydrogen migrations, leading to different C4H4

+

isomers.
© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0045531., s

I. INTRODUCTION

The growth of carbonaceous molecules forming longer chains
or polycyclic aromatic hydrocarbons (PAHs) is of great relevance
to a wide variety of fields ranging from astrochemistry to material
science.1,2 The hydrocarbon molecules, such as acetylene, cyclobu-
tadiene, benzene, and larger PAHs, have been found in interstel-
lar clouds and medium, solar nebulae, and in envelopes expelled
by evolved stars.3–10 These species are believed to undergo com-
plex dissociation and synthesis reactions in the interstellar medium
(ISM), particularly in dense and cold molecular clouds, and also
at the higher densities and temperatures found in planetary atmo-
spheres.11,12 Acetylene molecule (C2H2) serves as the basic precursor

of the carbon-containing species. Clustering of acetylene molecules
under ionizing radiation can play an important role in the forma-
tion of unsaturated hydrocarbons, such as benzene and larger PAHs,
observed in the ISM.3,4,13

The underlying mechanisms for the formation of hydrocarbons
have been probed using mass spectrometry and various spectro-
scopic techniques, as well as quantum chemistry calculations.14–18

Nevertheless, the growth mechanisms of such complex systems
remain incompletely understood even for the production of sim-
ple ions such as C4H4

+. Here, the structure of the covalently bound
C4H4

+ “core ion” could play an important role in the cluster-
mediated ion chemistry.5,16 Ono and Ng reported the first observa-
tion of C4H4

+ from direct photoionization of acetylene dimers with
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an onset energy of 10.4 eV (1188 Å), indicating that the ionization of
the outermost 1πu orbital of (C2H2)2 dimers leads to the formation
of C4H4

+.14

On the other hand, several recent studies suggested that the
stable C4H4

+ cations are mainly formed through the fragmenta-
tion of larger clusters where the evaporation of neutral species
provides the opportunity to reduce the internal energy and to
finally form the stable ions.5,16,17,19–21 It is also noted that the ion-
ized acetylene trimer can form a very stable structure similar to
that of the benzene cation.15,20 The formation of larger hydrocar-
bons from acetylene cluster isomerization is usually accompanied
by proton transfer or hydrogen migration (HM in brief), which
lowers the potential energy by transforming it into internal energy
that accelerates the reaction.22–25 Recent studies showed that the
HM can stabilize the repulsive potential energy surface (PES) of
the dication before the Coulomb explosion.24,26 Previous works
obtained four isomers of the C4H4

+ ions, which are 1-buten-3-
yne, methylenecyclopropene, 1,2,3-butatriene, and cyclobutadiene.
This indicates the existence of HM and the rearrangement of the
structure during the formation of C4H4

+ (see, e.g., Refs. 5, 19, 27,
and 28).

In this work, we study the formation mechanisms of C4H4
+

upon electron-impact ionization (E0 = 90 eV) of weakly bound
acetylene dimers (C2H2)2. The understanding of processes initi-
ated by low energy electrons in matter is practically important,29–31

since secondary electrons (<100 eV) are produced abundantly by
high-energy ionizing radiation and are responsible for most of
the radiation effects in media.32–34 Employing coincident ion and
electron momentum spectroscopy complemented with theoreti-
cal calculations, we find that the ionization of the outermost 1πu
acetylene orbital initiates a significant rearrangement of the dimer
structure, leading to the formation of covalently bonded C4H4

+

cations.
Experimentally, the momentum vectors and, consequently, the

kinetic energies for all three charged particles are determined: the
singly charged ion, the scattered electron, and the ionized elec-
tron. We deduce the correlation of the ionic fragment species with
the ionized electron’s binding energy (BE) from which the ionized
molecular orbital is identified. Eb represents the vertical transition
energy between the electronic ground state and an ionized state
of the molecule. The measured BE spectrum shows that C4H4

+

is formed by the removal of an electron from the highest occu-
pied molecular orbital (HOMO) of acetylene. To reveal the forma-
tion dynamics, we performed quantum chemistry calculation of the
potential energy surfaces, transition state (TS) analysis, and ab initio
molecular dynamics (AIMD) simulations. Our study thus provides
insight into the details of covalent bond formation, which is of
great relevance for understanding the growth of hydrocarbons in
the ISM.

II. EXPERIMENTAL AND THEORETICAL METHODS
The experiments were carried out using a reaction microscope,

which was particularly designed for electron-impact experiments.
Details of the experimental setup can be found elsewhere,25,35–37

and only a brief introduction is given here. The pulsed elec-
tron beam was produced by a photoemission electron gun, which

consists of a tantalum photocathode and electrostatic focusing lens.
The wavelength, repetition rate, and pulse width of the laser are
266 nm, 40 kHz, and 0.5 ns, respectively. The acetylene dimer
was generated by expanding the pure acetylene gas (2.5 bars)
through a 30 μm nozzle into a vacuum chamber and collimated
by two skimmers with aperture diameters of 200 μm, which are
located about 3 mm and 2 cm downstream from the nozzle.
The fraction ratio of monomers to dimers was estimated to be
1:0.015, and the contribution of larger clusters is below 10% of the
dimers.

The electrons and ions produced in the collision volume were
accelerated by a homogeneous electric and magnetic field onto
the time- and position-sensitive detectors. Thus, a time-of-flight
mass spectrum of the ionic fragments is obtained. Additionally, the
momentum vectors of the outgoing charged particles were recon-
structed from the measured times-of-flight and positions of the
particles hitting the detectors. We detected the momenta of two
outgoing electrons and one cation in triple-coincidence; thus, this
constitutes a kinematically complete experiment for single ioniza-
tion of acetylene monomers and dimers. The projectile energy E0
and the measured energies E1 and E2 of the scattered and ejected
electrons, respectively, are used to deduce the BE Eb of the ion-
ized molecular orbitals: Eb = E0 − (E1 + E2). The BE resolution
is ΔEb = 3.0 eV, full width at half-maximum (FWHM), and it
is calibrated using argon as a reference. Such BE spectra can be
obtained for each resolved line in the ion TOF spectrum and, there-
fore, for each individual ionic fragment channel.36 The compar-
ison with published high-resolution photoelectron measurements
for acetylene enables the identification of the ionized molecular
orbitals.38

The quantum chemistry calculation was performed by the
Gaussian package.39 The AIMD simulation was carried out using
the atom-centered density matrix propagation (ADMP) method40–42

with a time range and a step size of 1000 and 0.5 fs, respectively.
Here, the ωB97XD density-functional theory is used together with
the cc-pVTZ basis set. To obtain a well adiabatic dynamics, the key-
word “FULLSCF” is used, which produces an equivalent result as
the Born–Oppenheimer molecular dynamics (BOMD). The initial
condition of the simulation is obtained by a quantum harmonic
oscillator distribution, which simulates the zero-point vibration of
the neutral acetylene dimer. We assume a vertical transition from
the neutral to the singly ionized ground state of the dimer, i.e., the
removal of an electron from the outermost 1πu orbital of acety-
lene.19,36 To determine the crucial geometries during the dynamical
evolution, the potential energy surface of the reaction coordinate is
analyzed using the same quantum chemistry method. The obtained
TSs and the corresponding reaction paths were confirmed by the
intrinsic reaction coordinate (IRC) calculation.

III. RESULTS AND DISCUSSION
The measured ion time-of-flight spectrum is presented in

Fig. 1(a). This spectrum shows several peaks 1–7, which can be
assigned to C2

+, C2H+, C2H2
+, (13C2H2

+ and C2H3
+), C4H3

+,
C4H4

+, and C4H5
+ cations, respectively. In the following, we focus

mainly on the ionization channels related to the C2H2
+ and C4H4

+

cations.
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FIG. 1. (a) Experimental ion time-of-flight spectrum. The peaks correspond to (1)
C+

2 , (2) C2H+, (3) C2H+
2 , (4) 13C2H+

2 and C2H+
3 , (5) C4H+

3 , (6) C4H+
4 , and (7)

C4H+
5 . (b) and (c) Measured binding energy spectra of dimers and monomers for

the formation of (b) C4H+
4 and (c) C2H2

+ cations, respectively. The spectra are
normalized to unity at the peak maximum, and (b) is offset for better visibility.

The ground state electronic configuration of acetylene can
be expressed as (1σg)2(1σu)2(2σg)2(2σu)2(3σg)2(1πu)4.43 The exper-
imental BE spectrum in coincidence with the C2H2

+ parent ion is
shown in Fig. 1(c). The peaks in this spectrum can be assigned to
the production of vacancies, in particular, molecular orbitals. By fit-
ting Gaussians to the data, two BE peaks at 11.4 and 16.7 eV are
identified with a ratio of 1:0.33, which correspond to the ioniza-
tion of the (1πu) and (3σg) orbitals of acetylene, respectively.43–45

On the contrary, for the C4H4
+ cations, shown in Fig. 1(b), we

obtain a single peak structure of the BE located at about 11.4 eV.
This means that the production of C4H4

+ is attributed to the ion-
ization of 1πu HOMO orbital of acetylene only.14 The absence of
other inner-valence shell ionization channels for C4H4

+ implies that
the potential energy surfaces of these ionic states are repulsive or
the internal energy is sufficiently high to induce the dissociation of
the system. As will be discussed below, here we find that the latter is
the case.

In the following, we provide evidence that C4H4
+ is formed

by the direct ionization of acetylene dimers and not from the dis-
sociation of larger clusters. If a non-dissociative ion is produced,
its kinetic energy originates from the recoil momentum gener-
ated by electron-impact and the finite thermal energy of the target,
both of which are very small leading to a sharp recoil-ion energy

FIG. 2. Measured kinetic energy distributions of C2H2
+, C4H+

4 , and C4H+
5

cations. The spectra are normalized to unity at the peak maximum.

distribution with a peak value of a few meV. The measured kinetic
energy (KE) distributions for ionic fragments are presented in Fig. 2,
which show sharp distributions for the C2H2

+ and C4H4
+ cations

with mean energies of about 4.7 and 6.3 meV, respectively. This
indicates that these ions are formed through the direct ionization
of acetylene monomers and dimers, respectively. The small differ-
ence in the spectral width of these two ions can be attributed to a
slightly worse momentum resolution of the spectrometer for more
heavy ion species. For comparison, we also plot the KE distribution
of C4H5

+ ions in Fig. 2, which can result from dissociation processes
such as (C2H2)+

3 → C4H+
5 + C2H. The C4H5

+ ion resulting from the
fragmentation of clusters obtain significantly larger momenta, i.e.,
higher KE (mean energy ∼ 43.5 meV), due to the dissociative nature
of the process.46

In order to reveal the underlying dynamics for the formation
of C4H4

+, we perform AIMD simulations and TSs analysis. There
exist several minima on the potential energy surface of the neu-
tral acetylene dimer.47–49 The two lowest ones are the T-shaped and
slipped parallel structures in which the T-shaped structure is the
more stable one.17 In this work, we considered an optimized T-
shaped dimer corresponding to the global energy-minimum geom-
etry [shown in the inset of Fig. 1(b)]. In the T-shaped arrangement,
the positively charged hydrogen points to the π electron cloud of
the other acetylene, i.e., the CH-π interaction governs the structure
of the dimer.15,17,19 In contrast, the acetylene dimer cation (C2H2)2

+

with the T-shaped structure is not an energy minimum on the ionic
potential energy surface. Therefore, the T-shaped structure would
rapidly rearrange to a more stable structure toward the covalently
bonded molecular ion.27

The simulated trajectories for the C4H4
+ formation are shown

in the left column of Fig. 3, which present the center-of-mass dis-
tances between the two acetylene monomers as a function of time.
In our simulations, we found three possible reaction pathways for
the formation of stable C4H4

+. Among 129 trajectories, 45, 74, and
10 trajectories ended up with cyclobutadiene (CB), methylenecyclo-
propene (MCP), and 1,2,3-butatriene (BT) ions, respectively. The
vertical ionization of the acetylene dimer leads to a significant rear-
rangement of the (C2H2)2

+ dimer ion structure. The two acetylene
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FIG. 3. Ab initio molecular dynamics
simulations and potential energy sur-
faces for C4H4

+ formation. (a), (c), and
(e) present the center-of-mass distance
between the two acetylene monomers
as a function of time. One typical tra-
jectory corresponding to the red curve
is shown in each panel. (b), (d), and (f)
exhibit the relative potential energy as a
function of the reaction coordinate for the
transition states. The panels in the first,
second, and third rows correspond to
the formation of CB, MCP, and BT ions.
The energies in panels (b), (d), and (f)
are corrected by the zero-point energies
(ZPEs).

monomers first come close to each other to form the covalent
bond at about 160/180 fs. This bond formation process is consis-
tent with the results described in Ref. 27. Driven by the internal
energy, the two monomers start to rotate relative to the formed
C–C bond. The dynamical evolution provides a possibility for
the internal energy redistribution among other degrees of free-
dom, e.g., the vibrational motions. As shown in Fig. 3(a), the sec-
ond C–C bond, i.e., a closed ring structure, is formed after about
400 fs.

The internal energy redistribution can also cause HM from
one carbon to another. This can be seen in Figs. 3(c) and 3(e)
where one and two hydrogen migrations lead to the formation
of MCP and BT structures, respectively. Here, MCP is found to
be the more stable isomer due to its lower potential energy of
the final-state ion, as shown in Fig. 3(d). The formation of MCP
is the predominant channel in our AIMD simulations since 57%
of the simulated trajectories ended up with the MCP structure,
while CB as the less stable isomer was considered to be domi-
nant in previous studies,5,16 which may be considered as an open
issue.

The crucial points during the dynamical evolution are analyzed
using the TSs, shown in the right column of Fig. 3, and the reaction

paths are confirmed by the IRC calculation. Upon vertical ioniza-
tion, the cation in the T-shaped structure is not the local minimum
on the PES. Thereby, the system relaxes on the cationic PES along the
energy minimum path. During the structure rearrangement, the first
local minimum is reached at 9.39 eV, which corresponds to the for-
mation of the first covalent bond during the dynamical evolution in
the left column of Fig. 3. Afterward, there are two possible TSs (9.41
and 9.70 eV) for the reaction pathways. The first pathway under-
goes a ring closing vibration as shown by TS1 (9.41 eV) in Fig. 3(b),
and the second one corresponds to HM from one central carbon to
the nearest terminal carbon as shown by TS1 (9.70 eV) in Figs. 3(d)
and 3(f). For the pathway in Fig. 3(b), further relative rotation of
the two acetylene encounters another TS2 (9.25 eV) and finally
leads to the CB ion. This reaction path is in line with the previous
studies.16,19,27

For the second and third reaction pathways, the forward reac-
tion coordinate of the first HM is identical. After reaching the second
local minimum (8.43 eV) on the potential energy surface, the reac-
tion pathways are further separated into two channels. The lower
energy TS2 (8.58 eV) corresponding to the tri-carbon ring closing
can lead to the formation of the MCP ion, as shown in Fig. 3(d). The
other pathway through a higher energy TS2 (9.14), corresponding to
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TABLE I. Comparison of energetic calculations between different methods. TS1 and TS2 represent the transient states mentioned in this work. ΔE is the energy of the final-state
ion. All energies including TS1 and TS2 are relative to the CB final-state. E represents the excess energy of the system in the reaction path. The unit of all numbers is eV.

ROHF/6-31G∗a UQCISD/6-31G∗a UCCSD(T)/cc-pVTZa ωB97XD/cc-pVTZb

Ion CB MCP BT CB MCP BT CB MCP BT CB MCP BT

TS1 c 1.88 1.88 1.92 2.21 2.21 1.92 2.30 2.30 2.09 2.38 2.38
TS2 1.81 1.37 2.21 1.81 1.21 1.88 1.82 1.25 1.82 1.93 1.26 1.82
ΔE 0 −0.81 0.15 0 −0.42 −0.05 0 −0.30 0.01 0 −0.41 −0.08
E 3.24 4.05 3.09 3.40 3.82 3.45 3.42 3.73 3.42 3.44 3.85 3.52

aFrom Ref. 27. MCP: TS1 and TS2 represent LC2 and TS3 in Ref. 27, respectively. BT: TS1 and TS2 represent LC2 and TS4 in Ref. 27, respectively. The ZPEs relative to that of
rectangular CB are added to the energies in Ref. 27.
bOur experimental results.
cCould not be located in the references.

the second HM from the middle carbon to its neighboring terminal
carbon, forms the BT ion as shown in Fig. 3(f). It is noted that the
1-buten-3-yne ion5,14,28 is not observed in our simulation. This can
be due to the higher energy barrier to be overcome for this reaction
pathway.27 In Table I, the calculated potential energies of different
states are compared with the literature values.27 This shows that the
present calculation (ωB97XD/cc-pVTZ) is in reasonable agreement
with the energy levels calculated using UCCSD(T)/cc-pVTZ and
UQCISD/6-31G∗ methods where the energy deviations are smaller
than 0.2 eV, while the deviations of the ROHF/6-31G∗ method can
be as large as 0.5 eV.

Finally, we consider the stability of the cationic acetylene dimer
(C2H2)2

+ by analyzing the relative potential energy curves (PECs)
of (C2H2)2 and (C2H2)2

+ along the intermolecular distance (R) cal-
culated using MP2/aug-cc-pVTZ method. It is shown in Fig. 4 that
the dissociation limit is higher than the vertical ionization point (see
the orange arrow). The calculated PECs in Fig. 4 show a poten-
tial well for the electronic ground state of (C2H2)2

+, indicating
that ionization of the HOMO in (C2H2)2 dimers can create stable
C2H2⋅C2H2

+
(1π−1

u ) cations. Our further AIMD simulations (up to

FIG. 4. Potential energy curves of neutral and cationic acetylene dimers as a
function of center-of-mass distance calculated by the rigid PES scan using the
MP2/aug-cc-pVTZ method.

10 ps), shown in Fig. 5, reveal that the internal energies of the C4H+
4

cation are mostly redistributed to the vibrational motions of the sys-
tem. It is found that the C4H+

4 cation is stable within the time range
considered for high vibrational energies (1.5–3.5 eV) [see Figs. 5(a)–
5(d)], i.e., the evaporation of neutral C2H2 from C4H+

4 is unlikely

FIG. 5. Calculated internal vibrational energy as a function of evolution time up to
10 ps for the formation of the covalent bond C4H+

4 cations in the forms of CB (a),
MCP (b), and BT (c). The cation structures can also convert, e.g., from CB to MCP
forms in (d).
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FIG. 6. Measured binding energy spectrum for the formation of C4H+
3 .

to occur based on our calculations. As will be discussed below, we
observe a decay channel for emission of neutral hydrogen, which
seems to be the preferred decay channel for longer times or for
higher internal energies.

Interestingly, we also found that during the dynamical evolu-
tion, the C4H+

4 cations can convert from the CB to the MCP form
via a low-energy covalent bond structure as shown in Fig. 5(d).
This indicates a rather high stability of the covalent bond formed
between two C2H2 monomers. As the chemical reactivity in ion–
molecule reactions sensitively depends on the internal energy of the
ionic species, the high vibrational energy stored in C4H+

4 can sup-
port its high reactivity as “core ion” for formation processes of larger
hydrocarbons in the ISM.5,16

Moreover, in Fig. 6, we present the measured BE spectrum for
the formation of C4H+

3 ions, i.e., for emission of neutral hydrogen.
This spectrum shows four peaks located at BE = 11.5, 16.7, 18.9, and
23.5 eV, corresponding to the ionization of 1πu, 3σg , 2σu, and 2σg
orbitals, respectively. The obtained ratios are 1:0.46:0.19:0.075. The
observation of the 1πu ionization channel for C4H+

3 shows that, on a
longer time scale, the high internal energy of the C4H+

4 ion may lead
to emission of neutral hydrogen for a fraction of the ions. Signifi-
cantly higher internal energy is available for ionization of the more
strongly bound orbitals 3σg , 2σu, and 2σg . The resulting acetylene
dimer ion is unstable, and H emission is observed. For this C4H+

3
channel, a contribution from the ionization of larger clusters cannot
be fully excluded.

IV. SUMMARY
We have reported a combined experimental and theoreti-

cal study on the formation mechanisms of C4H4
+ cations upon

electron-impact ionization of weakly bound acetylene dimers
(C2H2)2. The experiments were performed using a fragment ion
and electron coincident momentum imaging technique (reaction
microscope) in which the momenta and energies of all three final-
state particles (two electrons plus one ion) are detected in triple-
coincidence. The ionization channels leading to the production of
C2H2

+ and C4H4
+ cations from acetylene monomers and dimers,

respectively, have been identified through the measurement of
binding energy spectra. It is observed that the ionization of 1πu
and 3σg orbitals of the acetylene molecule can lead to the stable
C2H2

+ ion, while the C4H4
+ cation is formed only by the ioniza-

tion of the outermost 1πu orbital. The measured kinetic energy
distributions of different ions indicate that the C4H4

+ ions are
attributed to the direct ionization of (C2H2)2 dimers, while the
fragmentation of larger clusters (C2H2)n, n ≥ 3, would result in
significantly larger momenta that are not observed in the present
experiments.

The calculated potential energy curves show a potential well for
the electronic ground state of (C2H2)2

+, supporting that the direct
ionization of (C2H2)2 dimers can create stable C2H2⋅C2H2

+
(1π−1

u )

cations. Further transition state analysis and molecular dynamics
simulations reveal a detailed picture for the formation dynamics
of C4H4

+. After the ionization of the acetylene dimer, the system
undergoes a significant rearrangement. In particular, C–C bond for-
mation and hydrogen migration lead to different isomers of the sta-
ble C4H4

+ cations that are methylenecyclopropene, cyclobutadiene,
and 1,2,3-butatriene ions. We notice that for dimers once a cova-
lent bond is formed between the two monomers, there is no further
weakly bound moiety that can take away the internal energy. The
internal energy of dimer ions is mostly distributed into the vibra-
tional modes of the system, which can maintain the stability of C4H+

4
cations. These results provide new insight on the cluster-mediated
ion chemistry in the interstellar medium. Future time-resolved stud-
ies using ultrashort pulses, e.g., from free electron lasers,50,51 would
enable to visualize the structural dynamics starting from the ion-
ized acetylene dimers to the formation of covalently bound C4H+

4
cations.
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