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Sequential deprotonation of the allene trication produced by 30-keV /u He?* impact
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The three-body fragmentation channel H + H* + C3H,™ of the allene trication produced by 30-keV/u
He?" ion impact is investigated using cold-target recoil-ion momentum spectroscopy. The two protons with
different kinetic energies are found emitted sequentially from the parent trication. The presence of such a
sequential deprotonation process and the absence of corresponding concerted deprotonation may result from
a major molecular deformation process, e.g., ultrafast hydrogen migration, which occurs in the parent ion prior
to fragmentation, and finally leads to the formation of two different protons.
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I. INTRODUCTION

The three-body fragmentation of multicharged polyatomic
molecules has drawn much attention recently, since it can
serve as a diagnostic tool to probe the structural and dynami-
cal information during molecular dissociation, e.g., molecular
geometry reconstructed by Coulomb explosion imaging [1-3],
lifetime of metastable intermediate ions [4—8], and direct ob-
servation of roaming processes [9]. The precursor molecular
cations can decay into three fragments via concerted or se-
quential pathways, which depend on whether a metastable
intermediate ion could be formed or not. If the intermediate
ion cannot survive for a time larger or comparable to the
molecule vibrational and rotational period, concerted frag-
mentation would be preferred [10-12]. Otherwise such two
kinds of pathways could coexist [13—15] and their ratios can
be controlled by the parameters of ionizing particles [15-18].
However, for some larger molecules the sequential mecha-
nism becomes dominant [19], as the relatively small Coulomb
repulsion forces among the corresponding parts within the
molecules could not break the molecular bonds concertedly.

Allene (CH,CCH,), as one isomer of C3;Ha, possesses
a linear carbon skeleton. Its ionization and dissociation
processes have been investigated to obtain information con-
cerning the isomer effect [20,21], fragmentation patterns
[20-26], and intramolecular hydrogen migration [23,24]. The
three-body fragmentation dynamics of allene trication has
been measured under 50-keV/u Ne®* collisions [22] and
strong laser field ionization [23,24], but only two channels,
ie, HF + CH" 4+ CyH,* and H* + CH,t + C,H*, were

*zyclay @outlook.com
Thuzhimin@scu.edu.cn
*brwei @fudan.edu.cn

2469-9926/2022/105(2)/022818(6)

022818-1

concerned. Another important channel H* +H* + C3H, ™"
was not reported. Similar channels involving the production
of two protons have been observed in the dissociation of
C,H, [15,16] and C,Hy [17,18] trications. In these cases,
the two protons can be emitted concertedly or sequentially.
However, less is known on the two-proton emission pattern in
the allene trication fragmentation and on the role of hydrogen-
migration-induced isomerization for the Ht +H" + C3H, ™"
channel. The isomerization via 1,2-H migration has been the-
oretically predicted to play an essential role in the dissociation
of allene cations [27]. Such an isomerization process is faster
than dissociation since the isomerization barrier is rather
lower than the dissociation barrier. The hydrogen-migration-
induced isomerization has been experimentally observed in
the dissociation of C3H, dications [25], as well as trica-
tions forming H™ + CH™ + C,H, ™ and HT + CH, ™ + C,H™
[23,24]. The timescale of hydrogen migration involved in the
trication channels has been estimated to be ~20 fs [24]. In the
following, the C3H4 molecule is referred to as an allene unless
otherwise stated.

To better understand the three-body molecular fragmenta-
tion dynamics, in the present paper we pay particular attention
to the three-body channel H* 4+ H* + C3H,™ of C3H,*
trications induced by 30-keV/u He?" impact. Utilizing the
cold-target recoil-ion momentum spectroscopy (COLTRIMS)
technique [28], the complete kinematics of channels of in-
terest are measured, thus allowing the identification of the
fragmentation mechanism with the aid of the Dalitz plot and
Newton diagram analysis.

II. EXPERIMENTS AND DATA ANALYSIS

The present experiment was carried out using a
COLTRIMS setup mounted on the 150-kV highly charged ion
collision platform at Fudan University. Details can be found

©2022 American Physical Society
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in our previous work [15,29], so here only a brief description
will be given. A 30-keV/u He?" ion beam perpendicularly
crossed a cold supersonic jet produced by pure allene gas
with a pressure of 1 bar passing through a 20-um nozzle
into a high vacuum collision chamber. After an interaction,
the recoil ions were produced due to the ionization and dis-
sociation of molecules. These ions were extracted from the
interaction zone to fly through the acceleration section and
field-free section, and finally detected by a position-sensitive
detector (PSD) equipped with two multichannel plates and
a delay-line anode. The uniform extraction field along the
time-of-flight (TOF) spectrometer axis was 60 V/cm, which
ensured recoil ions with a kinetic energy up to ~5.5 eV could
be completely collected. Simultaneously, the scattered projec-
tiles were charge separated by an electrostatic deflector and
detected by another PSD. In the coincidence measurement, the
TOF of the recoil ions was determined by taking the scattered
projectile signal as a reference, and recorded by a multihit
time-to-digital converter. The three-dimensional momenta of
all recoil ions were reconstructed from the hitting TOF and
position information.

According to the dependence of TOF on the mass-to-
charge ratio, ion species were identified. The fragmentation
channels were distinguished from the coincidence TOF map.
In order to identify the fragmentation mechanism in a three-
body fragmentation process, the Dalitz plot and Newton
diagram were utilized to reveal the momentum correlations
[4]. In a Dalitz plot, data points are plotted within a circle
inscribed in an equilateral triangle. The coordinates X and Y
corresponding to each data point are given by

2 2
P — D2
T VAT .
2
y = P 1 @)

Yp? 3
where p; with i = 1, 2, 3 represent the momenta of the first,
second, and third detected ions, respectively. In a Newton
diagram, the momentum vector of the first fragmentation ion
is represented by an arrow along the horizontal axis fixed to
one arbitrary unit. The momentum vectors of the second and
third fragments are normalized using the same normalization
factor for the first fragment and placed in the upper and lower
halves of the plot, respectively.

To confirm the sequential fragmentation mechanism, the
Dalitz plot can be Monte Carlo simulated using a classical
mechanical model. In a pure two-step sequential decay path-
way, the two steps are independent from each other. With the
momenta Py of the first step and Popq of the second step, the
momentum vectors j; with j = 1,2, 3 of the three fragments
can be written as

P = Py, 3)

N my = -

P2 = ————— Py + Py, 4
my + ms

N ms - -

Pz =— Pis — Pong, &)
my + ms

where j = 1 corresponds to the fragment emitted in the first
step that will not lead to other fragments and fragments
Jj = 2,3 are emitted in the second step by the intermediate

molecular ion. In the above formulas, Py simply corre-
sponds to the momentum of one of the fragments emitted
in the first fragmentation step. ﬁznd corresponds to the mo-
mentum of one of the fragments emitted in the secondary
fragmentation of the metastable molecular ion in the frame
of its own center of mass. The momentum values of the
two steps are |Piy| = &/2mi(my + m3)E1/(m; + my + m3)
and |132nd| = /2mym3E, [(my + m3), respectively, where my
with k = 1, 2, 3 denote the masses of the three fragments and
E,, E; represent the kinetic energies released in the two steps.

III. RESULTS AND DISCUSSION
A. Identification of fragmentation channels

Figure 1(a) presents the TOF spectrum of recoil ions gen-
erated from the ionization and dissociation of C3H4. Various
ionic fragments are observed, including the dominant ones,
i.e., parent molecular ions C3H;* and C3H4**, and their
daughter species. The occurrence of C3H,,>* (n = 2-3) in the
TOF spectrum indicates their rather long lifetime in the order
of at least several us, which further suggests a possible decay
channel of parent dication or trication involving the C3H,>*
fragments as intermediate. In addition to the ions produced
from the C3H4 molecule, we also observed H,Ot, HO™, O, ¥,
and N,* peaks in the TOF spectrum, which result from the
residual background molecules in the collision chamber.

In the present study, we focus on the three-body disso-
ciation channels of C3H,3t, which can be identified by the
triple-ion coincidence TOF map as displayed in Fig. 1(b). In
this map the sum of the TOFs of the first and second detected
ions is set along the horizontal axis, while the TOF of the third
detected ion is along the vertical axis. Then we identify that
the four structures surrounded by red elliptic lines in Fig. 1(b)
correspond to four three-body complete fragmentation chan-
nels of C3H43*. These channels are referred to as channels 1,
II, III, and IV as follows,

C3H,> — HY + HT + C3H, T, 1))
C;H*T - HY + CH" + G,H, ™, (I
C3H4*T — H' + CH," + C,HT, (IID)

C;Hs*T — HY + H,™ + C3HY. Iv)

The last channel involves the formation of H, molecule and
thus has a rather small cross section, which will not be
analyzed in the present work. Besides the above-identified
structures in the coincidence TOF map, the others are at-
tributed to many-body fragmentation processes with the
undetected fragment(s).

Channel I, C3H,*" — H* 4+ HT + C3H, ™, is a recently
reported three-body fragmentation channel for C3H,>* trica-
tions compared to previous works [22-24]. It occurs via the
breaking of two C-H bonds, while channels II and III are
formed via the breakage of both C-H and C-C bonds. To
largely exclude the random coincidence events, the momen-
tum sum in each dimension of three coincidence fragments
is limited to lie between £5 a.u. Given that the complete
collection of recoil ions is affected by the extraction field,

022818-2



SEQUENTIAL DEPROTONATION OF THE ALLENE ...

PHYSICAL REVIEW A 105, 022818 (2022)

(a) 45 /L

40

ALY
A\
A\

10

10* Counts

TOF (us)

FIG. 1. (a) The TOF spectrum and (b) triple-ion coincidence

during data analysis we limited the angle between the mo-
mentum of first HY and the TOF axis to be smaller than
30° in each channel to avoid energetic ion losses. Under this
condition and the assumption that the emission angles of the
ions are isotropic, the relative fractions of these three channels
can be fairly estimated. They are ~54%, ~20%, and ~26%,
respectively, with a margin of error of about 15%, which is
mainly due to the detection efficiency and statistical errors.
As the three-dimensional momenta of each ionic fragment
are reconstructed by the COLTRIMS technique, the kinetic
energy release (KER) of a dissociation channel can be deter-
mined. The center-of-mass frame is used in reconstructing the
fragment momentum in the present work. Figure 2 depicts the
KER distributions of channels I-III, which range from 8 to
18 eV with peak values of 12, 12.8, and 12.8 eV, respectively.
Channels II and III relate to C-C bond breaking and have a
larger KER than channel I only involving C-H bond breaking.
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FIG. 2. KER distributions of three three-body fragmenta-
tion channels for C;H,*: (I) C3H,S T — HY +HY + CGH,™,
(I) C3H** — HT +CHY + CoH,*, and (III) C3H* — HT +
CH,* + C,H*.
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TOF map of the collisions of C3H4 with 30-keV /u He?*.

Such a KER difference between the C-C and C-H bond break-
ing channels was also found in the two-body fragmentation of
C3H,%* dications [26].

The dissociation mechanisms of channels II and III have
been analyzed in an earlier work [22], whose conclusions
are consistent with the present results. These channels can
result from both the concerted and sequential dissociation of
C3H43* trications. In these two channels different dissocia-
tion mechanisms correspond to different KER distributions,
which leads, in addition to the main peak at 13 eV, to another
KER contribution around 14 eV (see Fig. 2). However, the
KER distribution of channel I exhibits a single peak, which
might indicate the important role of a single dissociation
mechanism in its formation. In the following section, channel
I, C3H*T — H* + HT + C3H, ™, will be analyzed in detail
through the Dalitz plot and Newton diagram to identify its
fragmentation mechanism. It should be noted that although
the present extraction field cannot enable a complete collec-
tion of some fragments, e.g., the higher-energy protons, it does
not affect the identification of fragmentation mechanisms in a
three-body channel.

B. Fragmentation channel H* + H* + C;H,*

The Dalitz plot and Newton diagram for the channel I are
shown in Figs. 3(a) and 3(b), respectively. In the Dalitz plot,
three edges of the equilateral triangle represent three fragment
ions, i.e., two H' (denoted as H,™ and Hy,™ for the first and
second detected protons, respectively) and C3H,*. The data
points are placed in the inscribed circle of the triangle and
the distances of one data point from three edges represent
the relative squared momenta [see formulas (1) and (2)] of
three fragments. Two oblique stripe structures are distributed
symmetrically on both sides of the vertical dashed line marked
as regions A and B, respectively. Such a stripe structure is
a typical feature of sequential dissociation [4,13,14,16,17].
Accordingly, the data points in region A correspond to the
events of the following sequential channel:

CiHS T - H, " + GH> - H," + Hy " + GH, Y. (Ta)
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FIG. 3. (a) Dalitz plot for the H" + H™ + C3H,* channel. Intense areas surrounded by red ellipses of solid and dashed lines are marked
as regions A and B, respectively. H,™ represents the first detected proton, whereas H,* the second one. Regions A and B contain only
the contribution of sequential fragmentation. (b) Newton diagram for the H* + H* + C3;H,™" channel. The momenta of H,™ and C;H,™" are
normalized to the momentum of H;. Red solid and dashed semicircles are plotted to guide the eye for the semicircular structures. (c) KE
distributions of H,*, Hy*, and C3H, " of channel 1. The KE of H* from the two-body dissociation channel C3H,3* — H* + C3H;3?* are also
superimposed in the diagram. These curves are normalized to unity at the maximum. (d) Simulated Dalitz plot for the sequential dissociation

process C3Hy3" — H + C3H3> — HY + HY 4+ C3H, ™.

In this sequential process, the H,™ and Hy* ions are produced
in the first and second fragmentation steps, respectively. Con-
versely, for region B, the H,™ ion is generated in the first
fragmentation step, while the H,™ ion arises from the second
fragmentation step. Regions A and B arise from the fact that
the first emitted proton can be detected before or after the
second emitted proton depending on its direction of emis-
sion (towards the detector or in the opposite direction) and
kinetic energy (KE). This kind of sequential deprotonation
pathway has been observed in the dissociation of C,H, and
C,Hy trications [15-18]. In these previous studies, an intense
distribution area was observed close to the edge of the Dalitz
plot corresponding to the heavier fragment and indicating a
concerted fragmentation process. Such a distribution close to
the C3H, ™ edge of the Dalitz plot is not observed here. This
shows that a concerted fragmentation process (C3Hy** —
H* 4+ H*™ + C3H, ™), where the two C-H bonds break concert-
edly and lead to the formation of two equivalent protons, does
not occur in the present case.

In the Newton diagram, the momentum vector of the first
detected proton H,™ is set as a unit along the x axis as the
red arrow shown in Fig. 3(b). The momenta of the second
detected proton H,™ and the residual C3H,™ are normalized

using the same normalization factor for the first detected
proton H,™ and placed respectively above and below the x
axis. Two pairs of semicircular structures can be apparently
seen in Fig. 3(b). The semicircular structures marked by
the red solid semicircles are strong evidence of a two-step
fragmentation process [4,11,13,14,16], which corresponds to
region A of the Dalitz plot in Fig. 3(a). In the first step, the
C3H,43* trication breaks into the H,T ion and the metastable
C3H3?t ion. Then the two ions repel each other and after
some time the second step happens that the metastable in-
termediate C3H;2t dication breaks into the H,* and C3H, ™"
ions. Similarly, the other semicircular structures marked by
red dashed semicircles correspond to region B of the Dalitz
plot. The incomplete semicircular structures indicate that the
lifetime of the intermediate C3H;2" is shorter than its own
rotation period of, e.g., ps. Since there is no reported rota-
tional period value of C3H3?* and the present channel does
not have enough counts, we do not perform an exponential
decay fitting [7] for the angle distribution between the first and
second fragmentation axes to retrieve the lifetime of C3H; 2+,
Again, no intense area appears in the Newton diagram and
also indicates the absence of the concerted fragmentation
process.
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Since the structures in the Dalitz plot or Newton diagram
and thus fragmentation mechanisms are clarified, the kinemat-
ics of the HT + H* + C3H, ™ channel are explicit. The KEs
of the three fragments of channel I are plotted in Fig. 3(c). As
the event points in regions A and B are equivalent, we merge
them for better statistics by switching H,* by H,™ and H,™
by H," in region B. It can be found that the KE of the first
proton is much higher than that of the second proton. Such KE
distributions are consistent with the sequential fragmentation,
in which the proton produced in the first step is repulsed by
the doubly charged C3H32* and the other one by the singly
charged C3H,*. This leads to the higher KER of the first
step C3H,3t — H, T + C3H32* than that of the second step
C3H3?* — Hyp* + C3H, ™. Although the higher-energy pro-
ton was not collected completely due to the present extraction
field, its KER distribution almost does not change when the
angle restriction for the momenta of protons is applied to
avoid the influence of energetic ion loss.

Furthermore, the KE peak value of ~8.4 eV of the first
detected proton H, ™ compares favorably with the KE of HT in
the two-body dissociation channel C3H,3* — HT + C3H;2*
as shown in Fig. 3(c). This, from another perspective, indi-
cates the existence of a sequential dissociation mechanism.
Both the two-body and three-body channels result from the
same trication C3H,>* and involve the production of C3H3>*+
dication which has a different stability [5]. For the two-body
one, the C3H3%* dication is stable (or has a long lifetime) as
it is detected in the present TOF spectrum. The appearance
of this two-body channel is consistent with the ab initio cal-
culations that HT + C3H3%t is the most favorable route for
the dissociation of C3H,43t [27]. For the three-body one, there
is no concerted fragmentation but a two-step process with a
short lifetime. In ion-molecule collisions, the large distribu-
tion of impact parameters can lead to a broad energy-transfer
distribution and involves a distribution of vibrational energy
transfer [30]. As we note that the KE distribution of H, ™ is
much broader than that of H from the two-body channel, this
might show that the vibrational excitation of the C3H43* trica-
tion leading to three-body fragmentation is significantly larger
than that leading to the two-body fragmentation process. This
larger vibrational excitation could give more impetus to the
hydrogen migration within the trication molecule.

To further confirm the existence of sequential fragmenta-
tion leading to channel I, we use a classical mechanical model
(see Sec. II) to simulate the corresponding Dalitz plot as
shown in Fig. 3(d). The released kinetic energies used in mod-
eling are assumed to have a Gaussian distribution Gauss(E, )
with the mean value E and the standard deviation w in eV,
where E corresponds to the released kinetic energy of each
step. According to the experimental results, Gauss(8.6, 0.4)
and Gauss(3.4,0.4) are set to the first and second steps of
pathway Ia, respectively. The angle between the first and
second fragmentation axes is distributed following the ex-
perimental distribution Gauss(0.6rr, 0.4r) within the range
of m/6 — . Then using formulas (1)—(5) to reconstruct the
Dalitz plot, two oblique stripe structures are thus presented in

Fig. 3(d), which is in perfect agreement with the experimental
Dalitz plot.

The absence of the concerted pathway (C3Hs** —
H* +H*" + C3H,") and the presence of the sequen-
tial one (C3H43+ — HT + C3H32+ — Ht +H" + C3H2+)
in the present case indicate the two protons or corresponding
hydrogen atoms in C3H,4> trications are in different environ-
ments during dissociation, which could finally result in two
different protons. One possible process responsible for the
absence of the concerted pathway is the ultrafast intramolec-
ular hydrogen migration occurring after the triple ionization
of the C3H4 molecule. The C3Hy trication in the ground dou-
blet electronic state has three different isomers, i.e., allene>",
vinylmethylene*, and propyne®* [27]. The isomerization be-
tween them occurs by consecutive 1,2-H migrations, which
exhibit significantly lower barriers. Such a hydrogen migra-
tion process has been investigated in the three-body Coulomb
explosion of an allene molecule driven by the intense laser
field ionization and the timescale was estimated to be ~20 fs
[24]. Once the relevant hydrogen atom(s) migrates around the
C-C-C skeletal bond, the four initially equivalent H atoms in
the ground state allene trication become nonequivalent, and
thus the C3H,3* trication could explode to form two different
protons. Nevertheless, this supposition needs theoretical cal-
culation, e.g., ab initio molecular dynamics simulation, to be
clearly established.

IV. CONCLUSIONS

In conclusion, the three-body fragmentation dynamics of
allene trications induced by the 30-keV/u He?" ion impact is
studied employing the COLTRIMS technique. The fragmen-
tation pattern of the channel H" + H* + C3H,* is analyzed
through the Dalitz plot and Newton diagram. The results
are found to be very different from previous studies of sim-
ilar three-body channels because it herein only includes a
sequential process, i.e., C3Hy>" — HY + C3H3>* — HT +
H*™ + C3H,™, and the concerted deprotonation mechanism
is found to be totally absent to form this channel. Such a
unique fragmentation pattern suggests that the two resultant
protons or corresponding hydrogen atoms are not identical in
the structure of the C3H,* trication. An ultrafast hydrogen
migration process might occur immediately after the triple
ionization of the allene molecule, which finally leads to the
two different proton fragments.
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