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Three-body fragmentation dynamics of BrCN?* (¢ = 3-6) induced by 1-keV electron impact
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The three-body fragmentation dynamics of BrCN“* (g = 3-6) produced by 1-keV electron impact has been
investigated using the ion momentum imaging technique. Up to 11 three-body Coulomb explosion channels
were identified and analyzed. The corresponding kinetic energy release (KER) distributions were obtained and
compared with the predictions of the Coulomb explosion model. By means of the Dalitz plot, Newton diagram,
and native frame method, we have studied the concerted and sequential fragmentation mechanisms for channels
leading to Br'" + C* + N* (I = 1-3). The KER for the intermediate dications BrC?>* and CN** from the
sequential mechanism were determined and the electronic states of the intermediate molecular ion CN?* were
discussed. For the channels leading to higher charge states of the carbon and nitrogen ions, only the concerted

fragmentation mechanism was observed.
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I. INTRODUCTION

The fragmentation dynamics of multiply charged poly-
atomic molecules has attracted much attention over the past
few decades due to its importance in a wide range of ar-
eas, such as planetary atmospheric chemistry [1,2], plasma
physics [3-6], and radiation damage of biological tissues
[7-14]. The multiply charged molecular ions can be gener-
ated by photon absorption [15-19], electron impact [20-24],
highly charged ion impact [25-34], and intense laser field
ionization [35-39]. Driven by the strong repulsive poten-
tial, the multiply charged molecules will decay via various
pathways which are described by the Coulomb explosion
model. In previous studies [26,40], it has been found that
the three-body fragmentation of polyatomic molecular ions
can proceed through a concerted or sequential mechanism de-
pending on whether a metastable intermediate is formed. For
the concerted fragmentation mechanism, the chemical bonds
are broken simultaneously, while in the case of sequential
mechanism, the previous studies showed that it happens in the
low-lying electronic states where the intermediate is weakly
bounded [26] and can be broken due to the influence of the
first ejected ion.

The identification and elucidation of the fragmentation
processes of polyatomic molecules are important for the
understanding of multibody quantum correlation dynamics.
During the past decades, the development of multiple co-
incidence ion momenta imaging techniques, such as the
recoil ion momentum spectrometer [41,42], cold target recoil
ion momentum spectroscopy (COLTRIMS) or the reaction
microscope [43—45], and the velocity map imaging (VMI)
technique [46], made it feasible to detect all the fragment
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ions and reconstruct their three-dimensional momentum vec-
tors. In consequence, the kinetic energy release (KER) and
the momentum correlation between the fragment ions can
be determined. For the three-body fragmentations, the Dalitz
plots [47,48], Newton diagrams [16], and the native frames
method [49,50] have been proven to be powerful tools to
provide insight into the multibody quantum correlations. Until
now, a variety of molecules, including the symmetric triatomic
molecules CO, [26,40,51-54], CS, [23], and H,0 [55], and
the asymmetric triatomic molecules N,O [56,57] and OCS
[15,22,31,49,50], have been investigated by electron collision
[22,23,53-56], ion collision [26,31,40,50,52,57], and photon
absorption [15,49,51].

Cyanogen bromide (BrCN) could be a previously un-
quantified participant in active Br chemistry which has been
suggested to play an important role in ozone loss. The disso-
ciation of BrCN is one of the sources of the active bromine
which participates in the destruction of ozone. Therefore,
BrCN is important for understanding the cycle of activated
bromine [58]. Until now, the dynamics of the dissociative
electron attachment [59-61] and electron-induced ion-pair
dissociation [62] of BrCN have been studied. To the best of
our knowledge, the investigation of the dissociation dynamics
of highly charged BrCN is still scarce. In the present work,
the three-body fragmentation dynamics of BrCN?* (¢ = 3-6)
induced by 1-keV electron impact was studied using an ion
momentum imaging spectrometer. Eleven three-body disso-
ciation channels were identified and their KER distributions
were obtained. By means of the Dalitz plot, Newton dia-
gram, and native frame method, the concerted and sequential
fragmentation mechanisms of the Br't + C* + N* (I = 1-3)
channels were identified and discriminated. For channels that
end up with higher charge states such as N>* or C>*, only
the concerted fragmentation mechanism was observed. The
obtained KERs of the concerted channels were compared with
the predictions of the Coulomb explosion model.

©2023 American Physical Society
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II. EXPERIMENT

The experiment was performed using an ion momentum
imaging spectrometer which has been described in detail else-
where [24]. In brief, the powder sample BrCN was purchased
from J&K Scientific with a purity of 98%. The vapor pressure
of BrCN is 13.3 kPa and can be volatilized to gas phase at
room temperature. The gas-phase BrCN was effused from a
capillary. In the interaction region (approximately 1 x 1 x
2mm?), the gas-phase target collided with electrons emitted
from a tantalum cathode illuminated by the 266-nm laser
pulse. The pulse width and repetition frequency are 600 ps
and 20 kHz, respectively. The created fragment ions were
extracted by a pulsed electrostatic field of 50 V/cm which
was switched on after the electron beam exiting the inter-
action region. After passing through the acceleration region
of 50 mm and a field-free drift tube of 100 mm, the ions
were detected by a temporal- and position-sensitive detector
(PSD). The three-dimensional (3D) momentum vectors of
ions were reconstructed from the time-of-flight (TOF) and
position signals. In the present work, the background pres-
sure is lower than 5.0 x 1077 Pa and the working pressure is
about 2 x 107> Pa. The incident electron energy and average
current were 1.0 keV and 40.0 pA, respectively. To improve
the efficiency, only the events with at least two fragment ions
were recorded for the online data acquisition.

For three-body dissociative channels, the Dalitz plots,
Newton diagrams, and native frame methods are employed
to elucidate the fragmentation mechanisms. The Dalitz plot
provides a powerful analytic tool to visualize the momentum
vector correlations and identify the fragmentation mecha-
nisms. In the Dalitz plot, the data are placed inside a circle of
radius % inscribed in an equilateral triangle. The perpendicular
distances from one specific point inside the plot to the edges
are defined as ¢;, which are the normalized squared momen-
tum of the three fragments,

I
&= —r, 1
2521 P? W

where p; is the momentum of the ith (i = 1, 2, 3) fragment
ion. The Cartesian coordinates x and y of the Dalitz plot are
defined as
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As shown in Fig. 1, each point in the Dalitz plot repre-
sents a specific momentum correlation pattern of the three
fragments. Usually, the localized events in the Dalitz plot
correspond to the concerted fragmentation process while the
delocalized events scattering along a certain curve originate
from the sequential fragmentation process.

In the Newton diagram, the x axis is defined by the mo-
mentum vector of one fragment. The other two fragments
are placed in the upper and lower halves of the diagram.
In this work, the momenta of the three fragments are nor-
malized by the one on the x axis. The previous studies
showed that, in addition to the localized distributions from the
concerted fragmentation, sequential fragmentation presents
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FIG. 1. Definition of the Dalitz plot. The arrows at each point
show the momentum correlation of the three fragments.

circular structures due to the rotation of the intermediate moi-
ety relative to the first emitted fragment. Usually, there are
overlaps between the distributions of concerted and sequen-
tial fragmentation in the Newton diagram. The native frame
method allows for separating the sequential and concerted
processes taking advantage of the rotation of the intermediate
molecular fragment [49,50]. The detailed definition of the
native frame method will be shown when we discuss the three-
body dynamics in the following. Briefly, if the lifetime of
the intermediate molecule fragment is longer than its rotation
period in the sequential fragmentation, the metastable moiety
has enough time to rotate at least one period and the KER
from this moiety will be independent of the rotation angle
relative to the first emitted ion. In the case of the concerted
fragmentation, the molecule dissociates without intermediate
moiety rotation. The two mechanisms can be separated with
the help of the rotation angle versus the KER spectrum of the
intermediate molecule in which a uniform angular distribution
corresponds to the sequential fragmentation.

III. RESULTS AND DISCUSSION

A. Ion coincidence maps and identification of the
fragmentation channels

The TOF spectrum of BrCN impact by 1.0 keV electrons
is shown in Fig. 2(a). Due to the comparable abundance of
the isotopes of bromine (the abundance ratio of ”Br:® Br is
100:97.3), two intense sharp peaks are observed for the parent
ions. Charge states up to 2 are observed for the fragment
ions. Due to the high kinetic energy acquired in the Coulomb
explosion process, the TOF of fragment ions has a broad dis-
tribution, resulting in an overlap between them. At a TOF of
about 5.2 and 7.3 ys, the sharp peaks indicate possible contam-
inations of C,N;” and C;N3* due to the impurity N=C—C=N
in the sample. But these ions can be filtered out by applying
the TOF correlations and momentum conservation.

Figure 2(b) shows the ionl+ion2-ion3 coincidence map
for the fragment ions from the three-body fragmentation
channels of BrCNY" (g = 3-6). In this map, the horizontal
axis is the sum of the TOFs of the first and the second detected
ions and the vertical axis is the TOF of the third one. Under the
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FIG. 2. (a) One-dimensional TOF spectrum of the first hit ions; (b) ionl+ion2-ion3 coincidence map for the fragment ions of BrCN9"

(g = 3-6). Here, the bromine ions contain two isotopes, "’Br and *'Br.

present experimental conditions, the ions with perpendicular
kinetic energy higher than 15 eV were lost due to the limited
strength of the extraction field. This leads to the lack of counts
in the middle of the islands. The obtained kinetic energy
of the ions emitted toward and backward from the detector
within a 30° solid angle (a cone with the same axis as the
TOF axis and its apex at the center of the collision area, and
with its half apex angle equal to 15°) was compared with
that without angular condition restriction and no significant

difference was found. Hence, the influence of the incomplete
collection efficiency on the KER distribution is negligible.
This is because the molecules are randomly oriented during
the impact ionization. Thereby the final kinetic energy of
the ions is independent of the emission angle. The lost ions
emitting perpendicular to the TOF axis only lower the total
counts of a specific channel rather than changing the kinetic
energy distributions. To ensure that the incomplete collection
has no influence, the emission angular condition restriction
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FIG. 3. (a)—(c) The coincidence maps of TOF3 versus TOF1 + (g2/¢q1)TOF2 for the Br'" + C** + N* and Br'" + Ct 4+ N> (I = 1-3)
channels, respectively. (d) The ionl+ion2-ion3 coincidence map and the coincidence map of TOF3 versus TOF1 4 (¢2/¢1)TOF2 for the

Br" + C** + N* and Brt + C* + N?* channels.
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FIG. 4. (a) KERqy3+ — ¢ plot by assuming the channel to be "Brt

“Brt 4+ C* + N+,

(£30° solid angle) is applied in extracting the branching
ratios. Due to the comparable abundance isotopes, each of
the three-body fragmentation channels consists of a pair of
coincidences. As shown in Fig. 2(b), except for the channels
with C** + N* and C* + N** coincidences (marked by the
dashed blue and red lines), other channels can be accurately
identified using the ionl-+ion2-ion3 coincidence map. For
the Br't + C** + N+ and Br't + C* 4+ N+ (I = 1-3) chan-
nels, the coincidence islands are obscured due to the unequal
charge states of the first and second hit ions (C>*/N* or
NZ*+/C* coincidence). Recently, a charge-encoded multipho-
toion coincidence (cMUPICO) method [63,64] was proposed
for distinguishing various dissociation channels in which
charge states of the ionic fragment are considered. In brief,
the horizontal axis of the coincidence map becomes TOF1 +
(q2/q1)TOF?2 instead of the sum TOFs, where g1 and ¢2 are
charge states of the first and the second ions, respectively.
Following this method, the events of the the Brit + C2* 4+
N+ and Br't 4+ C* + N>+ (I = 1-3) channels are plotted on
a coincidence map of TOF3 versus TOF1 + (¢2/q1)TOF2
with a charge ratio of 1:2 for g2/q1. The results are shown
in Figs. 3(a)-3(c) for the channels with Br*, Br’*, and
Br’t, respectively. The improvement is clearly shown
in Fig. 3(d) by comparing the standard TOF correla-
tion map and the ¢cMUPICO spectrum of the Brt +
C>* 4+ N7T and Br™ 4+ C* + N?* channels. The bottom and
the top coincidence islands can be assigned unambigu-
ously in Figs. 3(a)-3(c). The islands at the centers con-
tain two channels, ie., Br't +C* + N2+ and "Br't +
C>* + N where /=1, 2, and 3 in Figs. 3(a)-3(c),
respectively.

FIG. 5. Schematic of the kinematics of the sequential dissocia-
tion channel ABC - A+BC > A+B+C.
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+ C* + N, (b) KERp3+ — ¢ plot by assuming the channel to be

The overlapped channels at the center in Figs. 3(a)-3(c) are
further separated as follows: the random orientation of the tar-
get molecules ensures an isotropic angular distribution of the
ion. Hence, the KER distribution of the fragmentation channel
is independent of the dissociation angle. Here, we take the
momenta of carbon and nitrogen ions. The relative momen-
tum vector is defined by Ap = (mxpc — mcpn)/(mc + my)
where mc and my are the mass of the carbon and nitrogen
ions, respectively; pc and pyn are the measured momenta
of the carbon and nitrogen ions, respectively. We define the
reduced KERcy and ion ejection angle ¢, where KERcns+ =
(Ap)?2uen with uen being the reduced mass of the car-
bon and nitrogen ions, and ¢ is the angle between the Ap
and the extraction field (z axis). Based on the fact that the
KER is independent of the dissociation angle, if we plot a
KERcns+ —¢ map, the events of the correctly identified chan-
nels should be distributed on a vertical line. Figure 4(a) shows
the KERcn3+ — ¢ plot of the events that correspond to the
middle coincidence island in Fig. 3(a) by assuming all of them
come from the "Br' 4+ C* + N> channel while the same
events are shown in Fig. 4(b) assuming the channel to be
"Brt + C2* + N*. Two distinct structures can be observed
in these plots. In Fig. 4(a), one structure extends from 0°
to 180° and its KERcys+ is independent of ¢, which can be
assigned to the "Br* + C* 4 N?* channel. For the bottom
structure of the plot, the KERcys+ varies with ¢ which is in
contradiction with the fact that the KER is independent of
the dissociation angle. The events located in this area come
from the ' Brt +C2t + N* channel whose KERcy:+ — ¢
map is shown in Fig. 4(b). To avoid overlaps, we choose the
events within ¢ € [120°, 180°] both in Figs. 4(a) and 4(b)
to extract the channels. As for the "Br'* + C* + N2+ and
“Br!t + C2* + N* (I = 2, 3) channels, the same method is
applied to assign and extract the events.

In the offline analysis, the results of the °Br and ®'Br
channels are identical. Therefore, the sum of them is pre-
sented in this work to have better statistics. The KERs and
the momentum correlation angles (MCAs) of the concerted
process for these three-body fragmentation channels of
BrCNY" (g = 3-6) are summarized in Table 1. The MCA «
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FIG. 6. Experimental results for the Br™ + C* + N channel. (a) Dalitz plot; (b), (c) Newton diagrams with Br* and N as references. (d)
Native frame plot assuming sequential breakup of BrCN** with CN?* as the molecular intermediate. (¢) Native frame plot assuming sequential
breakup of BrCN3** with BrC?* as the molecular intermediate. The events in region I of (d,e) are from the concerted process BrCN3* —
Br* 4+ C* + N*, and the regions II in (d) and III in (e) correspond to sequential processes BrCN** — Br™ + CN?* — Br* 4+ C* + N* and

BrCN** — BrC?* + N* — Br' + C* + N*, respectively.

is obtained by the momentum vectors of two associated ions,
p1 and py,

o = arccos <M) 4
|pillp2l

TABLE I. The KERs and the MCAs of the concerted process for
three-body fragmentation channels of BrCN‘* (g = 3-6).

KER (eV) MCA (deg)
Channels Experimental CE* pgp. — pc®  per — PN©
Brt +C* + N* 20.5 24.9 130 152
Br*t + C*t + N+ 33.0 37.6 140 156
Br*t + Ct + N+ 43.0 50.3 144 160
Brt +C* 4 N* 40.5 45.0 134 151
Br’* 4+ C? 4+ N* 53.0 65.6 140 152
Brit 4+ C2t 4+ Nt 63.0 86.2 144 154
Brt +C* +N?* 36.0 41.9 124 156
Br’t 4+ C*t 4+ N2+ 51.0 59.4 132 160
Brit 4 Ct 4 N2t 61.0 76.9 140 162
Brt + C* 4 N**+ 57.0 74.2 125 152
Br’* 4+ C¥+ 4+ N2+ 72.0 99.6 132 154

*The prediction from the Coulomb explosion model.
®Momentum correlation angle between bromine and carbon ions.
‘Momentum correlation angle between bromine and nitrogen ions.

At the end of the sections, the differences between the
experimental KER and the predictions by the Coulomb ex-
plosion (CE) model will be discussed.

B. Concerted and sequential fragmentation dynamics
for Br'* 4+ C* + N+ (I = 1-3) channels

The Dalitz plot of the Br™ + C™ 4+ N* channel is shown in
Fig. 5(a). The plot demonstrates an intense area near the left
bottom and two winglike structures extending from the intense
area to both side edges. The intense area corresponds to the
concerted fragmentation where the carbon shares the lowest
kinetic energy. The left and right halves of the winglike struc-
tures originate from the sequential dissociation of BrCN3+
via the intermediate molecular ions CN>* and BrC>*, respec-
tively. The Newton diagrams of this channel are presented
in Figs. 5(b) and 5(c) where the momenta of the ions are
normalized to that of Br and N, respectively. Both of these
Newton diagrams show two intense spots and a clear circular
structure. The two spots in the Newton diagram correspond
to the intense area in the Dalitz plot, i.e., the concerted frag-
mentation. The circular structure, which is due to the rotation
of the intermediate molecular ion CN?>* or BrC?*, is a sign
of the sequential fragmentation process. There are overlaps
between the events from concerted and sequential fragmenta-
tion. To discriminate the events from the two mechanisms, the
native frame method is adopted. Assuming the channel to be
ABC —- A+ BC — A + B + C as schematically shown in
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Fig. 5, we plotted the density plots of the events as a function
of relative angle 6 and KER, where KER is the kinetic energy
released by the intermediate in the second step and 6 is defined
as the angle between the momentum of A and BC in the native
frame [65]

AP, - AP,
6 = arccos| ———— |, &)

AP || AP, |

where AP and AP, are expressed as
mp + m m
AP, = —"BTHC - A (s +Po),
ma + mg + mc ma + mp + mc

(6)

mc mp
APp= —— Py — ———Pc. 7
T L R L (7N

Here, P4, Pg, and Pc are measured momentum vectors of
A, B, and C, respectively. ma, mp, and mc are the mass of
three fragments A, B, and C, respectively.

The native frame plots assuming sequential breakup of
BrCN3*, CN?* and BrC?* being the intermediates, are shown
in Figs. 6(d) and 6(e), respectively. Uniform angular distri-
butions are observed in both native frame plots between 0°
and 70° which are clearly separated from the intense areas
from the concerted fragmentation. To show the momentum
correlations and KER distributions of the specific mecha-
nisms, we extract the events from concerted fragmentation by
applying the conditions marked by area I in Figs. 6(d) and
6(e). The events from the sequential fragmentation with CN>+
and BrC?* as the intermediate moieties are marked by areas II
in Fig. 6(d) and III in Fig. 6(e), respectively. The Dalitz plots,
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FIG. 8. The Dalitz plot, Newton diagrams with Br ion and N ion as references, and native frame plot for the Br** 4+ C* 4 N* channel in
(a)—(d), respectively, and for the Br*™ + C* + N* channel in (e)—(h), respectively. The events in regions I and II of (d) are generated via the

concerted process BrCN*t — Br?

+ 4 Ct 4+ N* and the sequential processes BrCN*t — Br?* 4+ CN** — Br*t + Ct +

N*, respectively.

The events in regions I and II of (h) are generated via the concerted process BrCN°>* — Br’* 4+ C* 4+ N* and the sequential processes

BrCN** — Br’t 4+ CN>* — Br** 4+ Ct + N*, respectively.

Newton diagrams, and KER distributions for the three regions
are exhibited in Fig. 7.

The Dalitz plot, Newton diagram, and kinetic energy distri-
butions of the concerted fragmentation of the Br* + C* + N+
channel are shown in Figs. 7(a)-7(c). The intense area near
the edge (C") in the Dalitz plot and two intense islands
in the Newton diagram confirm that the events in region I
of Figs. 6(d) and 6(e) originate from a concerted fragmen-
tation mechanism. For the concerted breakup process, the
most probable MCAs between the Brt and the N* ions,
and between the Br™ and the C*, ions are 152° and 130°,
respectively. The range of the KER of the concerted breakup
process is from 13 to 35 eV with a peak at about 20.5
eV. The branching ratio of the concerted breakup process is
93.5% £ 1.6%. The uncertainty only includes the statistical
error.

The Dalitz plot and Newton diagram for region II in
Fig. 6(d) are displayed in Figs. 7(d) and 7(e), respectively.
The left-winglike structure extending from the bottom edge
(C™) to the left edge (NT) in the Dalitz plot and the circu-
lar structure in the Newton diagrams confirm the sequential
dissociation process, i.e., BrCN** — Br* 4+ CN?* — BrT +
C* + N*. The KER distributions for the first and second steps
of the sequential fragmentation and the sum of the final three
ions are shown in Fig. 7(f). The total KER distribution ranges
from about 13 to 27 eV with the most probable value at about
19 eV. Similar to the previous studies, the KER of sequential
fragmentation is lower than that of the concerted mechanism;
i.e., the sequential mechanism comes from the low-lying elec-
tronic states of the molecular ions. The KER distribution in
the first step extends from about 7 to 20 eV with a peak value
of about 12.4 eV, and the KER distribution in the second step

ranges from 3 to 12 eV with a peak value of 6.2 eV. According
to the potential energy curves of the electronic states of CN>*+
as a function of the C-N internuclear distance calculated by
the multireference configuration interaction (MRCI) method
[66,67], there exists a conical intersection between the 14T1
and 12A states when the C-N bond length is ~2.38 bohrs
due to the spin-orbital interaction. The theoretical KER of this
fragmentation pathway is 6.1 eV, which agrees with the ex-
perimental result. The branching ratio for this fragmentation
process is 2.5% =+ 0.7%.

Figures 7(g)-7(i) depict the Dalitz plot, Newton dia-
gram, and KER distributions for the sequential pathway
of BrCN3t — Nt + BrC*t — Br™ + C* + N*, which is
marked in region III in Fig. 6(e). One can note the right-
winglike structure extending from the bottom edge (C™) to the
right edge (NV) in the Dalitz plot, and a circular structure in
the Newton diagram; these confirm the sequential dissociation
mechanism. The total KER distributes from about 12 to 25 eV
with the most probable value at about 17.5 eV. The KER distri-
bution for the first step ranges from about 7 to 19 eV with the
most probable value at about 11.5 eV. The KER distribution
for the second step ranges from 3 to 11 eV with a peak value
of about 5 eV. The branching ratio of this sequential process
18 3.9% £ 0.9%.

The Dalitz plot, Newton diagrams with bromine ion and ni-
trogen ion as references, and native frame plot for the Br’* +
C*t + N* channel are displayed in Figs. 8(a)-8(d), respec-
tively. The corresponding diagrams for the Br’* 4 C* 4+ N+
channel are displayed in Figs. 8(e)-8(h), respectively. Differ-
ent from the Brt + C* + N7 channel, only intense areas near
the bottom edge of the triangle (C") and left-winglike struc-
tures extending from the bottom edge (C') to the left edge
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FIG. 9. Dalitz plot, Newton diagram, and KER distributions for the concerted fragmentation of Br** + C* 4+ N7 in (a)—(c), respectively,
for the concerted fragmentation of Br’* 4+ C* 4+ N* in (d)—(f), respectively, and for the sequential fragmentation of Br?* + C* + N7 in (g)—(i),
respectively. The angles on the upper and lower halves of the Newton diagrams in (b), (€) are MCAs between the N* ion and C* ion, and those
between the N* ion and Br**/Br®* ions, respectively. Red solid lines in (c), (f) represent the KERs predicted by the CE model. The first and
second steps in (i) represent the KERs of BrCN** — Br** 4 CN?* and CN?>* — C* + N*, respectively, and “Total” represents the sum of

the two steps.

(N*) are observed in the Dalitz plots, as shown in Figs. 8(a)
and 8(e). These features indicate that both concerted and
sequential mechanisms are involved in the Br’** + C* + N*
and Br’*t + CT + N* channels. For the sequential mecha-
nism, only the CN?* that are the intermediates are observed.
The sequential reaction pathways are further confirmed by
the Newton diagrams. As shown in Figs. 8(b) and 8(c) for
Br’t 4+ C* + N* and Figs. 8(f) and 8(g) for Br’*t + C* +
N+, respectively, the circular structures are observed only
when Br?* and Br®™ are the references. The native frame plots
for Br** + C* + N* and for Br’** 4 C* 4 N* are shown in
Figs. 8(d) and 8(h), respectively. Conditions I and II mark
the events from concerted and sequential fragmentations,
respectively.

For the concerted mechanism, the Dalitz plots, Newton
diagrams, and the KER distributions are shown in Figs. 9(a)—
9(c) for the Br*™ + C* 4+ N* channel and Figs. 9(d)-9(f)
for the Br** + C* + N* channel, respectively. The peaks of
the MCA between the Nt jon and the Br*" ion, and be-
tween NT and C*, are 156°, and 64°, respectively, for the
Br’* + C* + N* channel. Correspondingly, the MCAs for
the Br’** + Ct + N* channel are found to be 160°, and 56°
between the NT ion and the Br’*, and between the N* and
C*, respectively. With the increasing charge states of Br ions,
the repulsions between Br ions and C*, and those between
Br ions and N* become stronger. As a result, the MCAs
between the N* ions and the Br'™ (I = 1-3) ions and those
between the C* ions and the Br't (I = 1-3) ions increase
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FIG. 10. Experimental results for the Br't 4+ C2* + N+ (/ = 1-3) channel. The Dalitz plots, Newton diagrams with N* as references, and

KER distributions are shown in the first, second, and third columns, respectively. The angles on the upper and lower halves of the Newton
diagrams are MCAs between the N ion and C ion, and those between the N ion and Br ions, respectively. Red solid lines in the right columns

represent the KERs predicted by the CE model.

with the charge states. The KERs for the Br’t 4 Ct 4+ N*
and Br** 4+ C* 4+ N* channels extend from 20 to 50 eV with
a peak at 33 eV and from 26 to 62 eV with the most probable
value at 43 eV, respectively.

The Dalitz plot, Newton diagram, and KER distribution
for sequential dissociation of the Br>* + C* 4+ N* channel
are displayed in Figs. 9(g)-9(i). In Fig. 8(d), the window
condition does not include the full angles to avoid overlap
between sequential and concerted mechanisms; only a half-
circular structure in the Newton diagram is presented. Still,
this is clear evidence of the sequential mechanism. The KER
distribution ranges from about 21 to 40 eV with the most prob-
able value at about 28 eV and that in the first step extends from
about 12 to 30 eV with a peak value of about 21.5 eV. The

KER distribution of the second step, i.e., CN?t - Ct 4+ N,
ranges from 2 to 13 eV with the most probable value of 6.5 eV,
which agrees with the result of the second step of the sequen-
tial dissociation process of the BrCN** — Br* + CN?* —
Br* 4+ CT 4 N* channel, as shown in Fig. 7(f). As compared
in region II of Figs. 8(d) and 8(h), the KERs of CN2* from
the Br>™ +C* 4+ N* and Br*" + C* 4+ N* channels are in
the same range. The branching ratios of the concerted and
the sequential processes for the Br’™ + Ct 4+ N+ channel
are 96.3% 2% and 3.7% £ 2%, respectively. For the se-
quential fragmentation of the Br** 4+ C* 4+ N* channel, the
counts are quite limited, as marked in Fig. 8(h), which are not
discussed in this work. The most probable value, maximum
value, and width of KER for the concerted and sequential
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processes of the Br't + C* + N* (I = 1-3) channel are listed
in Table II.

C. Concerted fragmentation dynamics of Br'* + C2+ 4+ N+,
Br't + C* + N** (I = 1-3), Br* + C** + N+,
and Br?* + C?* + N?* channels

Figures 10(a)-10(c), 10(d)-10(f), and 10(g)-10(i) display
the Dalitz plot, Newton diagram, and the kinetic energy dis-
tribution of the Br't 4+ C2* + Nt channels for [ = 1, 2, and
3, respectively. Figure 11 shows the same plots as Fig. 10
for the Br'™ + C* + N?* (I = 1-3) channels. The same plots
of the Br* + C2t 4+ N2t and Br?* 4+ C2* 4+ N?* channels are
shown in the first and second rows of Fig. 12, respectively. For
all of the aforementioned channels, the features in the Dalitz
and Newton plots indicate that only the concerted mecha-
nism is observed. Similar to the Br'* + Ct + Nt (I = 1-3)

channel, the Coulomb repulsion between the ions increases
with the charge states of the bromine ion. As a result, the
MCAs between bromine and carbon ions, and that between
bromine and nitrogen ions increase as a function of the charge
states, as shown in the middle columns of Figs. 10 —12. The
experimental KERs present Gaussian profiles and the peak
values increase with the charge states of the bromine ion for
specific carbon and nitrogen charge states, as shown in the
right columns of Figs. 10-12.

D. Discussion

For all of the sequential fragmentation channels,
BrCN3*t — Brt + CN?t — Brt + Ct + N*, BrCN3*t —
BrC** + Nt — BrT + Ct + N, and BrCN*t —
Br?* 4+ CN* — Br?t 4 C* 4 N*, the peaks of the KERs are
lower than those of the corresponding concerted mechanism.
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This means all of the sequential channels originate from
the lower-lying electronic states. The KER differences
between the sequential fragmentations of BrCN3* and
BrCN*t almost come from the first step dissociation, as
shown in Figs. 7(f), 7(i), and 9(i). As aforementioned,
the second step dissociations CN?>* — C* +N* from
both BrCN3* and BrCN** give almost identical KERs
indicating that the same electronic states are involved. For
the BrCN>* — BrC?** + Nt — Br™ + C* + N* channel,
the KER of the second step, BrC>* — Br™ 4 C™, is lower
than the other channels. This is because the bond length of
Br-C (1.79 A) is larger than the C-N bond (1.16 A) at the
equilibrium geometry of BrCN. For the charged state of the
molecule, the bond length of intermediate BrC>* may also be
larger than that of CN?*, leading to lower KER.

As for the concerted fragmentation channels in this work,
the momenta of nitrogen are always smaller than that of
the bromine ion. This is due to the fact that the mass of
bromine is much heavier than carbon and nitrogen. At the
beginning of the Coulomb explosion, the bromine ion is al-
most at rest and the shorter bond length of C-N leads to a
strong repulsion force between carbon and nitrogen ions. The
repulsion between carbon and nitrogen ions pushes carbon
to come close to the bromine since the mass of carbon is
lighter than nitrogen. In this case, the internuclear distance
between bromine and carbon decreases first which can be even
much shorter than the initial bond length of C-N. As a result,
the momenta of the bromine ion could be larger than that of
nitrogen.

As for the KERs predicted by the Coulomb explo-
sion model, they deviated from the experimental peaks
for the channels with charge states >5, e.g., Br’™ + C* +
N*, Br*t +C?" +N*, Br*t +C* + N>, Brt 4+ C*" +
N**, Br*t + C** + N*, Br’* +C* +N?*, and Br*" +
C?>* 4+ N?*, where some of the predicated KERs are out of the
experimental range. Even for the other channels with charge
states <4, the KERs obtained from the Coulomb explosion
model are still higher than the peak of the experiment. The
reason for the deviations may be the charge rearrangement
at the very beginning of the dissociation. For the multiple

TABLE II. The most probable value and range of KER for
the concerted and sequential processes of the the Br't 4+ C* + N+
(I = 1-3) channel.

Most probable Range of
Channels KER (eV) KER (eV)
BrCN*+ — Brt + C* + N+ 20.5 13-35
BrCN3**+ — Br™ 4+ CN2*+ 19 13-27
— Brt +C* +N*
BrCN3**+ — N+t + BrC?* 17.5 12-25
— Brt +C+* +N*
BrCN*t — Br’* 4+ C* 4+ N* 33 20-50
BrCN** — Br’* + CN?** 28 21-40
— Br¥t + Ct 4+ Nt
BrCN°* — Br** 4+ C* 4+ N* 43 26-62
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ionization of molecules by electron impact, the most proba-
ble mechanism could be the inner shell ionization, following
Meitner-Auger decay [68]. The heavier element has a higher
inner valence ionization cross section than the light element.
Hence, the positive charges are localized on the bromine ions
after the local Meitner-Auger decay. For the more highly
charged state, the Br-C chemical bond is broken and dissoci-
ates very fast. Simultaneously, there is electron transfer from
the CN group to the bromine ion which can occur within a
very long Br-C internuclear distance due to the highly charged
state of bromine. As a result, the effective internuclear dis-
tance of the Coulomb explosion of the highly charged state
is larger than the equilibrium geometry and a lower experi-
mental KER can be expected. The internuclear distance for
electron transfer can be estimated by the classical over-the-
barrier model [69,70]. The predicted internuclear distances for
electron transfer from carbon (here, we take neutral carbon,
ionization potential IP = 11.26 eV [71], for an example) to
Brt, Brot, and Bro" are 6.4, 7.0, and 7.5 A, which are much
larger than the equilibrium bond length of C-Br (1.79 10%) [72].

IV. CONCLUSION

In conclusion, the fragmentation dynamics of the BrCN¢™
(¢ = 3-6) induced by 1-keV electrons was studied employing
the ion momentum imaging technique. Eleven three-body

fragmentation channels were identified and their KER
distributions are obtained. The fragmentation mechanisms
for these channels were studied with the help of Dalitz plots,
Newton diagrams, and native frame methods. The sequential
fragmentation processes were observed in the following
channels: BrCN3*t — Nt 4+ BrC?*t — Br* + C* + N+,
BrCN3*t — Brt + CN?t — Brt + Ct + N*, BrCN*t —
Br’t + CN** — Brt + CT + N™, and BrCN>* —
Br’t + CN?* — Brt +Ct +N*, and the concerted
fragmentation processes exist in all 11 channels. For the
concerted fragmentation of all the channels, the experimental
KERs are lower than the predictions by the Coulomb
explosion model. The reason is ascribed to the ultrafast
dissociation and electron transfer at the very beginning of
the dissociation which results in a prolonged internuclear
distance compared to the equilibrium geometry.
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