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The C-C bond cleavage dissociation of ethylene dication produced by 18-keV/u Ne®* impact is investigated
by combining experimental measurement and theoretical calculation. Using cold target recoil ion momentum
spectroscopy, two channels, i.e., the symmetric fragmentation, C,H,>t - CH," + CH,*, and the isomeric
one, CH,> — CH* + CH;*, are clearly identified and thus their kinetic-energy release (KER) distributions
are determined. The average KER values are then compared with the theoretical results obtained by quantum
chemical calculations, which provide reaction paths of both channels on the potential-energy surfaces of different
molecular states. It is found that the hydrogen transfer process and excited-state dynamics still play crucial roles
in the formation of C-C bond cleavage channels, but in a different way in comparison with the cases of acetylene

C,H, and ethane C,Hg.
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I. INTRODUCTION

Understanding the underlying electronic and nuclear dy-
namics of polyatomic molecules ionized by energetic particle
collisions provides elementary knowledge of the fields of, e.g.,
controlled chemical reactions [1], plasma physics [2], and
radiation damage [3]. During collisions, the bound electrons
of a molecule could be excited and ionized. The ultrafast
electronic migration will trigger nuclear motion, which leads
to molecular fragmentation if enough internal energy is avail-
able [4,5]. The fragmentation can occur directly, e.g., rapid
Coulomb explosion [6], as long as the chemical bond involved
continuously elongates and finally breaks up. In addition to
the dominant direct fragmentation, there is another kind of
path involving chemical bond rearrangement and isomeriza-
tion prior to the final fragmentation. The isomeric dissociation
is usually low yielding but presents unique and interesting
dynamics. For example, the intramolecular-hydrogen-transfer
induced isomerization has been extensively studied for its key
role in biologically functional complexes [7-9]. To probe the
isomerization dynamics during the collision-induced dissoci-
ation, the coincident three-dimensional momentum imaging
technique, e.g., cold target recoil ion momentum spectroscopy
(COLTRIMS) [10], is generally employed.
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Due to the high mobility of light-mass hydrogen atoms,
hydrocarbon molecules have been chosen as essential proto-
types to study isomerization and corresponding fragmentation
processes. The hydrogen atoms can migrate along the C-C
skeletal bonds and cause various important chemical reactions
[11], e.g., 1,2-hydrogen shift and roaming processes. These
processes have been extensively investigated by intense laser
field ionization [12-18], which enables precise measurement
of temporal and energetic information. However, strong laser
pulses with rather long irradiation times could easily alter
the profile of the molecular potential-energy surface (PES).
In contrast, the ion-molecule collision has a short interaction
time and thus provides a more direct scheme to uncover the
isomerization mechanism [19-26]. On the theoretical side,
PES calculation is pertinent to the identification of the frag-
mentation mechanism by tracing a series of intermediates and
transition states in reaction paths [27,28].

As two of the simplest hydrocarbon molecules, acetylene
and ethane have attracted much attention for their C-C
bond cleavage dissociation [12-16,22,24,29,30]. Both the
direct or symmetric fragmentation channel (C,Hy, 2T —
CH," + CH,%") (n=1,3) and the isomeric or asym-
metric one (C,H,*t — CH&H) + CH(J;_I) n=1,3)
are observed in the dication dissociation. The latter chan-
nel concerns the ultrafast hydrogen transfer on tens of
femtosecond timescales [12—-14]. The asymmetric frag-
mentation of C,H¢?* has a single-peaked kinetic-energy
release (KER) distribution and is considered to occur
on the PES of the excited state, i.e., the lowest triplet
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one [24]. However, the KER distribution of C,H,2*
asymmetric fragmentation is bimodal and involves isomeriza-
tion on the PES of some higher excited states [22,27,30]. For
the symmetric fragmentation, the hydrogen transfer process is
not involved in the C-C bond cleavage of C2H§+ [15,27], but
it is an important contributor to the case of CzHéJr [16,24].
A considerable proportion of the parent ion [CH3 — CH;)**
could be isomerized to the intermediate of [CH, — CH4**
by hydrogen transfer and finally dissociated into two CH3™
fragments from the double bridge structure [H,C(H,)CH,]**.
So the CZH?r symmetric channel has a rather complicated
reaction path as compared to the one-step dissociation of the
CZH?r case. And for each symmetric channel, both the ground
and excited states contribute to the features of KER distribu-
tion [22,24,29,30]. As mentioned above, the hydrogen transfer
process and excited-state dynamics have significant effects on
the C-C bond cleavage of acetylene and ethane molecules, but
in different ways. Therefore, to better understand their roles,
another molecule with the C-C bond, i.e., ethylene, occupying
the middle ground between acetylene and ethane could be
studied.

In this paper, we report the C-C bond cleavage dissoci-
ation dynamics of ethylene dication produced by 18-keV/u
Ne®* impact. The symmetric and isomeric channels, i.e.,
C,H,2* — CH,* + CH,* and CHt 4+ CH;™, are identified
and measured utilizing the COLTRIMS technique. Revolving
around the experimental KER distributions of both channels,
ab initio quantum chemical calculations are carried out to
obtain reaction paths of C;H4>* in singlet and triplet states.
The roles of hydrogen transfer and excited state in the for-
mation of symmetric and asymmetric fragmentation will be
examined.

II. METHODS

The collision-induced dissociation experiment was carried
out using the COLTRIMS setup at Fudan University. The
details of the setup have been described before [31]. Briefly,
a beam of 18-keV/u Ne®* ions produced by an electron cy-
clotron resonance ion source was guided to a high vacuum
collision chamber and therein perpendicularly collided with
a supersonic jet of ethylene gas. The resultant ionic species
were extracted and accelerated by a uniform electrostatic field
of 100 V/cm, and projected to a position-sensitive detector
(PSD). The PSD consisted of double microchannel plates and
a delay-line anode, which was mounted at the end of a Wiley-
McLaren time-of-flight (TOF) tube. After the interaction, the
scattered ions had different charge states due to charge ex-
change. They were separated by an electrostatic deflector, and
finally hit on another PSD. According to the TOF and position
data from the PSD, three-dimensional-momentum vectors of
the recoil ions were reconstructed. And thus the KER of each
coincident channel could be deduced as the kinetic-energy
sum of all fragments in this channel. In particular, for the
two-body channels studied here, the KER in the center-of-
mass coordinate system could be obtained. Thus we did not
need to consider the influence of the projectile momentum
transfer, which could induce recoil energy of the fragments.
This energy was estimated to be about tens of meV by the
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FIG. 1. Ion-ion coincidence TOF map of the overlapped two-
body fragmentation channels CH,* + CH,™ and CH™ 4+ CH; ™" of the
C,H,** ion caused by 18-keV/u Nebt impact. The areas surrounded
by black and red rectangles are analyzed for CH,™ + CH,* and CH*
+ CH; ™, respectively. The red and black dashed lines are drawn with
a slope of —1, and through the nominal TOFs of (CH*, CH3™) and
(CH,*, CHy™).

measured results of [32] and much smaller than the fragment
energy due to a pure Coulomb explosion. To exclude the
random coincidence events, the center-of-mass momentum
sum of two coincidence fragments was limited to lie be-
tween £5 a. u. in each direction. The measurements were
calibrated by the Coulomb explosion kinematics of N, di-
cation under the same experimental condition. In the present
paper, both the transfer ionization and double capture mecha-
nisms (corresponding to Ne’* and Ne®* scattered projectiles,
respectively) contributed to the studied channels, whereas
the former is dominant with a relative importance of about
85%. And there is no obvious difference in the structure of
the KER distribution in the cases of Ne’* and Ne*. Thus
during the data analysis, we did not separate the scattered
projectiles.

The dissociative reaction paths of C,H,*+ dication were
searched on the PESs of singlet and triplet states using the
GAUSSIAN 16 package [33]. Employing the density functional
theory with the B3LYP functional and aug-cc-pVTZ basis set,
geometry optimization and single-point energy calculation
were performed for initial C,H4** ions, intermediate (INT),
transition state (TS), and products. Zero-point energy (ZPE)
corrections were included. To ensure the connection between
a TS and corresponding reactant, INT, or products, intrinsic
reaction coordinate (IRC) calculations were carried out at the
same theoretical level. In each reaction path, the reverse acti-
vation energy, i.e., the energy difference between the highest
TS and products, could be released as the kinetic energy of
products. And this energy was compared to the experimental
KER value of the corresponding channel.

III. RESULTS AND DISCUSSION

Figure 1 displays a partial TOF correlation map of two-
body fragmentation channels of the C,H,>* ion induced by
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FIG. 2. (a) KER-Ocy,+ and (b) KER-fcy,+ coincidence maps for all of the events in Fig. 1. The Ocy,+ and Ocy,+ represent the dissociation
angle between the fragmentation direction and TOF axis for CH,™ + CH,™ and CH* + CH3™" channels, respectively. (¢) KER-0cy,+ map for
the fragmentation events in the black rectangle in Fig. 1. (d) KER-6cy,+ map for the events in the red rectangle in Fig. 1.

Ne®" projectile. The abscissa is the TOF of the first hitting ion
while the ordinate is that of the second one. In consequence of
momentum conservation, the two-body fragmentation should
be shown with a slope of —1. The parallel black and red
dashed lines are added with a slope of —1 to help identify
the fragmentation channels. In the eye-catching long island,
there are two data structures surrounded by black and red
rectangles, respectively. As shown in Fig. 1, the black dashed
line passes through both the nominal TOFs of (CH, ™, CH, ™)
and the axis of symmetry of the lower part, which is a sign that
the events inside the black rectangle are mainly contributed
by the fragmentation channel CH,* 4+ CH,™". Likewise, the
events within the red rectangle could be identified utilizing
the red dashed line, and are considered to result from the
CH™" + CH3™" ion pair. Thus, according to the TOF, the two
two-body fragmentation channels in Fig. 1 are preliminarily
identified; one is a symmetric process with direct cleavage
of the C-C bond and the other is an asymmetric dissociation
channel initiated by hydrogen-transfer-induced isomerization,
as shown below:

C,H,*" — CH," + CH, ™, )
C,H,>* — CH' + CH5™. (ID)

However, as shown in Fig. 1, these two channels are over-
lapped in the TOF domain and cannot be completely separated
from each other under the present experimental condition.

This is mainly due to the proximity of the mass-to-charge
ratio of the above fragments (CH', CH,*, and CH3") and
the broadening of their TOFs.

To further disentangle them and obtain the branching ra-
tios of the overlapped channels, the correlation map of KER
distribution versus dissociation angle is analyzed, as shown
in Fig. 2. A detailed description of the analysis method has
been presented before [30], and only a brief introduction is
given here. Herein, since the two fragments fly in opposite
directions in the two-body fragmentation, we define the angle
between the momentum of one of the fragments and the TOF
axis as the dissociation angle 6 (8cp,+ and Ocp,+). In the
present experiment, due to the random orientation of target
molecules, either of the fragments in a two-body fragmen-
tation is usually emitted isotropically. The KER distribution
of the fragmentation channel is independent of the dissocia-
tion angle and should be distributed vertically in the KER-6
map of the corresponding channel. Assuming the coincidence
events in Fig. 1 are totally contributed by the fragmentation
channel I or channel I, the KER-Ocy,+ and KER-6cy,+ corre-
lation maps are presented in Figs. 2(a) and 2(b). As shown in
Fig. 2(a), there are two distinct structures, the main one along
the vertical black dashed lines and the minor one along the
red dashed curve. The KER of events around the vertical line
is independent of 6cy,+, indicating that the events originate
from channel I. The events around the red curve, however,
show a peculiar dependence on the dissociation angle, which
is caused by the misjudgment of channel identification, and
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FIG. 3. Kinetic-energy release distributions for fragmentation channels (a) CH,™ + CH," and (b) CH* + CH3™. The black, purple, and
green solid lines correspond to the Gaussian-fitting profiles. The purple and green arrows mark the peaks of the Gaussian fit. The red and blue
vertical bars with dashed lines represent theoretical values obtained by reaction path calculations for the singlet and triplet states, respectively.

these events should correspond to channel II. Similar features
are observed in Fig. 2(b); the events distributed along the red
vertical dashed line are attributed to channel II, while those
along the curved dashed line correspond to channel 1. Based
on the above analysis, we separately plot KER-6 correlation
maps of the events in the red and black rectangles (in Fig. 1) as
shown in Figs. 2(c) and 2(d). The KER distribution of events
in Fig. 2(c) [Fig. 2(d)] is parallel to the Ocp,+ (Ocn,+) axis,
which is totally from channel I (channel II), reconfirming the
decoupling of fragmentation channels I and II.

The isotropy of dissociation angle means a sinusoidal dis-
tribution in the range of 0-180°. The angle distribution of
channel I in Figs. 2(a) and 2(c) is from 0° to ~80°, mainly
caused by the identity of the two CH," fragments and the
detector dead time. For channel II in Fig. 2(b), a complete
angle distribution (from 0° to 180°) is displayed. But the
dissociation angle in Fig. 2(d) is only distributed from 0° to
~90° because nearly half of the events in channel II are mixed
with channel I [see Fig. 2(b)]. Consequently, when extracting
the branching ratios of the two channels, both Ocy,+ and Ocy, +
are limited to less than 30° to avoid the influence of detector
dead time and the overlap of the two channels. As a result of
two identical fragments in channel I, only half of the event
counts are considered actual. In this way, the branching ratios
of channels I and II are estimated to be 98.7 and 1.3% with
a margin of error of about 15%, which is mainly from the
detection efficiency and statistical errors.

For fragmentation channels I and II, the KER distributions
are deduced from the momenta of corresponding fragment ion
pairs and shown in Figs. 3(a) and 3(b), respectively. The black
dots are the measured KER distributions. The uncertainties
presented as horizontal and vertical error bars are mainly from
the momentum uncertainty of 0.3 eV and the data statistics.
The large distribution of impact parameters in ion-molecule
collisions causes a wide electronic and vibrational energy
transfer and thus leads to a broad KER distribution. A broad
asymmetric bimodal KER distribution is obtained for the
symmetric fragmentation channel I, as shown in Fig. 3(a).
Through a double-Gaussian fitting, it is measured to peak at
around 5.4 eV with a higher-energy contribution at around
7.5 eV. Since the KER distribution is closely related to the

molecular potential-energy surface, these two structures in-
dicate at least two energy transfer paths during the direct
cleavage of the C-C bond. In Fig. 3(b), the KER distribution
for the isometric fragmentation channel II shows a nearly
unimodal distribution with a peak around 5.6 eV. In order to
further explain these KER values and explore the underlying
mechanisms of the symmetric and isomeric fragmentation
channels, we have performed the ab initio reaction path cal-
culations on the PES of C,H4** singlet and triplet states, as
shown in Figs. 4 and 5. The theoretical level of B3LYP/aug-
cc-pVTZ is employed for all calculations including geometry
optimization, single-point energy, ZPE correction, and IRC
calculation.

As shown in Fig. 4, for the CH,* + CH,* channel,
one reaction path from the singlet state and three from the
triplet state are obtained through searching corresponding
PESs. All of those paths exhibit a one-step dissociation with
a productlike transition state. It is patently obvious that the
1,2-hydrogen shift does not come into the symmetric frag-
mentation, which is the case for C2H§+ [15,27], but not for
CoHZ™ [24]. After vertical double ionization, the CoH,>*
ion in the singlet state relaxes to a global minimum with
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FIG. 4. Potential-energy diagram for the dissociation paths of
C,H,** — CH,* + CH,™. The reactant C,H,”>* ions are in singlet
and triplet electronic states and the products, i.e., two CH,* frag-
ments, are both in the doublet state. The relative energies are shown
in eV with respect to C,H,>* in the singlet ground state.
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FIG. 5. Potential-energy diagram for the dissociation paths of
C,H,** — CH* + CHj*. The reactant C,H4%* ions are in singlet
and triplet electronic states. The CH;* product is in the singlet state,
while the other product CH™ can be in either the singlet or triplet
state. The relative energies are shown in eV with respect to C,H,2+
in the singlet ground state.

twisted D,; symmetry, denoted as s-CoH4>*. Then s-C,H,>*
could dissociate into two CH,™ fragments in doublet states
(d-CH, ™) via the transition state ' TS with a barrier height of
5.29 eV. The reverse activation barrier of this path is 5.18 eV.
The structure of C,H,4*" in the triplet state (t-C,H4>") differs
from that of s-C,H42* and has a planar Dy, geometry. The
triplet state is 2.56 eV higher than the ground singlet state. It
can proceed with dissociation into two d-CH, ™ fragments in
three different paths. Three transition states, i.e., 3TS, 3TS’,
and 3TS”, are involved, among which the 3TS” transient has
an asymmetric structure in C; symmetry. These paths have
different activation barrier energies of 2.05, 2.56, and 4.85 eV,
and corresponding reverse activation barriers are 4.50, 5.01,
and 7.30 eV, respectively.

As for the CH" + CH3 ™ channel, a hydrogen transfer pro-
cess must first occur between the two CHj radicals of ethylene
to form a methyl group. Therefore, as shown in Fig. 5, the re-
action paths of the asymmetric fragmentation are much more
complicated than that of the CH,™ + CH,* channel. One
path including two transition states and the other including
three transition states are found on the singlet and triplet
state PESs, respectively. Subsequent to double ionization, the
unstable s-C,H,;>* undergoes hydrogen-transfer-induced iso-
merization to form the [CH — CH3]>* intermediate (denoted
as 'INT1) in C3, symmetry via TSI with an activation bar-
rier energy of 0.66 eV. The energies of 'TS1 and 'INT1 are
very close, due to a slight structural deformation of hydrogen
atoms. Afterwards, the 'INT1 evolves into ! TS2 with the same
G5, symmetry and the barrier height is 3.47 eV relative to
'INT1. During this process, only the distance between the
two carbon atoms varies from 1.29 to 2.31 A. Finally, the
I'TS2 dissociates into a singlet s-CH™ ion and a singlet planar
s-CH3* ion with D3, symmetry, which has a reverse activation
energy of 4.28 eV. For the reaction path from the triplet
state, t-C,H,;?* also undergoes a hydrogen-transfer process
to form the [CH — CH3]2+ intermediate 3INT1 via a planar
transition state TS1 with a barrier height of 1.64 eV relative
to t-CoH4%*. Then the internal coordinates of the hydrogen
atoms are adjusted to the lower-energy structure of 3INT2.
During this process, the energy of the *TS2 could be slightly
higher than that of *INT1 without considering the ZPE. But

as shown in Fig. 5, it is 0.03 eV lower after taking the ZPE
correction into account, which was also reported in previous
studies [34,35]. And this is generally considered to be the
result of the fact that the effect of dispersion is ignored in
the B3LYP functional. Following the C-C bond breaking of
JINT2 via *TS3, fragments of the t-CH™ ion in the triplet state
and s-CH;™ in the singlet state are produced with a reverse
activation barrier of 4.81 eV.

The reverse activation barrier energy in a reaction path
corresponds to the extra energy of the highest transition state
released as the translational energy of products, i.e., KER.
The reverse barrier energies of all reaction paths searched
for CH,™ + CH,™ and CH™ 4+ CH3;* channels are drawn
in Fig. 3 as the vertical bars with dashed lines to compare
with the measured KER distributions. For the CH,™ + CH,*
channel in Fig. 3(a), the reverse barrier energy from the singlet
state is in good agreement with the low-energy KER peak
at 5.40 eV, indicating that the path s-C,H,2t — d-CH,T +
d-CH,* via 'TS should be a responsible process leading to
the low-energy KER. In addition, the blue bars at 5.01 and
7.30 eV for the paths with TS’ and 3TS” are well consis-
tent with the KER peak values of 5.4 and 7.5 eV. Although
the reaction path via 3TS has a reverse barrier of 4.50 eV,
which does not match well with the measured KER, it may
still contribute to low-energy KER. Thus, in our calculation
for the symmetric fragmentation of C,H,?*, the low-energy
KER peak is contributed by the reaction paths in the singlet
and triplet states, while the high-energy peak arises from
the triplet path via the transition state *TS” of asymmetric
structure. The finding that both the ground and excited states
are responsible for the symmetric fragmentation is also ob-
tained in the cases of C,H, and C,Hg dications [22,24,27,29].
But unlike the C,Hg case involving the hydrogen-transfer
process, the present symmetric fragmentation and also the
C,H, case have no connection with hydrogen transfer. This
is consistent with our expectation that as the number of
hydrogen atoms decreases the hydrogen-transfer process is
not favored for the symmetric fragmentation of hydrocarbon
molecules.

For the asymmetric fragmentation channel CH* + CH3%,
as shown in Fig. 3(b), the measured KER distribution presents
a single peak of 5.6 eV in the range of 4.0-8.0 eV. This peak
value is 0.79 eV higher than the predicted reverse activation
energy (4.81 eV) extracted from the reaction path on triplet
PES, and 1.32 eV higher than the energy (4.28 eV) from
the singlet path. For the reason that a proportion of reactant
internal energy in excess of the TS barrier may be converted to
additional translational energy of products [36], the predicted
reverse barrier energy could be smaller than the experimen-
tally measured KER [23,37]. Besides, if the minimum-energy
crossing point occurs between the singlet and triplet state
PESs, the available energy of the reverse activation barrier
will change to 5.7 eV, which is in good agreement with the
experimental result. Therefore, the reaction path on the triplet
PES plays an important role in the formation of asymmetric
fragmentation. The importance of the excited-state dynamics
has also been revealed in the case of CgHé+ asymmetric frag-
mentation [24]. But for the case of C,H;™ — C* + CH,*
[22,27,30], two contributors are found in the bimodal KER
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distribution and thus different excited states are involved. In
all of these three cases, the activation energy of the ground-
state reaction path is higher (about 1.5 times) than that of
the excited-state path [24,27]. This probably results in the
experimental forbiddance of the asymmetric fragmentation
via hydrogen-transfer-induced isomerization on the PES of
the ground state, but occurrence on the PES of the excited
state.

IV. CONCLUSIONS

In conclusion, a combined experimental and theoretical
study is carried out on the symmetric and asymmetric C-C
bond cleavage processes of C,H4*" induced by 18-keV/u
Ne®t impact. Employing the parameter (i.e., TOF, dissocia-
tion angle, and KER) correlation of ionic fragments measured
by the COLTRIMS technique, we unambiguously identify two
C-C bond cleavage channels, i.e., the dominant one, C,H,**
— CH,™ 4+ CH,™, and the minor one, C,H,>* — CHT
+ CH;™. In order to clarify the dissociation mechanism of
the above channels, ab initio reaction path calculations are
performed for the C,H,* dication both in singlet and triplet
electronic states. For the symmetric fragmentation channel
CH," + CH,*, we obtain one reaction path from the singlet
state and three paths from the triplet state. All of these paths
exhibit a one-step dissociation with a productlike transition
state and involve no hydrogen transfer. These transition states
possess different energies and thus could lead to different
KERs, which are quite consistent with the peak values of
the experimental KER distribution. The high-energy KER
peak around 7.5 eV is considered to result from the triplet

state dissociation with a spatially asymmetric transition state
3TS’. As for the low-energy KER peak of about 5.4 eV, both
the reaction path on the singlet state PES and the other two
on the triplet state PES are responsible. For the asymmetric
fragmentation channel CH™ + CH3 ™", the KER distribution is
unimodal with a peak value of 5.6 eV. A hydrogen-transfer-
induced isomerization process is required for this channel to
occur. This channel is attributed to the reaction path proceed-
ing on the excited triplet state PES. Such a path has several
minima and transition states and exhibits a hydrogen-transfer
barrier of 1.64 eV.

This paper shows the importance of hydrogen transfer and
excited-state dynamics to the C-C bond cleavage fragmen-
tation of C;H,4>*. But here they do not play the same roles
as compared to the cases of C;H3" and CoHZ" dissocia-
tion [22,24,27,29,30]. Therefore, the present paper, together
with previous C,H, and C,Hg studies, provides a more com-
prehensive understanding on the roles of hydrogen transfer,
isomerization, and excited state in the dissociation of hydro-
carbon molecules.
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