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The fragmentation dynamics of triply charged benzene [(C6H6)3+] induced by 260 eV electron-impact
ionization are investigated using a multiparticle coincidence momentum spectrometer. By measuring three
fragment ions and one outgoing electron in quadruple coincidence, we identify the complete three-body
dissociation channels of CH2

+ + C2H3
+ + C3H+, CH3

+ + C2H2
+ + C3H+, and C2H2

+ + C2H2
+ + C2H2

+. We
determine the projectile-energy-loss spectra, Dalitz plots, Newton diagrams, momentum correlation maps, and
kinetic-energy release for each fragmentation channel. The analysis of these spectra is supported by an ab initio
molecular dynamics simulation, which provides a molecular movie of the dissociation process. Our study reveals
sequential mechanisms for all three dissociation channels of (C6H6)3+ trication, i.e., an ultrafast ring-opening
reaction followed by two subsequent Coulomb-explosion processes.
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I. INTRODUCTION

Six-membered aromatic rings are ubiquitous in chemistry.
They play an important role as building blocks for the con-
struction of a wide variety of compounds, such as polycyclic
aromatic hydrocarbons and DNA nucleobases [1,2]. As a re-
sult, studying the molecular properties of aromatic molecules
can lead to a better understanding of various phenomena
in chemical and biological systems [3,4]. In recent years,
there has been considerable research efforts focusing on the
ring-opening dynamics of aromatic molecules induced by
photoexcitation [5–11] as they are relevant to many key re-
actions in biochemistry, such as the photobiological synthesis
of vitamin D3 in human skin [12,13]. When these molecules
are transferred to higher excited states or even ionized, more
complex ring-opening reactions can be initiated, such as suc-
cessive ring-breaking and dissociation processes.

Benzene (C6H6) is an archetypal aromatic molecule. The
ionization and subsequent dissociation of benzene can pro-
duce various isomers, which have been discovered to exist
in the interstellar medium, and such radical ions may be an
important source for many smaller carbonaceous fragments
in space [14,15]. Therefore, understanding the dissociation
dynamics of C6H6 in the highly charged state is of sig-
nificant interest for elucidating how these radical species
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arise. Numerous efforts have been devoted to investigating
the fragmentation dynamics of benzene dications in which
various dissociation pathways, including hydrogen migration
channels, have been identified [16–22]. Much less attention
has been paid to the dissociation processes of triply-charged
benzene, in particular to the three-body Coulomb-explosion
dynamics, even though the possibility to detect all fragments
could help us to get very detailed insight into the dissocia-
tion mechanisms, such as sequential and concerted pathways
[23–27].

In the present work, we report a joint experimental and
theoretical study of the three-body fragmentation dynamics
of C6H6

3+. Different from the previous experiment con-
ducted with few-cycle intense laser pulses [28], here, the
tricationic C6H6

3+ is produced by electron impact. There-
fore, while a strong laser field can modify the initial neutral
molecule [29] as well as the evolution of the final ion, here,
we have an unperturbed initial state, and the ion under-
goes a field-free evolution after ionization. Furthermore, the
understanding of electron-initiated processes is of great rel-
evance to many research fields ranging from astrochemistry
and plasma physics to radiation biology [30–33]. The com-
plete three-body Coulomb-explosion processes of C6H6

3+

were measured using a multiparticle coincidence momentum
spectrometer (reaction microscope) in which the momentum
vectors and, consequently, kinetic energies of all three frag-
ment ions and one outgoing electron are determined. The
measurements of energy-loss spectra, momentum correlation
maps between two fragment ions, and kinetic-energy-release
(KER) spectra, Dalitz plots [34], and Newton diagrams
[35] for three-body dissociation, accompanied by ab initio
molecular dynamics simulations, allow us to examine com-
prehensively the fragmentation dynamics and thus provide a
detailed picture of the dissociation mechanisms of C6H6

3+.
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II. EXPERIMENTAL METHODS

The experiments were performed using a reaction micro-
scope which was particularly designed for electron-collision
experiments. Details about the experimental setup have been
given elsewhere [36,37]. Here, a brief description is intro-
duced. A pulsed electron beam with an energy of 260 eV
is crossed with a supersonic gas jet, which can cause the
ionization of the target with a small fraction of multiple ion-
ization. Here, the projectile energy of 260 eV is chosen due to
the relatively high triple-ionization cross section, and also we
want to exclude the possible contribution from carbon K-shell
ionization and subsequent autoionization processes which can
be initiated at projectile energy above 285 eV. The pulsed
projectile beam is emitted from an electron gun in which a
tantalum photocathode is irradiated by a pulsed ultraviolet
laser beam. The wavelength, repetition rate, and pulse width
of the laser beam are 266 nm, 40 kHz, and 0.5 ns, respectively.
The benzene gas jet was generated by the supersonic gas
expansion of helium gas (stagnation pressure of 1 bar) seeded
with benzene vapor through a nozzle with a diameter of 30
μm and the two-stage differential pumping system. The three
cations originating from the Coulomb explosion of C6H6

3+

and one outgoing electron are detected in quadruple coinci-
dence. They are extracted from the target region by means of
uniform electric and magnetic fields in opposite directions and
projected onto two position- and time-sensitive microchannel
plate detectors with hexagonal delay-line position readout.
For each detected particle the three-dimensional momentum
vector is reconstructed from the time of flight and the position
of impact on the detector. To maximize the acceptance for
molecular ion fragments with comparably high momentum,
the initial electric extraction field of 1.0 V cm−1 is ramped up
to 26 V cm−1 after 400 ns when the electrons have reached
the detector.

III. THEORETICAL METHODS

Our ab initio molecular dynamics (AIMD) simulations
were performed under the extended Lagrangian molecular dy-
namics scheme adopting the so-called atom-centered density-
matrix-propagation method [38–40] using the density-
functional-theory method at the Becke three-parameters
Lee-Yang-Parr (B3LYP) functional and correlation-consistent
polarized valence double zeta (cc-pVDZ) basis set level. We
first sampled the molecular geometries and the velocities of
every atom in the neutral C6H6 by the quasiclassical fixed
normal-mode sampling method [38] for a temperature of
about 30 K at which the populations of the initial rovibrational
states were determined by Boltzmann distributions. Here, the
fragmentation pathways were simulated starting from the ver-
tical transition to the triply charged benzene ions and up to
2500-fs propagation time with a step size of 0.5 fs.

The triple-ionization threshold of benzene was calcu-
lated using the coupled cluster theory with single, double,
and perturbative triples [CCSD(T)] method and augmented
correlation-consistent polarized valence triple zeta (aug-cc-
pVTZ) basis set [41], which amounts to about 47.5 eV,
as shown by the vertical arrow in Fig. 1. The present
Coulomb-explosion channels are induced upon the population
of electronic excited states of benzene trication [42]. In the
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FIG. 1. The projectile-energy-loss spectra for the three consid-
ered fragmentation channels. The spectra are normalized to unity at
the maximum.

simulations, the Coulomb explosion of the electronic excited
state of C6H6

3+ is initiated by imparting an amount of internal
energy (0.4 hartree) into the electronic ground state of the
system. This is an approximate way to consider the electronic
excited state in the calculations. The amount of internal energy
is adapted to the measured projectile-energy-loss spectra, de-
fined as the incident projectile energy E0 minus the scattered
electron energy E1 (Eloss = E0 − E1). The spectra show onsets
at Eloss ∼ 59 eV (see the dashed line in Fig. 1). This supports
the idea that the fragmentation processes originate from the
electronic excited state of tricationic benzene. This excess
energy can be converted into the vibrational energy of the
molecule through the fast internal conversion leading to dis-
sociation. The simulations at each step were performed with
the converged self-consistent-field results. This is an effective
way to maintain the dynamics on a given electronic state,
i.e., equivalent to the Born-Oppenheimer surface [38–40].
We calculated 300 trajectories for the molecular dynamics
simulations in which only one trajectory is obtained for the
complete three-body dissociation channels, probably due to
the high-energy barriers. We calculated the sum of the center-
of-mass energies of three fragment ions at t = 2500 fs, which
amount to 11.4 and 9.9 eV for the CH2

+ + C2H3
+ + C3H+

and CH3
+ + C2H2

+ + C3H+ channels, respectively. The
total KER can be obtained by adding the remaining Coulomb
potential energy, which is about 0.3 eV for both channels [43].
All calculations were carried out with the GAUSSIAN 16 suite
of programs [44].

IV. RESULTS AND DISCUSSION

In this work, we focus on three complete three-body
Coulomb-explosion channels, which are described as

(i) : C6H6
3+ → CH2

+ + C2H3
+ + C3H+,

(ii) : C6H6
3+ → CH3

+ + C2H2
+ + C3H+,

(iii) : C6H6
3+ → C2H2

+ + C2H2
+ + C2H2

+.
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FIG. 2. The calculated Dalitz plot considered for channel (i). The
purple, red, and black arrows represent the momentum vectors of
CH2

+, C2H3
+, and C3H+, respectively. The dissociation characteris-

tics of the events labeled by solid and dashed lines correspond to the
features in Fig. 3(a) marked by the same lines.

The ion yield ratios are determined to be 1 : 1.17 : 1.20
for channels (i)–(iii), respectively. The measured projectile-
energy-loss spectra indicate that the triply charged C6H6

3+

cations are created most likely through a direct inner-shell
ionization [45] upon electron impact and subsequent Auger
processes [27,46,47].

In the following, we use the Dalitz plot, Newton diagram,
and momentum correlation map to study the mechanistic de-
tails of the three-body fragmentation dynamics. The Dalitz
plot shows a probability density in terms of the vector cor-
relation of the three fragment ions, i.e.,

Pa
2

∑
Pj

2 − 1

3

vs

Pb
2 − Pc

2

√
3

∑
Pj

2
,

where Pj , with j = a, b, c, is the momentum of each fragment.
The experimental Dalitz plot of channel (i) is presented

in Fig. 3(a), which shows one intense stripe and one weak
stripe, marked by the solid and dashed lines, respectively. As
shown in Fig. 2, each point in the calculated Dalitz plot cor-
responds to a specific momentum correlation pattern among
the three fragments for channel (i). The calculated pattern
for channel (ii) is similar to that of channel (i), with a slight
difference in the mass of the fragments. The momentum value
of C2H3

+, i.e., the length of the red arrows, is constant along
the solid line, which corresponds to the intense stripe shown
in Fig. 3(a). However, the momentum value of CH2

+ shows
inverse dependence on the value of C3H+; that is, when one
momentum increases, the other one decreases. These features
indicate a sequential breakup channel for the strip structures in

FIG. 3. (a) Experimental Dalitz plot and (b) Newton diagram
of channel (i) in which the AIMD simulation is shown by the
open squares. Momentum correlation spectra (c) between C2H3

+

and CH2
+ and (d) between C3H+ and CH2

+. The solid and dashed
lines correspond to either C2H3

+ and CH2
+ being emitted in the

first Coulomb explosion, respectively. (e) Center-of-mass distances
between different moieties within the C6H6

3+ ion as a function of
evolution time after ionization. The molecular structures at spe-
cific evolution times are presented in the insets, which include ring
opening and Coulomb explosion, with possible hydrogen migration
marked by the curved arrows.

Fig. 3(a). To get more insight into the fragmentation dynam-
ics, the data are displayed as a Newton diagram in Fig. 3(b).
Here, the momentum vector of the C2H3

+ ion is represented
by an arrow along the horizontal axis fixed to 1.0 arbitrary
unit. The momentum vectors of the CH2

+ and C3H+ cations
are normalized to the momentum vector of the C2H3

+ ion and
mapped in the upper and lower halves of the diagram, respec-
tively. It can be seen that the momenta of CH2

+ and C3H+
fragments are located on two semicircle patterns marked by
solid and dashed lines, which are clear signatures of sequential
dissociation [48].

Additionally, the two-dimensional momentum correlation
maps between fragment ions are presented in Figs. 3(c) and
3(d) to distinguish the fragmentation sequences. Both spectra
show straight-line distributions along the x axis or y axis that
are a characteristic feature of the sequential process [49]. As
an example, the distribution along the y axis in Fig. 3(c)
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indicates that the momentum of the C2H3
+ ion is constant,

while the momentum of the CH2
+ ion shows a wide distribu-

tion. This means that the emission of C2H3
+ is independent

of the formation of C3H+ and CH2
+, suggesting that the

sequential breakup proceeds as

C6H6
3+ → C2H3

+ + C4H3
2+, (1)

C4H3
2+ → CH2

+ + C3H+. (2)

It is worth noting that CH2
+ can also be emitted first, and the

dissociative pathway can be described as

C6H6
3+ → CH2

+ + C5H4
2+, (3)

C5H4
2+ → C2H3

+ + C3H+. (4)

In this channel, either C2H3
+ (solid line) or CH2

+ (dashed
line) may depart from the parent ion in the first step of dis-
sociation. After a time delay, the second Coulomb explosion
occurs; that is, the intermediate C4H3

2+ (C5H4
2+) further

dissociates into CH2
+ (C2H3

+) and C3H+ cations. The ro-
tation of the intermediate group relative to the first emitted
cation causes the circular structures in the Newton diagram in
Fig. 3(b).

Moreover, the C3H+ cation is not observed in the first dis-
sociation process. The ring-opening reaction occurs in the first
step, forming a chain precursor ion, e.g., (C2H3-C3H-CH2)3+.
In the next step, one of the moieties located at both ends of
the carbon chain, i.e., C2H3

+ or CH2
+, is emitted, leading

to the first Coulomb explosion, as described in Eqs. (1) and
(3). However, the departure of the middle C3H+ would cause
simultaneous dissociation. This concerted fragmentation pro-
cess is not observed in the experiment.

A possible reaction path for channel (i) has been restored
with the help of our AIMD simulations. As shown in Fig. 3(e),
the molecular dissociation is visualized by plotting the center-
of-mass distances of the groups within the C6H6

3+ ion as
a function of time. To facilitate the discussion, all atoms in
the benzene molecule are labeled with different numbers, as
shown in the molecular structure in the lower right corner of
Fig. 3(e). The ultrafast ring-opening and hydrogen-migration
reactions lead to the formation of a chained C6H6

3+ trication
with the C2H3 and CH2 groups located at the two ends of the
molecular chain; see the molecular structure at t ∼ 125 fs. The
first emission of either C2H3

+ or CH2
+ can lead to the two

dissociation pathways of channel (i) as described in Eqs. (1)
and (3), respectively. In the present simulation, we observe the
first explosion into the C2H3

+ + C4H3
2+ ion pair, occurring

at t ∼ 200 fs. The remaining C4H3
2+ dication can dissociate

into CH2
+ + C3H+ at about 700 fs. This pathway corresponds

to the intense patterns (solid lines) in Figs. 3(a) and 3(b). The
fragment momenta for the trajectory obtained by the AIMD
simulation are presented by open squares in the Dalitz plot
and Newton diagram, which agree well with the experimental
results.

In addition to channel (i), another channel [channel (ii)]
with a C3H+ fragment and therefore clear evidence of dihy-
drogen migration is also observed. Its Dalitz plot and Newton
diagram are shown in Figs. 4(a) and 4(b), respectively. The
Dalitz plot shows an oblique stripe, which is a signature of the

FIG. 4. (a) Experimental Dalitz plot and (b) Newton diagram
of channel (ii) in which the AIMD simulation is shown by the
open squares. Momentum correlation spectra (c) between C2H2

+

and C3H+ and (d) between CH3
+ and C3H+. (e) Center-of-mass

distances between different moieties within the C6H6
3+ ion as a

function of evolution time after ionization.

sequential dissociation process. The two complete semicircle
distributions in the Newton diagram also confirm this mech-
anism. The two-dimensional momentum correlation spectra,
shown in Figs. 4(c) and 4(d), indicate that the C2H2

+ ion is
emitted in the first dissociation process, and then the explod-
ing CH3

+ + C3H+ ion pair is formed in the second step. This
sequential process can be described as

C6H6
3+ → C2H2

+ + C4H4
2+, (5)

C4H4
2+ → CH3

+ + C3H+. (6)

The AIMD calculated data for channel (ii) are also pre-
sented by open squares in Figs. 4(a) and 4(b), which are
well within the experimental results for both Dalitz and New-
ton distributions, respectively. The dynamical evolution of
C6H6

3+ is shown in Fig. 4(e), where the benzene trication
experiences an ultrafast ring-opening reaction, i.e., a rapid
rupture of one C-C bond, forming a chain structure followed
by hydrogen migrations. Another C-C bond is broken at
t ∼ 200 fs, leading to the formation of C2H2

+ and C4H4
2+

fragments under the action of the Coulomb repulsive force.
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FIG. 5. (a) Calculated and (b) experimental Dalitz plots as well
as (c) the Newton diagram of channel (iii). (d) Two-dimensional
momentum correlation spectra between three C2H2

+ ions. (e) Center-
of-mass distances between C2H2

+ and C4H4
2+ ions as a function

of evolution time after ionization. Note that since the fragments are
indistinguishable, p and p2 randomly denote the momenta and the
energies of the three C2H2

+ ions.

The second explosion occurs at t ∼ 1200 fs, leading to the
CH3

+ + C3H+ ion pair.
The fragmentation dynamics for dissociation channel (iii),

i.e., C6H6
3+ → C2H2

+ + C2H2
+ + C2H2

+, are shown
in Fig. 5. Since the fragments are indistinguishable, P and
P2 randomly denote the momenta and energies of the three
detected C2H2

+ ions. Figures 5(a) and 5(b) present the calcu-
lated and experimental Dalitz plots for this symmetric breakup
channel, respectively. This channel exhibits three straight
stripes marked by the solid lines forming a triangular pattern
in the experimental Dalitz plot. The straight stripe distribution
parallel to the x axis means that the kinetic energy of one
C2H2

+ ion is independent of the others, which is a signature
of a stepwise dissociation process. As shown in Fig. 5(c), the
Newton diagram shows two semicircle distributions, which
support the sequential dissociation mechanisms. The momen-
tum correlation map, shown in Fig. 5(d), indicates that one
C2H2

+ cation is emitted in the first dissociation process, i.e.,
the C2H2

+ + C4H4
2+ explosion described in Eq. (5). The

C4H4
2+ dication fragments into two C2H2

+ cations in the

second dissociation step:

C4H4
2+ → C2H2

+ + C2H2
+. (7)

Our AIMD simulation reveals the possible pathways for
the first Coulomb-explosion process of channel (iii), which
are shown in Fig. 5(e). After the formation of the C6H6

3+

trication, ultrafast C-C bond breaking can take place, leading
to the ring-opening reaction. The cyclic carbon ring expands
into a chain structure, accompanied by hydrogen migrations,
and forms two C2H2

+ branches connected at the two terminals
of the carbon chain; see the molecular structure at t ∼ 93 fs
in Fig. 5(e). One of the two C2H2

+ branches is emitted in the
first dissociation process that occurs at 100–800 fs; see the
trajectories in Fig. 5(e). In the subsequent evolution there are
still hydrogen migrations; see the molecular structures at later
times. The intermediate C4H4

2+ may further dissociate into a
C2H2

+ + C2H2
+ ion pair. However, the second dissociation

step is not obtained within the simulated 2500-fs time range,
probably due to the high potential barrier of this reaction [42].

Our simulations show that one C-C bond in the C6H6
3+

benzene ring undergoes a rapid rupture (50–100 fs), and
the ring-opening reaction is considered to be complete at
about 100–150 fs, which forms a molecular chain structure
involving various hydrogen migrations. As the sequential
mechanisms are determined for all three fragmentation chan-
nels, the KER for the first two-body dissociation process Ea

can be calculated using the momentum of the first emitted
cation together with the momentum-conservation law. The
energies of Ea for the three different two-body fragmenta-
tion processes, C2H3

+ + C4H3
2+, CH2

+ + C5H4
2+, and

C2H2
+ + C4H4

2+, are determined to be 7.1, 6.5, and 7.3 eV,
respectively, which are in rather good agreement with the
potential-energy calculations for C6H6

3+ [28,42]. The mea-
sured total KERs (see Fig. 6) for channels (ii) and (iii) show
peak values of about 11.0 and 12.1 eV, respectively, which
are in good agreement with the peak values of about 11.4 and
12.5 eV obtained by intense laser-induced ionization [28]. For
channel (i), the total KER distribution shows a peak value of
about 10.5 eV, which is also in good agreement with the laser
experiment [28]. The simulated KERs for channels (i) and (ii),
shown by the vertical arrows in Fig. 6, lie well within the
range of experimental KER distributions. Hence, our AIMD
simulations are justified together with the good agreement
between experiment and AIMD simulations for the Dalitz and
Newton spectra shown in Figs. 3 and 4.

V. CONCLUSIONS

In summary, we have studied the ring-opening frag-
mentation dynamics of C6H6

3+ induced by electron-impact
ionization (E0 = 260 eV) using a multiparticle momentum
spectrometer. The complete three-body dissociation channels,
i.e., (i) CH2

+ + C2H3
+ + C3H+, (ii) CH3

+ + C2H2
+ +

C3H+, and (iii) C2H2
+ + C2H2

+ + C2H2
+, and their energy-

loss spectra are identified by coincident measurements of
three fragment ions and one outgoing electron. The fragmen-
tation dynamics of these three channels are analyzed using
Dalitz plots, Newton diagrams, and momentum correlation
spectra. These results, supported by our AIMD simulations,
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FIG. 6. Measured kinetic-energy-release (KER) spectra for all
three dissociation channels. The red and blue vertical arrows rep-
resent the simulated KER values.

reveal the sequential mechanisms for all dissociation chan-
nels. The present results are in contrast to studies of small
molecules where the concerted dissociation mechanisms were
found to be dominant [23–26]. According to theory [42], there

might be a lack of suitable transition states, which can lead to
a direct pathway for symmetric dissociation of C6H6

3+ into
three C2H2

+ cations.
The present study shows that the tricationic C6H6

3+ un-
dergoes an ultrafast ring-opening reaction in the first step.
This forms a chain structure of C6H6

3+ with various hydrogen
migrations. Then the trication undergoes the first Coulomb-
explosion process, leading to the cation and dication species.
Finally, the second Coulomb explosion can occur in the di-
cationic species, which then forms a pair of cations. The
measured total KERs of all three channels are in good agree-
ment with the previous laser experiment. The present AIMD
simulation provides a real-time dynamical picture of the frag-
mentation channels, which agree well with the experimental
Dalitz plot, Newton diagram, and KER distribution. Our study
provides detailed information on the ring-opening fragmenta-
tion dynamics of the triply ionized benzene molecule initiated
by electrons and thus expands our understanding of radiation
chemistry and biology.
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