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Dissociation of Benzene Dication [Hg]2™: Exploring the Potential Energy Surface’
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The singlet potential energy surface for the dissociation of benzene dication has been explored, and its three
major dissociation channels have been studiegtls& — C3Hz™ + C3Hst, C4Hst + CoHs™, and GH3s™ +

CHs*™. The calculated energetics suggest that the products will be formed with considerable translational
energy because of the Coulomb repulsion between the charged fragments. The calculated energy release in
the three channels shows a qualitative agreement with the experimentally observed kinetic energy release.
The formation of certain intermediates is found to be common to the three dissociation channels.

Introduction Richardson et al. Bently and Wellingttnused MINDO/3

. _ ' . semiempirical calculations to study the fragmentation energetics

Interaction of molecules with intense fields is a new and S . L
and charge distributions of benzene and isomeric dications.

developing research area. These fields created by intense’\/I .
: . INDO/3 calculations were also performed by Dewar and
femtosecond lasers produce highly charged ions of r“OleculesHoIIoway‘14 on the benzene dication and its substituted deriva-

finally leading to Coulomb explosions. The energy release that . .
accompanies this charge separation process is very largetlves.t_Hfowteverf, MIN%O(/E czi_lculatlons rl:}%\éeabeen tshown tc(; be
(typically 1-4 eV). The phenomenon of Coulomb explosion unsaustactory tor carbodication energe mmertsma an

5 ; i 2+
has been investigated in diatomic molecules and clusters, andSChleyef studied the structures and erlergetms SéH@
studies have been extended to polyatomic molecdafésSome isomers and their fragmentation intoskd] ™ + [CH;]™ by ab

of the molecules that have been studied are diatomics such aénitio methods. Krogh-Jesperséuarried out ab initio molecular

Ha, N, NO, I, and CO, polyatomics such as $@nd CQ, orbita_l calculations_ on a series ofdds]>" isomers to investigate
and hydrocarbons such as acetylene, cyclopropane, butadienet,he singlet and triplet _surface;. Recently, Zyubina and o.thers
cyclohexane, benzene, toluene, and naphthalene. The Coulomi@ve performed density functional theory (DFT) calculations
explosion of benzene is particularly interesting and has been O study the dissociation pathways of the benzene tricafiéh.
studied extensively because of its high symmetry and diversity HOWever, no similar study of the barriers and reaction pathways
of dissociation pathway&-37 The dissociation of benzene was for the dlqatlon has been r_eported. The structures and energetics
studied, and its cation appearance energy was determined a§f CsHs" ions have been investigated by Lammertsma etal.,
early as 1938 by Hurstulid and co-workéGuilhaus et af? Zerner and co-worker¥, and Kompe et &t? The isomers of
studied the [@Hg]* ions formed via electron capture (EC) by C4Hst have been examined recently in combined experimental
[CeHe]2" and compared it to [4s] - ions generated by electron ~ and computational studi€s52The structures of ¢Hz™ cations
ionization (El). The fragment abundance patterns for the ions are well-known experimentally and have been calculated by
formed by charge exchange were very similar to those for the Zerner and co-workerS.
singly charged ions generated by EIl.Rég and co-workers used The present study aims to explore the singlet potential energy
the electron capture induced decomposition (ECID) method to surface (PES) for the dissociation of the benzene dication. In
study benzene dicatiod®.Their study showed that only the particular, the reaction pathways, intermediates, and transition
ground-state ion participated in the EC process. The samestructures for the three major channels will be characterized.
authors used the ECID method to investigate the structures andAnother goal of the study is to establish the level of theory
isomers of [GHe]?" ions formed by El from benzene, 2,4- needed for an ab initio molecular dynamics investigation of
hexadiyne, and 1,5-hexadiyne and found significant differences benzene dication dissociation. During the excitation and dis-
among the isomers. sociation, it is possible for benzene dication and the product
Richardson and co-workers studied the charge separationfragments to be formed in either the singlet or triplet state. The
reactions of doubly charged benzene ions using the photoion separation between the singlet and triplet in the parent dication
photoion coincidence (PIPICO) technigti@ hey observed three  was found to be about 5 kcal/mol in an earlier stéfiowever,
groups of ion pairs corresponding to Jds]* + [CsH3]*, the most stable §s" and GHs" fragments are found to be
[CaH3]™ + [CoH3]™, and [GHs]™ + [CH3]* and determined  singlet ions with the triplet ions being about-380 kcal/mol
the kinetic energy release (KER) for each of the groups. Holland higher in energy®53 Because the kinetic energy release
et al* studied the latter charge separation channel and obtainedopserved in the three channels during the dissociation process
a KER in very good agreement with the values reported by js ~70—100 kcal/mol, it is anticipated that the fragments are
— . . formed in the singlet state. Preliminary calculations at the
"'Part of the special issue "Jack Simons Festschrift” B3LYP level of theory suggest that the lowest energy triplet
* Corresponding author. E-mail: hbs@chem.wayne.edu. .
* Current address: Christopher Newport University, Newport News, vA Products in theCs+Cs, Co+Cy, and Cs+Cy channels are,
23606. respectively, about 200, 70, and 147 kcal/mol higher than the
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corresponding singlet products and, hence, only the singlet PESopening of benzene dication and most of the isomerization

is considered. reactions. In the following sections we discuss the structure of
the reactant and various pathways to the low energy products
Methods of the C3+C3, C4+Cj,, andCs+C; channels. Because of the

large number of intermediates and transition states, it was not
practical to calculate these at the CBS level of theory. Calcula-
Itions were carried out with B3LYP and MP2 methods with a
number of basis sets. The relative energies at the various levels
of theory are collected in Tables—B. Because B3LYP

The electronic structure calculations were carried out using
the development version of the Gaussian series of programs.
The structures of the reactant dication, product cations, potential
intermediates, and transition states were optimized by Hartree
Fock, second-order MglleiPlesset perturbation theory, and . . ; .
B3LYP5556 density functional theory with the 3-21G, 6-31G- calcu_latlons_ ten_d to underestimate the barrier helgh_ts, most of
(d), and 6-313G(d) basis sets. The CBS-QB3 and CBS-APNO the discussion is based on the MPZIG-%Q(d) energies.
complete basis set methods of Petersson and co-wéfkérs ~ Reactant. The most stable benzene-like structure of the
were used to compute accurate heats of reaction. The QST26inglet benzene dication is the chair conformation (strud®ire
QST3 metho® was used to search for some of the transition N Figure 1), which belongs to th@z point group. Two other
states (TS) involved in the dissociation process. All of the TSs
were checked by a frequency calculation, and selected TSs were

CCC angle= 123°
verified with reaction path following method%:62 y

139 A
Results and Discussion

The major product channels for the dissociation of benzene
dication are presented in Scheme 1.

The different products can be grouped into the three major
dissociation channels observed by Richardson and co-workers:
C3t+Cj3, C41+C,, andCs+Cy. The dissociation mechanisms for
these channels are discussed below in detail. The structures of
the reactant ion, various product fragments, intermediates, and
transition states involved in the dissociation are presented in
Figures 1-3. The heats of reaction for the different dissociation
pathways are collected in Table 1. The energetics at the HF
level have a mean absolute deviation (MAD)-ef0—12 kcal/
mol relative to our most accurate values obtained at the CBS-
APNO level of theory. The B3LYP energies have a MAD of
2—2.6 kcal/mol compared to the CBS-APNO data, whereas the
MP2 energies have a MAD of 4:&.7 kcal/mol.

Isomerization and fragmentation occurs via a network of
reactions. Ring opening leads to a linear six-carbon system. The
various structural isomers of the linear chain can be enumerated
systematically, and at least a dozen are relevant to the dissocia-
tion mechanism. These are interrelated by 1,2, 1,3, and 1,4
hydrogen shifts. Ring closure and/or bond breaking in a few of
these isomers leads to the dissociation products. The intermedi-
ates may have several conformations and some may prefer
nonclassical structures with bridging hydrogens. However, these R4 RS
energy differences should be smaller than the barriers for ring Figure 1. Minima on the benzene dication potential energy surface.
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Figure 2. Structures of the products and intermediates in the dissociation of benzene dication (see Figuiestde potential energy profiles).

TABLE 1: Heats of Reaction for the Dissociation of Benzene Dicatioh

HF/ HF/ B3LYP/ B3LYP/ MP2/ MP2/ CBS- CBS-
reaction 6-31G(d) 6-311+G(d) 6-31G(d) 6-311+G(d) 6-31G(d) 6-311+G(d) QB3 APNO

C3+ Cschannel

R11+1 —92.04 —91.06 —69.76 —70.43 —77.08 —74.49 —72.90 —72.32

R11+2 —58.16 —58.70 —44.01 —46.61 —45.19 —44.33 —45.28 —45.00

R12+2 —24.27 —26.34 —18.26 —22.79 —13.30 —14.18 —-17.67 —17.68
C4+ Cychannel

R13+ 10 24.84 22.67 31.81 27.34 42.07 40.63 32.90 32.90

R13+11 —15.35 —-17.22 —-12.79 —17.99 —4.79 —5.83 —12.65 —12.47

R14+ 10 41.64 40.49 53.01 49.84 59.29 57.78 50.07 50.28

R14+11 1.45 0.60 8.42 4.52 12.43 11.32 452 4,92

R15+ 10 44.95 42.70 63.11 61.52 67.24 65.58 59.43 60.16

R15+11 476 2.81 18.51 16.19 20.37 19.12 13.88 14.79

R16+ 10 54.94 52.97 64.12 61.74 72.56 71.20 62.47 62.84

R16+ 11 14.75 13.08 19.52 16.42 25.70 24.74 16.92 17.48
Cs+ Cy channel

R1 7+ CH3 —-33.21 —35.01 —11.56 —15.06 —18.40 —18.80 —16.35 —15.16

R1 8+ CH3 —9.52 —-12.70 -1.85 -7.14 1.75 -1.79 —0.96 —0.36

R19+ CH3 —6.65 —9.68 4.99 —0.38 3.12 0.77 2.75 3.55

RMS errorb 10.96 12.37 2.31 3.40 6.44 5.43 0.59

MADP 9.70 11.38 2.02 2.59 5.65 4.84 0.49

a Enthalpies at 298 K in kcal/mol relative to the reactant (see Figures 1 and 2 for the structure nubie)MS error and MAD is relative

to CBS-APNO.
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Figure 3. Structures of the transition states in the dissociation of benzene dication (see Fig6rés 4he potential energy profiles). All of the
structures are doubly charged.

TABLE 2: Energies of Intermediates Involved in the Dissociation of Benzene Dicatich

HF/ HF/ B3LYP/ B3LYP/ MP2/ MP2/
intermediates 6-31G(d) 6-311+G(d) 6-31G(d) 6-311+G(d) 6-31G(d) 6-311+G(d)
Int1 45.81 45.03 52.35 48.76 39.57 36.86
Int2 29.81 29.10 31.23 28.53 33.11 31.44
Int3 23.18 22.44 19.84 17.38 32.87 32.22
Int4 17.53 16.96 15.51 13.26 28.07 27.77
Int5 0.21 —0.66 1.64 -0.28 10.92 10.53
Int6 13.19 12.46 13.01 16.77 21.94 21.52
Int7 16.73 17.01 19.27 18.90 24.80 25.00
Int8 65.75 65.09 74.26 71.9P 89.8 89.39
Int9 —21.58 —21.27 —8.49 -8.92 -10.21 -9.07
Int10 27.47 26.65 29.61 26.89 21.94 21.59
Int11 —5.97 -6.41 0.56 0.69 0.56 0.69
Int12 14.78 13.31 6.86 4.02 25.65 23.88
Int13 38.81 37.16 39.17 34.71 35.88 32.05
Int14 12.49 12.18 14.67 13.44 22.65 22.88
Int15 14.86 14.10 18.69 16.69 22.50 21.95
Int16 4451 43.16 38.51 35.52 51.21 49.82

2 Enthalpies at 298 K in kcal/mol relative to the reactant (see Figure 2 for the structure lalgtg)le point calculations at HF/6-315(d)
optimized geometry.

planar structuresR2 and R3, are about 9 and 12 kcal/mol, ~1 and 16 kcal/mol lower than tHe1 benzene dication at the
respectively, higher in energy th&1 at the MP2/6-311G(d) CBS-QB3 level of theory. In previous studies, the pyramidal
level of theory. BotiR2 andR3 are ofD,, symmetry and have  dication was found to be the global minimum on the singlet
one and two imaginary frequencies, respectively. Fulvene PES% Double ionization of benzene should initially form
dication,R4, and the pyramidal structurB5, are, respectively, benzene dicationR1 rather thanR4 or R5. Hence, the
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TABLE 3: Energies of the Transition States in the Dissociation of Benzene Dicatién

HF/ HF/ B3LYP/ B3LYP/ MP2/ MP2/
transition State 6-31G(d) 6-311+G(d) 6-31G(d) 6-311+G(d) 6-31G(d) 6-311+G(d)
TSO 61.20 60.56 57.48 55.05 54.80 52.92
TS1 48.33 46.82 51.58 47.78 48.95 46.51
TS2 34.53 32.93 32.47 31.03 33.98 32.64
TS3 48.11 47.39 40.45 39.01 48.30 47.28
TS4 70.39 68.38 59.12 55.83 70.80 65.36
TS5 88.23 86.64 59.73 58.26 63.91 62.40
TS6 96.30 95.06 80.52 79.92 66.96 65.71
TS7 69.42 67.73 53.84 51.91 67.72 65.86
TS8 61.94 60.59 55.97 51.87 69.02 66.53
TS9 47.09 44.89 35.05 31.92 47.47 45.41
TS10 30.77 30.09 22.24 21.11 29.19 28.38
TS11 67.78 66.72 72.65 70.01 79.55 78.25
TS12 99.92 98.09 91.38 88.80 108.9 107.3
TS13 68.97 68.00 68.49 66.15 84.89 84520
TS14 61.83 61.02 72.09 69.11 81.11 79.79
TS15 61.43 59.50 54.78 51.21 45.89 44.00
TS16 40.91 39.74 37.75 36.00 38.80 37.31
TS17 59.49 58.05 72.74 70.63 73.85 72.00
TS18 54.52 52.17 45.72 43.16 53.98 51.93
TS19 51.45 48.63 54.09 49.24 63.08 60.25
TS20 42.92 40.35 35.41 31.03 36.62 34.11
TS21 43.06 41.29 41.82 38.49 48.30 46.68
TS22 29.79 28.60 4591 42.68 41.94 41.14
TS23 65.62 63.94 47.41 44.98 52.31 47.49
TS24 64.07 66.72 54.64 52.05 57.43 55.30
TS25 62.66 60.41 67.52 62.49 69.50 66.82

2 Enthalpies at 298 K in kcal/mol relative to the reactant (see Figure 3 for the structure lalgg)le point calculations at HF/6-3115(d)
optimized geometryc MP2/6-311G(d) single point calculation at MP2/6-31G(d) optimized geometry.
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Figure 4. Potential energy profile along the §8s]" + [C3sH3] ™ dissociation channel of benzene dication at the MP2/6+(H) level of theory.
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isomerization and fragmentation pathways for benzene dicationcation (1). This is expected because of its aromatic character.
investigated in the present study were started from the ring The 2-propynylium cation2) is 27 kcal/mol abovel at the
opening ofR1. Isomerization tdr4 or R5 could occur via one CBS-APNO level. Other isomers have been found to be much
or more of the ring-opened intermediates.
C3+C3 Channel: [GHg]2™ — [C3H3]™ + [C3H3] ™. Of the reaction, the product channels+ 1, 1 + 2, and2 + 2 are
possible isomers of £13™, the most stable is the cyclopropenyl likely to occur most frequently. The PES along this dissociation

higher in energy? Thus, for the [GHg]2" — [C3H3] ™ + [CaH3] T
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channel at the MP2/6-31#1G(d) level of theory is presented in
Figure 4. All of the dissociation pathways begin with ring
opening of the benzene dication vi&0. This leads tolntl
and involves a barrier of about 53 kcal/mol. Intermediat2

is formed fromIntl by a 1,2 hydrogen transfer via transition
stateTS1 and is followed by formation ofnt3 by a second
hydrogen transfer vidS2. These hydrogen-transfer transition
states are about 15 and 0.4 kcal/mol above intermediatés
andInt2, respectively. Addition of p functions on the hydrogens

Anand and Schlegel
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Figure 5. Potential energy profile along the JB;] ™ + [C.H3] ™ dissociation channel of benzene dication at the MP2/6+&(H) level of theory.
(a) The3 + 11 and6 + 11 channels starting frornt4 in Figure 4. (b) The4 + 11 and5 + 11 channels starting frormt2 in Figure 4.

via the 6-31%G(d,p) basis set lowere@S1 by only 2 kcal/
mol. Other transition states involving 1,3 and 1,4 hydrogen shifts
also showed a lowering of the barrier by about@kcal/mol.
Intermediatdnt3 can then isomerize tmt4 by rotating about
the central bond vid@ S3. This intermediatelnt4, can subse-
guently dissociate by rupture of the centratC bond viaTS4

to form two 2-propynylium cation® + 2. Transition statd' S3

is about 15 kcal/mol aboviet3 andTS4 is 38 kcal/mol above
Int4. Intermediatdnt2 can also forml + 2 via transition state
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Figure 6. Potential energy profile along the §8;]" + [CH3]" dissociation channel of benzene dication at the MP2/6+33(H) level of theory.
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TS5 (lying about 31 kcal/mol abovint2). Formation of two C4 + C, Channel: [GHg]?t — [C4H3] T + [CoH3]t. The
cyclopropenyl cations follows the pathtl — TS6— 1 + 1, 2-propynylium,1-methylene catiol), methylium,2-cyclopro-
and the barrier for this process is about 29 kcal/mol relative to pen-1-ylidene ion4), 1,3-cyclobutadien-1-ylium catiof), and
Intl. The reaction path following frorS5 and TS6 indicates 1-cyclopropen-1-ylium,3-methylene catiof) (are the lowest
that no other intermediate is involved in the formation of the energy isomers of the £l3 ion. Structures4, 5, and 6 are,
products { + 2 and1 + 1) or in the formation of the transition  respectively, 17, 27, and 30 kcal/mol higher in energy tBan
states from the respective reactams]l andInt2. The energy at the CBS-APNO level. The delocalization of the charge over
release on going from the final transition stat€S4, TS5, and the cumulativer system accounts for the stability 8f For the
TS6) to the three products of thes+C; channelis in the range  C,Hj3 ion, the 1-ethylium-1-ylidene catiorl@) and the ethy-

of 80—140 kcal/mol. A considerable portion of this energy nylium cation (1) are the two stable isomers willi being 45
should appear as translational kinetic energy of the products askcal/mol lower in energy thahO. Structurellis the protonated

a result of the Coulomb repulsion between the product ions. form of acetylene, and the charge is delocalized over both carbon
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atoms and accounts for its greater stability. Higher levels of
theory such as CBS-APNO find the nonclassical structure of
protonated acetylene to bet kcal/mol lower than the classical
form. For other structures, higher level calculations may also
reveal some nonclassical structures a few kcal/mol lower in
energy.

The pathway t® and6 starts withint4 as shown in Figure
5a at the MP2/6-31£G(d) level. The formation ofnt5 from
Int4 involves a hydrogen transfer proceeding Vi&7, which
lies 38 kcal/mol abovént4. Products3 + 11 can be formed
from Int5 by C—C bond dissociation vidS8, which is about
56 kcal/mol higher in energy relative tot5. Intermediatént4
can also formint6 via TS9, and the barrier for this process is
~24 kcal/mol relative tdnt4. The cyclization ofint6 to Int7
involvesTS10, which lies 7 kcal/mol abovént6. Intermediate
Int7 can then dissociate to form produéts- 11 via transition
stateTS11 Products4 and 5 are formed starting fronint2
(Figure 5b). A 1,3 hydrogen shift imt2 leads toInt8, which
is stable at the Hartred~ock level but unstable at the B3LYP
and MP2 levels. Attempts to optimiZet8 at the MP2 level
lead toInt5. A ring closure inInt8 results in the formation of
Int9 from which a C-C bond fission leads to productst 11.
Int2 can also undergo a 1,2 hydrogen shift to fomtiO via
TS14 FromInt10, Intll is formed by cyclization. Product
+ 11are then formed fronmt11 via a C-C bond dissociation.
However, the barriers for these-C bond dissociations are very
high and, hence, formation gf+ 11 and5 + 11 seems to be

less likely. From the data in Table 1, one can see that reactions

involving the formation of3 + 11 are about 1775 kcal/mol
more exothermic than the oth€y + C, products listed. Also,
the besiC, + C, channel is less exothermic by-80 kcal/mol
than the thre€3; + C; channels. For these dissociation channels,

the energy release on going from the final transition states to

the products is ca. 5472 kcal/mol.

C5 + C1 Channel: [QsH@]z+ e [Cng]Jr + [CH3]+. The
lowest energy isomers of thelds ion are the cyclopropenylium
ethynyl cation 7), the 2-propynylium,1-ethynyl catio), and
the 1,2,3,4-pentatetraenylium catid®).(This is in agreement
with previous calculation$>4%50 Structures8 and 9 are,
respectively, 15 and 19 kcal/mol higher in energy tiaat the
CBS-APNO level. The stability o7 can be attributed to the

Anand and Schlegel

Conclusions

In this study, the three major dissociation channels of benzene
dication have been investigated. The heats of reaction calculated
at the B3LYP level agree better with the CBS results than do
the MP2 calculations. However, as is frequently found, the
B3LYP barriers tend to be a bit lower than the MP2 barriers.
The Hartree-Fock results are less satisfactory than either the
B3LYP or MP2 calculations. This suggests that an initial survey
of the dynamics of benzene dication dissociation by ab initio
classical trajectory calculations could be carried out with density
functional theory and perhaps selected cases should be followed
up by MP2 trajectory calculations.

The energy release on dissociation can be estimated as the
difference between the last transition state and the product. The
calculated values for the three channels are B&0 kcal/mol,
68—72 kcal/mol, and 6666 kcal/mol and follows the order
[CsHs]Jr + [CgHg]Jr > [C4H3]Jr + [C2H3]Jr > [C5H3]Jr + [CH3]+.

This is in qualitative agreement with the experimental kinetic
energy release of 4.2 eV (96 kcal/mol), 3.8 eV (87 kcal/mol),
and 3.0 eV (69 kcal/mol) for th€;+C3, C4+C,, andCs+C,
dissociation channels, respectively. All of the products are
expected to be formed with considerable translational energy
resulting from the Coulomb repulsion between the charged
fragments. The energy releases, heats of reaction, and barrier
heights (in kcal/mol computed at the MP2/6-31G(d) level

of theory) for the three channels are summarized below.

C; + C; channel (See Figure 4)

presence of the three-membered ring in conjugation with the Cs+ C; channel (See Figure 6)

remaining carbon atoms. Figure 6 shows the PES along this

dissociation channel at the MP2/6-31&(d) level. Intermediate
Int5 can be formed fronint4 by a 1,3 hydrogen shift viaS7.

A second 1,3 shift (innt5) can then formnt12 via transition
stateTS18 and a barrier of 41 kcal/mol relative tot5 (see
Figure 6a). Both of these barrier§%7 andTS18) are lowered
by about 3 kcal/mol when p functions were added to the
hydrogens. Dissociation along the-CHz bond inInt12 results

in the formation of product8 + methyl cation. Intermediate
Int12 can also form intermediatet13 via a hydrogen transfer
proceeding througiTS20. Cyclization of Int13, proceeding
throughTS21 (lying about 15 kcal/mol abovint13), results

in the formation of intermediat@t14. Loss of the methyl cation
from Int14 leads to productg + methyl cation. As seen from
Figure 6b, a 1,4 H transfer froint2 results inint15 via TS23

A 1,3 hydrogen transfer imt15 converts it tolnt16 via TS24
Cleavage of the €CHs; bond inInt16 results in the formation
of products9 + methyl cation proceeding viBS25 The product
channel7 + methyl cation is more exothermic than the other
two product channels (by 519 kcal/mol). The energy release
in this Cs+C1 channel is about 60 kcal/mol.

Aern AHI AHrelease
. 2 745 657 1402
=\ - omemmem=ad a3 64 1067
T~ 2 HyC====C====CH
142 654 79.6
C4 + C; channel (See Figure 5)
/ HZCT.C=C=CH++ H2C=CH+ -5.8 66.5 72.3
SN e—cyl + HC=CH
@h . D= ) 113 799 686
HC
. ot 191 720 529
S
NN Heo . . 247 782 535
| >c=cn, + H,C=CH
C
- [e=c=ci’  + af 188 414 602
2+
—— me=c=c=c=cH + CcH, -18 60.2 62.0
g+
™~~~ 7 ‘\c\\ +ocoH’ o077 66.8 66.0

HC CH

The fragmentation in the parent ion involves breaking the
cyclic structure, hydrogen transfers, and skeletal rearrangements.
The initial pathway leading to the formation it2 is common
tothel + 2,2+ 2, 9 + methyl,4 + 11, and5 + 11 dissociation
reactions. In th& + methyl, 8 + methyl, and the twa&,+C,
channels 3 + 11 and 6 + 11), the commonality is the
dissociation leading tnt4. The current study has explored the
pathways for dissociation that appear to be the most feasible.
Other intermediates and lower energy dissociation pathways may
exist, but diligent searching has not yet revealed them. In the
future, the dissociation will be studied using ab initio molecular
dynamics to gain further insight into the fragmentation process.
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