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Three-body fragmentation dynamics of the propene trication produced by 1-MeV/u C4+ impact
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The three-body fragmentation dynamics of propene trications [(H3C–CH = CH2)3+] induced by 1-MeV/u
C4+ ion impact is investigated using cold-target recoil-ion momentum spectroscopy. Complete kinematical in-
formation is obtained for four three-body fragmentation channels: H+ + CH2

+ + C2H3
+, H+ + CH3

+ + C2H2
+,

and the channels involving H2
+ production, i.e., H+ + H2

+ + C3H3
+ and H2

+ + CH2
+ + C2H2

+. By analyzing
the fragment momentum correlations visualized in Dalitz plots, Newton diagrams, and native frames, each
channel exhibits two distinct sequential processes, with a concerted process uniquely identified in the H2

+ +
CH2

+ + C2H2
+ channel. Relative contributions of competing fragmentation pathways are determined. The

sequential pathways with CH breakage prior to CC breakage predominate in the channels H+ + CH2
+ + C2H3

+

and H+ + CH3
+ + C2H2

+. Due to comparable timescales, the H2 formation kinetically competes with the
molecular fragmentation. This competition enables fragmentation pathways featuring initial H2

+ emission,
which contribute to two H2

+ production channels. This study provides valuable insights into understanding the
dissociation behaviors of asymmetric hydrocarbon chains under several-MeV/u ion impact, revealing the role of
H2 formation kinetics in molecular fragmentation dynamics.

DOI: 10.1103/6bn6-jgbj

I. INTRODUCTION

The fragmentation dynamics of polyatomic molecules
upon collisions with highly charged ions has been a focal
point in atomic and molecular physics, offering critical in-
sights into bond-breaking mechanisms, charge redistribution,
and energy transfer processes [1,2]. These studies not only
are fundamental to understanding the behavior of molecules
under extreme conditions, but also have broad implications
for applications in radiation biology [3,4], interstellar chem-
istry [5,6], and plasma physics [7,8]. When multiply charged
molecular ions undergo Coulomb explosion, the resulting
fragment momentum correlations provide critical insights
into dissociation mechanisms (e.g., concerted versus sequen-
tial bond breaking) [9–13] as well as underlying processes
like proton migration and molecular isomerization [14–18].
Among various techniques, the cold-target recoil-ion momen-
tum spectroscopy (COLTRIMS) [19], with its capability for
full-dimensional analysis of fragment momenta, has emerged
as a powerful tool for revealing fragmentation mechanisms
and reconstructing dynamic correlations.

Organic hydrocarbon molecules are ubiquitous in the uni-
verse and play crucial roles in planetary atmospheres and
industrial applications. Significant progress has been made
in characterizing the complex fragmentation behaviors of
hydrocarbons when exposed to different ionization fields,
e.g., CH4 [20–23], C2H2 [24–32], C2H4 [33–35], C3H4
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isomers [36–44], and C6H6 [45–48]. Previous studies revealed
a rich variety of fragmentation processes, including concerted
and sequential cleavages of carbon-carbon (CC) and carbon-
hydrogen (CH) bonds, isomer effects [39–42], hydrogen
migration [16,18,35,43], etc. For instance, both concerted and
sequential processes were involved in the three-body fragmen-
tation of hydrocarbons [32,35,42], with the specific pathways
depending on factors such as the projectile velocity and the
molecular geometry. Comparative studies with isomers, like
propyne and allene, suggested that the structural isomerism
significantly influenced fragmentation patterns [39–43].

Propene (H3C–CH=CH2), as one isomer of C3H6 [49],
features the coexistence of its unique CC double-bond
structure and a methyl (CH3) group, making it a proto-
type to study competitive bond-breaking characteristics in
its fragmentation dynamics. However, only a few works
have reported the fragmentation processes of C3H6 isomers
[50–52]. A combined experimental and theoretical study of
dissociative double photoionization of cyclopropane revealed
how specific photon energies selectively trigger ring-opening
or ring-closing deformations in the cyclopropane dications
[(H2C–CH2–CH2)2+] via Jahn-Teller effects [50]. Under
4-keV/u Ar8+ impact, the distinct isomer-dependent frag-
mentation dynamics of propene and cyclopropane (C3H6

2+
dications) were investigated [51]. Most recently, sequen-
tial fragmentation mechanisms were revealed to domi-
nate the three-body dissociation of cyclopropane trications
[(H2C–CH2–CH2)3+] induced by 5.8-MeV/u Ni19+ ions, and
distinct pathways were identified based on the bond-breaking
order of CH and CC bonds [52]. Compared with the ring-
structure cyclopropane, the chain structure of propene enables
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the CC double bond to participate in fragmentation processes,
just like ethylene [35] and allene [43], potentially triggering
unique dissociation phenomena such as the displacement of
hydrogen atoms, CC double-bond cleavage, and structural re-
arrangement. Nevertheless, studies on propene remain scarce,
particularly for its triply charged states. In the following,
the C3H6 molecule is referred to as propene unless specified
otherwise.

In this work we investigate the three-body fragmentation
of C3H6

3+ induced by 1-MeV/u C4+ impact. Utilizing the
COLTRIMS technique, the momentum vectors of all fragment
ions are measured. Four completely measured fragmentation
channels are identified definitely, i.e., (I) C3H6

3+ → H+ +
CH2

+ + C2H3
+, (II) C3H6

3+ → H+ + CH3
+ + C2H2

+, and
two channels involving H2

+ generation, (III) C3H6
3+ →

H+ + H2
+ + C3H3

+ and (IV) C3H6
3+ → H2

+ + CH2
+ +

C2H2
+. With the aid of the Dalitz plot, Newton diagram,

and native frame method, the momentum correlations be-
tween three fragments are displayed, and the fragmentation
mechanisms of each dissociation channel are identified and
discussed in detail.

II. EXPERIMENTS AND DATA ANALYSIS

The present experiment was carried out using a
COLTRIMS setup mounted on the 3-MV Tandetron acceler-
ator at Sichuan University. Details of the COLTRIMS can be
found elsewhere [53,54], so here only a brief description will
be given. A 1-MeV/u C4+ ion beam perpendicularly crossed a
cold supersonic jet produced by the pure propene gas with
a pressure of 1 bar passing through a 20-µm nozzle into
the high-vacuum collision chamber. Following ion-molecule
interaction, recoil ions from molecular ionization and disso-
ciation were extracted and accelerated by a 60-V/cm uniform
electrostatic field, traveled through a field-free drift tube, and
finally were detected by a position-sensitive detector (PSD)
equipped with two multichannel plates (MCPs) and a delay-
line anode. The front surface of MCPs was biased 1900 V,
negative relative to the ground in the present experiment.
Simultaneously, the electrons created in the collisions were
extracted in opposite directions to the recoil ions and detected
by another PSD. In the coincidence measurement, the time of
flight (TOF) of the recoil ion was determined by taking the
arriving time of the electron as a reference and recorded by
the multihit time-to-digital converter. The three-dimensional
momenta of all recoil ions were reconstructed from the hitting
TOF and position information.

The TOF information was used to identify ion species, and
different fragmentation channels were distinguished from the
coincidence TOF map. To reveal the molecular dissociation
mechanism, the Dalitz plot and Newton diagram were utilized
to visualize the momentum vector relations [2]. In a Dalitz
plot, the experimental events are placed inside a circle in-
scribed in an equilateral triangle. The coordinates X and Y
corresponding to each event are given by

X = p2
1 − p2

2√
3

∑
p2

i

, (1)

Y = p2
3∑
p2

i

− 1

3
, (2)

FIG. 1. Triple-ion coincidence TOF map of the collisions of
C3H6 with 1-MeV/u C4+.

where pi (i = 1, 2, and 3) is the momentum of the ith
fragment. In a Newton diagram, the momentum of the first
fragment is set at one arbitrary unit and represented by an
arrow along the horizontal axis, while the momenta of the
second and third fragments are normalized to that of the first
fragment and placed in the lower and upper halves of the
diagram, respectively. For the representations of sequential
processes via Newton diagrams, the centers of the semicircles
where the two fragments produced in the second fragmen-
tation step are located are precisely determined by the mass
ratio.

The native frame method allows for providing detailed
information on each step of the sequential fragmentation
and demonstrates that the signature of sequential dissociation
is a uniform distribution [11,55]. In the native frames, all
fragmentation processes are assumed to be sequential with
a metastable intermediate and plotted as a function of cos θ

and the kinetic energy release (KER) of the intermediate in
the second step. Here θ is defined as the angle between the
fragmentation axis of the parent ion of the first step and the
fragmentation axis of the intermediate ion of the second step
in the center-of-mass frame. The cos θ distribution is isotropic
for rotation on a sphere [55] and is given by

cos θ = �P1st · �P2nd

|�P1st||�P2nd| . (3)

Here �P1st = [(m2 + m3)p1 − m1(p2 + p3)]/(m1 + m2 +
m3) and �P2nd = (m3p2 − m2p3)/(m2 + m3), where p j (mj)
with j = 1, 2, and 3 are the momentum vectors measured
in the laboratory frame (the masses) of the first, second, and
third fragments, respectively.

III. RESULTS AND DISCUSSION

Figure 1 presents a part of the triple-ion coincidence TOF
map for the fragmentation of C3H6

3+ trications induced by
1-MeV/u C4+ ion collisions. The horizontal axis is the sum of
the TOFs of the first and second detected ions, and the TOF of
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the third fragment ion is along the vertical axis. In this map,
four structures surrounded by red elliptical lines are identi-
fied to result from the complete three-body fragmentation of
C3H6

3+, which are referred to as channels I–IV as follows:

C3H6
3+ → H+ + CH2

+ + C2H3
+ (channel I),

C3H6
3+ → H+ + CH3

+ + C2H2
+ (channel II),

C3H6
3+ → H+ + H2

+ + C3H3
+ (channel III),

C3H6
3+ → H2

+ + CH2
+ + C2H2

+ (channel IV).

Besides the above identified three-body dissociation channels,
the other structures in the coincidence TOF map are attributed
to many-body fragmentation processes with the undetected
fragment(s). The four fully measured three-body fragmenta-
tion channels of C3H6

3+ will be the focus of discussion in this
work.

As depicted in Fig. 1, it is evident that channels I and
II are the preferred pathways for the three-body dissociation
of C3H6

3+. These two channels are formed via the breakage
of both CH and CC bonds. Besides bond breaking, chan-
nels III and IV also require hydrogen atom displacement and
hydrogen-hydrogen (HH) bond formation to produce H2

+,
hence their relatively small cross sections. To largely exclude
the random coincidence events, the momentum sum in each
dimension of three coincidence fragments is limited to lie
within ±8 a.u. Since the complete collection of recoil ions is
affected by the extraction field, during data analysis we lim-
ited the angle between the momentum of the lightest fragment
(i.e., H+ for channels I–III and H2

+ for channel IV) and the
TOF axis to be less than 40◦ in each channel to avoid the
energetic ion losses. Under this condition and the assumption
that the emission angles of the ions are isotropic, the relative
branching ratios for channels I–IV are estimated to be ∼47%,
∼35%, ∼6%, and ∼12%, respectively. These ratios have a
margin of error of about 15%, which is mainly due to the
detection efficiency and statistical errors.

Subsequent to the identification of fragmentation chan-
nels, the kinetic energy of each ionic fragment and thus the
KERs of the channels considered can be determined by the
COLTRIMS technique. Figure 2 shows the KER distributions
of fragmentation channels I–IV, and the uncertainties pre-
sented as vertical error bars are mainly from the data statistics.
The broad distribution of impact parameters in ion-molecule
collisions populates multiple electronic states and transfers a
wide vibrational energy, leading to a broad KER distribution
range of 8–18 eV. The KER distributions of channels I, II,
and IV peak at ∼13.0 eV, while that of channel III peaks at
∼12.2 eV. This is due to the fact that compared with channel
III only involving CH bond breaking, more kinetic energy
could be released in the cleavage of CC bond involved in
channels I, II, and IV. Such KER differences between the CH
and CC bond-breaking channels were also found in previous
works [41,44].

In the following sections we analyze the fragmentation
mechanism of the four channels based on the momentum
correlation of the resultant fragments. It should be noted
that hydrogen atoms can exhibit significant mobility during
fragmentation, leading to processes such as H or H2 roaming

FIG. 2. KER distributions of four three-body fragmentation
channels for C3H6

3+: (I) H+ + CH2
+ + C2H3

+, (II) H+ + CH3
+ +

C2H2
+, (III) H+ + H2

+ + C3H3
+, and (IV) H2

+ + CH2
+ + C2H2

+.
The vertical black dashed lines mark the peaks of the KER
distributions.

[14–16]; the detailed structures or transient configurations of
intermediates cannot be uniquely determined from the present
data; and possible hydrogen migration or roaming processes
cannot be excluded. Therefore, in the present experiment,
only the final ionic fragments are directly measured, while the
intermediate fragments are deduced.

A. Fragmentation channel H+ + CH2
+ + C2H3

+

Figures 3(a) and 3(b) present the Dalitz plot and Newton
diagram of the fragmentation channel I. As can be seen, there
are two momentum correlation patterns marked as regions A
and B, respectively. In a sequential fragmentation process,
the momentum distributions of the ions produced in the sec-
ond Coulomb explosion process are no longer related to the
Coulomb field in the first step. Considering the chain structure
of propene, the proton and CH2

+ fragments could be emitted
first through the cleavage of one CH bond and the CC double
bond, respectively. Thus, the stripelike regions A and B in the
Dalitz plot are attributed to the following two-step sequential
fragmentation processes:

C3H3+
6 → H+ + C3H2+

5

→ H+ + CH+
2 + C2H+

3 (process Ia),

C3H3+
6 → CH+

2 + C2H2+
4

→ CH+
2 + H+ + C2H+

3 (process Ib).
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FIG. 3. (a) Dalitz plot and (b) Newton diagram normalized to the momentum of H+ (red arrow) for the H+ + CH2
+ + C2H3

+ channel.
The fragmentation events located at different regions are marked by A and B. (c) Native frame plot by assuming sequential fragmentation of
C3H3+

6 via H+ + C3H5
2+. (d) Newton diagram normalized to the momentum of CH2

+ (red arrow) for the events in the inclined distribution
in (c).

The distribution of region A is parallel to the H+ side, that
is, the momentum of the proton is independent of the momenta
variations of CH2

+ and C2H3
+, which indicates that the frag-

mentation results from the two-step sequential process Ia. The
proton is emitted in the first step and then the C3H5

2+ disso-
ciates to CH2

+ and C2H3
+ ions. When the momentum vector

of the CH2
+ fragment obtained in the second Coulomb explo-

sion fragmentation is parallel, perpendicular, or antiparallel
to the vector of the intermediate C3H5

2+, the corresponding
fragmentation events are located at the bottom, middle, or
top of region A in Fig. 3(a). In the Newton diagram shown
in Fig. 3(b), two complete semicircular structures marked
by red dashed lines also indicate a sequential fragmentation
mechanism with a proton emitted in the first step.

In addition, the distribution of region B exhibits a weaker
circular structure in the Newton diagram as shown in Fig. 3(b),
indicating a different sequential dissociation process oc-
curring in this channel. Given the difficulty in defining a
nontrivial cut in either the Dalitz plot or the Newton diagram,
the native frame plot assuming sequential fragmentation of
C3H5

2+ being the intermediate is shown in Fig. 3(c). The
uniform distribution along the red dashed line corresponds to
process Ia, which can be easily separated from the inclined
distribution marked by the gray dashed line. To further iden-
tify the corresponding mechanism of the events in the inclined

distribution, we plot the Newton diagram in Fig. 3(d) where
the unit vector is set to the momentum of CH2

+. The presence
of two semicircular signatures identifies CH2

+ as the first
dissociation product, and the H+ and C2H3

+ ions are subse-
quently produced in the second step. Thus, it is confirmed that
the fragmentation in region B corresponds to the sequential
fragmentation process Ib in which the CC bond breaks first
before the CH bond breaking.

B. Fragmentation channel H+ + CH3
+ + C2H2

+

Figures 4(a) and 4(b) present the Dalitz plot and Newton
diagram of channel II, which exhibit structures very similar
to those of the H+ + CH2

+ + C2H3
+ channel. Two stripelike

regions C and D are observed in the Dalitz plot, and two
pairs of semicircular structures can also be seen in the Newton
diagram. This indicates that there are two distinct sequential
fragmentation processes contributing to this channel.

In the Dalitz plot shown in Fig. 4(a), the distribution of
region C is parallel to the H+ side, which is the same as
process Ia and indicates that the fragmentation results from
the two-step sequential process

C3H3+
6 → H+ + C3H2+

5

→ H+ + CH+
3 + C2H+

2 (process IIa).
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FIG. 4. (a) Dalitz plot and (b) Newton diagram normalized to the momentum of H+ (red arrow) for the H+ + CH3
+ + C2H2

+ channel.
The fragmentation events located at different regions are marked by C and D. (c) Native frame plot by assuming sequential fragmentation of
C3H3+

6 via H+ + C3H5
2+. (d) Newton diagram normalized to the momentum of CH3

+ (red arrow) for the events in the inclined distribution
in (c).

In this sequential process, the CH bond breaks prior to the
CC bond, i.e., the proton is emitted in the first step, and
then the C3H5

2+ dissociates to CH3
+ and C2H2

+ ions. The
sequential process IIa with the proton emitted in the first step
is also supported by the two complete semicircular structures
marked by red dashed lines in the Newton diagram shown in
Fig. 4(b).

Note that a weak stripelike region D appears in the Dalitz
plot marked by the gray rectangle in Fig. 4(a), and the events
in region D correspond to the two weaker semicircular struc-
tures in the Newton diagram marked by gray dashed lines
in Fig. 4(b). These features indicate that another sequential
fragmentation process alternative to process IIa occurred. Like
that CH2

+ emitted first in channel Ib, the CH3
+ fragment

could also be emitted first in channel II through direct cleav-
age of the CC single bond in propene. The native frame
plot is employed to make the separation of regions C and D
easier, where the sequential process is assumed to proceed via
H+ + C3H5

2+, as shown in Fig. 4(c). Then Fig. 4(d) presents
the Newton diagram normalized to the momentum of CH3

+
for the inclined distribution along the gray dashed line in
Fig. 4(c). Two semicircular structures are typical features of
the sequential fragmentation process with CH3

+ emitted in
the first step while H+ and C2H2

+ are produced in a following

step as follows:

C3H3+
6 → CH+

3 + C2H2+
3

→ CH+
3 + H+ + C2H+

2 (process IIb).

The weak intensity of region D in Fig. 4 indicates that process
IIb with CC bond breaking prior to CH bond breaking is not
prone to occur in this channel.

Moreover, the relative branching ratio of channel I with
one CH2

+ fragment (∼47%) is higher than that of channel II
with one CH3

+ fragment (∼35%). This may be attributed to
the fact that the CH2

+ fragments could be produced not only
through the CC double-bond breaking but also in the case that
the CC and CH bonds break from the same carbon atom in the
CH3 group, while the CH3

+ fragments could only be produced
by the CC single-bond breaking unless hydrogen migration
occurs.

C. Fragmentation channel H+ + H2
+ + C3H3

+

Besides channels I and II that could be readily created
through bond breaking, channels III and IV involving pro-
duction of the molecular ion H2

+ were also observed in the
present study. The H2

+ ion could be formed by two hydrogen
atoms either from the same C atom (CH2 or CH3 group)
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FIG. 5. (a) Dalitz plot and (b) Newton diagram normalized to the momentum of H+ (red arrow) for the H+ + H2
+ + C3H3

+ channel. The
fragmentation events located at different regions are marked by E and F. (c) Native frame plot by assuming sequential fragmentation of C3H3+

6

via H+ + C3H5
2+. (d) Newton diagram normalized to the momentum of H2

+ (red arrow) for the events in the inclined distribution in (c).

or from different C atoms (probably involving hydrogen mi-
gration). However, such details of fragmentation dynamics
require further quantum chemical calculations. Here we focus
on clarifying the dissociation mechanisms of these channels.

The Dalitz plot and Newton diagram of channel III are
shown in Figs. 5(a) and 5(b), respectively. Two stripelike
structures marked as regions E and F in the Dalitz plot and
two pairs of semicircular structures in the Newton diagram
can be clearly seen. As discussed in channels I and II, these
features are signatures of two different sequential fragmenta-
tion processes.

To more clearly identify these two processes, the native
frame plot assuming sequential fragmentation involving the
C3H5

2+ intermediate is shown in Fig. 5(c). The uniform dis-
tribution centered around 3.9 eV along the red dashed line
indicates the sequential process with the C3H5

2+ intermediate
as follows:

C3H3+
6 → H+ + C3H2+

5

→ H+ + H+
2 + C3H+

3 (process IIIa).

This process is further confirmed by the semicircular struc-
tures marked by the red dashed semicircles in the Newton
diagram normalized to the momentum of H+ as shown in
Fig. 5(b). In the first step, the C3H3+

6 trication breaks into
the H+ and the metastable C3H5

2+ ion. After rotation, the

intermediate ion dissociates into the final products H2
+ and

C2H3
+ in the second step.

In addition to the uniform distribution parallel to the cos θ

axis, the inclined distribution marked by the gray dashed line
in Fig. 5(c) corresponds to another sequential process. To see
this process more directly, the Newton diagram for the events
in the inclined distribution, where the unit vector is set to
the momentum of H2

+, is plotted in Fig. 5(d). Two apparent
semicircular features reveal H2

+ as the fragment from the first
dissociation step, and H+ and C3H3

+ ions are, subsequently,
produced in the second step. This confirms secondary sequen-
tial fragmentation process in channel III as follows:

C3H3+
6 → H+

2 + C3H2+
4

→ H+
2 + H+ + C3H+

3 (process IIIb).

In this process, bond rearrangement occurs first to form the
H2 radical before the Coulomb explosion.

D. Fragmentation channel H2
+ + CH2

+ + C2H2
+

For channel IV, the Dalitz plot and Newton diagram are
shown in Figs. 6(a) and 6(b), respectively. As can be seen from
the Newton diagram, the gathering island structure marked as
region G is brighter than semicircular structures, which is a
typical feature of concerted fragmentation process, although

042827-6
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FIG. 6. (a) Dalitz plot and (b) Newton diagram normalized to the momentum of H2
+ (red arrow) for the H2

+ + CH2
+ + C2H2

+ channel.
The fragmentation events located at different regions are marked by G, M, and N. (c) Native frame plot by assuming sequential fragmentation
of C3H3+

6 via H2
+ + C3H4

2+. The events in the red dashed rectangle are exclusively from the sequential process IVb. (d) Native frame plot by
assuming sequential fragmentation of C3H3+

6 via CH2
+ + C2H4

2+. The events in the gray dashed rectangle are exclusively from the sequential
process IVc.

this process cannot be clearly distinguished in the Dalitz plot
due to its overlap with stripelike structures. The corresponding
pathway for the concerted fragmentation process is as follows:

C3H6
3+ → H2

+ + CH2
+ + C2H2

+ (process IVa).

Besides that, as discussed for channels I–III, two stripelike
structures marked as regions M and N in the Dalitz plot
are signatures of the sequential dissociation processes. Two
pairs of semicircular patterns in the Newton diagram marked
by red and gray dashed lines also confirm two sequential
mechanisms. Additionally, the native frame plot assuming
C3H4

2+ to be the intermediate, as a function of the distribu-
tion cos(θCH2

+–C2H2
+,H2

+ ) and the KER in the second step of
the C3H4

2+ dissociation, is presented in Fig. 6(c) to identify
the fragmentation sequences. A vertical distribution along the
cos θ axis means that the KER from the intermediate fragment
C3H4

2+ is independent of the rotation angle relative to the
first emitted H2

+ ion, suggesting that the sequential breakup
process is as follows:

C3H3+
6 → H+

2 + C3H2+
4

→ H+
2 + CH+

2 + C2H+
2 (process IVb).

Similar to the features of process IIIb observed in Fig. 5(c), the
inclined distribution in the native frame plot shown in Fig. 6(c)
corresponds to another sequential fragmentation process in
channel IV. It is worth noting that CH2

+ can also be emitted
in the first step through the breaking of the CC double bond,
which readily occurs in this study as discussed earlier. To
further confirm another sequential process, the native frame
plot assuming C2H4

2+ to be the intermediate is presented in
Fig. 6(d). It can be seen that the vertical distribution along the
gray dashed line corresponds to the sequential fragmentation
process

C3H3+
6 → CH+

2 + C2H2+
4

→ CH+
2 + H+

2 + C2H+
2 (process IVc),

which is responsible for the formation of channel IV.

E. Relative contributions

Finally, according to the native frame plots of four
channels, the branching ratios of different fragmentation
mechanisms are analyzed and listed in Table I. The uncertain-
ties for channels I–III are mainly contributed by the statistical
errors. In the native frame plots of channel IV [Figs. 6(c)
and 6(d)], the uniform distributions from processes IVb and
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TABLE I. Branching ratios of different fragmentation processes for the channels considered.

Branching ratio

Channel Concerted Sequential

H+ + CH2
+ + C2H3

+ Ia: 78.8% ± 1.3% Ib: 21.2% ± 0.3%
H+ + CH3

+ + C2H2
+ IIa: 82.5% ± 1.7% IIb: 17.5% ± 0.4%

H+ + H2
+ + C3H3

+ IIIa: 62.6% ± 2.9% IIIb: 37.4% ± 1.7%
H2

+ + CH2
+ + C2H2

+ IVa: 76.7% ± 3.1% IVb: 14.0% ± 1.4% IVc: 9.3% ± 1.3%

IVc (within the red and gray dashed rectangles, respectively)
are clearly separated from overlapping areas among three
fragmentation mechanisms, so the events in the rectangles
are extracted to deduce the branching ratios of channel IV.
The uncertainty for channel IV includes both statistical and
systematic components. The systematic contribution arises
from the estimation of the total sequential yield using sparse
sequential data and is conservatively quantified by varying the
selection gate position.

As listed in Table I, under the present 1-MeV/u C4+ im-
pact corresponding to the velocity of 6.32 a.u., processes
Ia and IIa with the proton emitted in the first step, i.e.,
the CH bonds breaking prior to CC bonds breaking, make
the major contributions to channels I and II. Also studied
were these two three-body fragmentation channels of cy-
clopropane (an isomer of propene) induced by 5.8-MeV/u
Ni19+ ion collisions [52] with a velocity of 15.23 a.u. Both
Ref. [52] and the present study employ impact energies in the
several-MeV/u region, where postcollisional ionization is the
dominant contribution [56]. Both isomers, propene and cy-
clopropane, show similar fragmentation mechanisms, i.e., two
distinct sequential processes are distinguished in each channel
depending on the breaking sequence of the CH and CC bonds.
For channel I, H+ + CH2

+ + C2H3
+, different from cyclo-

propane, where the contributions of two sequential pathways
are found to be comparable, for propene, the contribution
of process Ia is much larger than that of process Ib. Addi-
tionally, for channel II, H+ + CH3

+ + C2H2
+, the branching

ratios of two sequential pathways of cyclopropane [52] are
in agreement with those of propene in this study, where the
sequential process with CH bond breaking in the first step
followed by CC bond breaking (i.e., process IIa) contributes
significantly to this channel. Note that for cyclopropane, the
channel H+ + CH3

+ + C2H2
+ involves proton migration and

process IIa could be dominant, assuming that the first step
of sequential fragmentation is faster than proton migration
[52], but for propene, two sequential pathways occurring in
channel II only depend on the sequence of CH and CC single-
bond breaking, and the sequential process with CH bond
breaking in the first step makes the major contribution here.
Such differences between the two isomers indicate appar-
ent isomer effects. However, the discrepancies in branching
ratios may not stem exclusively from isomer effects, as
the employment of different projectiles may also contribute
significantly.

For channels III, H+ + H2
+ + C3H3

+, and IV, H2
+ +

CH2
+ + C2H2

+, involving the H2 formation, as listed in
Table I, the major contributions are the sequential process IIIa
with H+ emitted in the first step and the concerted process

IVa, respectively. Although the H2 formation involves hydro-
gen displacement and HH bond formation, it still plays a role
and competes with the molecular fragmentation in channels
III and IV. This could be attributed to the similar timescales
of the H2 formation process and the first step in the sequential
fragmentation process. The H2 formation can take place on
timescales ranging from tens to hundreds of femtoseconds
[16,57], while the timescale of the first step in the sequential
fragmentation is estimated to be around tens of femtoseconds
[58,59]. Furthermore, H2 formation is generally accompa-
nied by ultrafast hydrogen migration occurring on sub-100-fs
timescales [60–62], which may occur following propene triple
ionization and finally enable fragmentation pathways featur-
ing H2

+ emission in the first step. Therefore, the occurrence of
either process IIIa or IIIb in channel III, H+ + H2

+ + C3H3
+,

depends on the step in which the H2
+ can be generated. If the

H2 formation occurs faster than the molecular fragmentation,
the concerted process IVa and the sequential process IVb with
H2

+ emitted first in channel IV, H2
+ + CH2

+ + C2H2
+, are

more probable.

IV. CONCLUSION

In summary, the three-body fragmentation dynamics of
propene trications [(H3C–CH=CH2)3+] induced by 1-MeV/u
C4+ ion impact was studied employing the COLTRIMS
technique. The complete dissociation channels, i.e., (I)
H+ + CH2

+ + C2H3
+, (II) H+ + CH3

+ + C2H2
+, (III) H+ +

H2
+ + C3H3

+, and (IV) H2
+ + CH2

+ + C2H2
+, were iden-

tified through the triple-ion coincidence TOF map. Frag-
mentation mechanisms for all four channels were elucidated
through Dalitz plots, Newton diagrams, and the native frame
method. Analysis revealed that each channel possesses two
distinct sequential processes; notably, channel IV additionally
features a concerted process. Branching ratios of differ-
ent fragmentation mechanisms were determined for each
channel.

For channels I and II, compared to the previous results
of cyclopropane trications [(H2C–CH2–CH2)3+] produced
by 5.8-MeV/u Ni19+ ion impact [52], the sequence of CH
and CC bond cleavage causes similar fragmentation mecha-
nisms for both isomers. In the fragmentation of cyclopropane,
two sequential pathways contributed comparably to chan-
nel I while proton migration involved in channel II [52],
whereas in the fragmentation of propene, both sequential pro-
cesses with CH bond cleavage preceding CC bond cleavage
predominate in channels I and II. The structural difference
between two isomers, as well as the distinct projectiles used
in two experiments, may affect the relative contributions of
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fragmentation pathways. For channels III and IV, which in-
volve H2

+ generation in the present study, the sequential
process with initial H+ emission and the concerted process are
the dominant contributors to the two channels, respectively.
Though hydrogen displacement and HH bond formation are
required for H2

+ production, fragmentation pathways featur-
ing H2

+ emission in the first step contribute to channels III and
IV. This suggests potential kinetic competition between the H2

formation and the molecular fragmentation, which could be
ascribed to their comparable timescales [16,57–59]. To better
understand H2

+ production in the fragmentation of propene
trications, quantum chemical calculations could be performed,
and questions, e.g., whether the two hydrogen atoms forming
the H2 molecule originate from the same C atom or different
C atoms, might be addressed more thoroughly.
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