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Abstract 

Ab initio calculations of possible fragmentation pathways for the formation of C,H, fragment ions from the benzene radical 
cation show that the dissociation of lowest energy leads to the methylene cyclopropene radical cation. The calculated barriers 
for formation of the other classical C,H, ion structures, vinyl acetylene, cyclobutadiene, and butatriene, are about 10 kcal 
mol-’ higher and almost identical. The fact that, in fragmentations of C,H, precursors, besides the methylene cycloprene ion, 
only the vinyl acetylene ion is observed, should be ascribed to the fact that formation of this ion structure is much more direct 
than a fragmentation to the cyclobutadiene or the butatriene ion structure. (Int J Mass Spectrom 176 (1998) 23-38) 0 1998 
Elsevier Science B.V. 
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1. Introduction 

In a recent review on the calculation of unimolecu- 
lar decay rates [ 11, Baer called the dissociation of the 
benzene radical cation, as observed in mass spectrom- 
etry, a simple and complex story. The reason for this 
statement is that both the dissociation thresholds and 
the dissociation rates are known rather accurately but 
that essentially nothing is known about the dissocia- 
tion mechanisms. 

From many studies on the structures of C,H, 
fragment ions from different precursors, it is now 
generally assumed that the fragment ions observed in 
the mass spectra of benzene and of many of its 
isomers are a mixture of methylene cyclopropene and 
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vinyl acetylene radical cations (see [2] and [3] and 
references cited therein). The other classical ion 
structures, butatriene and cyclobutadiene, can only be 
formed from precursors having structures that are 
more or less prepared for the production of these 
fragment ions. 

In previous articles from this laboratory, we have 
discussed quantum chemical calculations on the 
isomerization of C,H, [4-81 and C,H, [9] radical 
cations. From this work it appeared that there are 
many isomerization barriers below the dissociation 
limit in the potential energy surface of C,H, radical 
cations. The lowest barrier found in the potential 
energy surface of C,H, radical cations was that for an 
isomerization of the nonclassical CH,CCHCH radical 
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Table 1 
Energies at the ROHF//6-31G ** level of the benzene radical 
cation and the sum of the energies of the ethyne molecule and 
the classical C,H, fragment ions in Hartree and as the relative 
energies in kcal mol-‘. These latter values are not corrected for 
differences in zero-point energy 

Benzene’+ 
Methylene cyclopropene’+ + C,H, 
Vinyl acetylene’+ + C,H, 
Cyclobutadiene’+ + CsH, 
Butatriene’+ + C,H, 

Energy AE 

-230.421222 0 
-230.268853 95.6 
-230.234038 117.5 
-230.240305 113.5 
-230.228811 120.7 

cation to the structure of lowest energy, the methylene 
cyclopropene radical cation. The energy of this non- 
classical ion was calculated to be 30 kcal mol-’ 
higher than that of the methylene cyclopropene ion 
and the barrier for its isomerization only 6 kcal 
mol-‘. All other barriers were found to be at least 
2.4-2.5 eV above the energy of the methylene cyclo- 

propene ion. These results, together with the previous 
experiments [2,3], make it very unlikely that isomer- 
ization of a C,H, radical cation will take place after 
the fragmentation process. This means that differ- 
ences in observed structures of C,H, fragment ions 
should be ascribed to isomerizations of the precursor 
ion prior to fragmentation. In [9] we have made some 
suggestions about the possible pathways for formation 
of C,H, ion structures from C,H, precursor ions. In 
the present work, these possible pathways and some 
alternatives are studied by ab initio calculations. 

2. Methods 

Ab initio calculations that use the 6-31G** basis 
set were performed with both the GAMESS-UK [lo] 
and the Gaussian 94 [l l] program packages. In 
previous calculations on the isomerization of C,H, 
radical cations [ 121, it was found that at crucial points 

1 2 3 4 
0 34.6 34.3 36.1 
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5 
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Fig. 1. Reaction scheme for carbon and hydrogen scrambling in the benzene radical cation with the relative energies in kcal mol-’ [5]. The 
relative energies of the transition states can be slightly different from the values in [6-81 because of a small difference in the selection 
threshold in the Table CI calculations. 
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Fig. 2. (a) Reaction scheme previously suggested [91 for the production of the methylene cyclopropene fragment ion. (b) Extension of the 
scheme in (a) (see text). 
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Table 2 Table 3 
ROHF, MRCI, and ZPE energy values in Hartree for part of the 
radical cation structures and transition states in Fig. 2 and 
relative energies with respect to the benzene structure in kcal 
mol-‘. The latter values are obtained from the MRCI energies 
corrected for the ROHF zero-point energies scaled by a factor of 
0.89. Further details of the ion structures in this and the other 
tables (geometries, vibrational frequencies) can be obtained from 
the author 

ROHF, MRCI, and ZPE energy values in Hartree for the radical 
cation structures and transition states in Figs. 3 and 4 and 
relative energies with respect to the benzene structure in kcal 
mol- ‘. The latter values are obtained from the MRCI energies 
corrected for the ROHF zero-point energies scaled by a factor of 
0.89 

ROHF ZPE MRCI AE 

Benzene -230.421222 0.105319 -230.868588 0 
I’+ a 

Fulvene -230.401340 0.104267 -230.849193 11.6 
5’+ a 

Tia -230.286671 0.099070 -230.741823 76.1 
Structure 8” -230.298365 0.099127 -230.742959 75.4 
structure 9 -230.211163 0.095969 -230.654886 128.9 
Tz -230.213082 0.094099 -230.655646 127.4 

“Values taken from [5] and [7]. 

on the potential energy surface an unrestricted Har- 
tree-Fock (UHF) calculation may produce unaccept- 
able values for the spin angular momentum (S*) as 
high as 1.0. For this reason stable ion structures and 
transition states were optimized at the restricted open 
shell Hartree-Fock (ROHF) level. Transition states 
were tested by a calculation of the vibrational fre- 
quencies and by a visualization of the vibration 
corresponding with the single negative force constant 
by use of VIBRAM [13]. In some cases, transition 
states were also tested by intrinsic reaction coordinate 
(IRC) calculations. For the optimized structures, mul- 
tireference configuration interaction (MRCI) calcula- 
tions with single and double excitations were done 

ROHF ZPE MRCI AE 

Benzene -230.421222 0.105319 -230.868588 0 
I’+ a 

Structure 2 -230.369397 0.104552 -230.812758 34.6 
T3 -230.257017 0.100472 -230.710247 96.7 
Structure 10 -230.306132 0.100566 -230.732798 82.6 
T4 -230.242825 0.095694 -230.691950 105.5 
II, -230.276940 0.094729 -230.701402 99.0 

minimum 
10 8, -230.269231 0.094071 -230.694804 102.8 
158, -230.268963 0.094048 -230.694512 102.9 

“Values taken from [5]. 

with the Table CI ([14] and references cited therein) 
option of GAMESS-UK. In these calculations excita- 
tions involving the lowest 10 occupied and the highest 
40 virtual molecular orbitals were not included (these 
latter orbitals have an orbital energy higher than 2 
Hat-tree). All configurations having a coefficient 
squared higher than 0.0025 in the final ground state 
wave function or higher than 0.0030 in the wave 
function for the second root (of the same symmetry) 
were used as reference configurations. The selection 
threshold used in Table CI was set at 7.5 PHartree, the 
lowest value compatible with the maximum number 
of 30,000 configurations in the final diagonalization. 
In Table CI calculations the contribution of the 
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Fig. 3. Alternative reaction scheme for the production of the methylene cyclopropene fragment ion. 
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Fig. 4. Energy diagram for the fragmentation to the methylene cyclopropene structure. The relative energies are in kcal mol-’ 

remaining configurations is calculated by perturbation cause the CASSCF wave functions were relatively 
theory. The MRCI values given in Table 1 include a close to a single Slater determinant, further calcula- 
generalized Davidson size-consistency correction tions on this transition state were again done at the 

[W. ROHF level. 
In a few cases the transition state optimizations 

were combined with CASSCF (complete active space 
SCF) calculations where the active space had seven 
electrons in eight orbitals. 

A first optimization that used a 4-31G basis set of 
T, (Fig. 6) did not produce an acceptable geometry 
and an additional IRC (intrinsic reaction coordinate) 
calculation did not show a connection of this geom- 
etry with structures 3 and 14. We assumed that the 
start geometry of this optimization was too far from 
the correct geometry to have the unpaired electron on 
the correct carbon atom. For this reason, the calcula- 
tion was repeated at the CASSCF level. This pro- 
duced a much more acceptable geometry with a 
correct behavior in additional IRC calculations. Be- 

In the ROHF geometries of T, (Fig. 6) and T,, 
(Fig. 12), the C,H, fragment was in an essentially 
symmetric position perpendicular to the C,H, unit. As 
a result, an IRC calculation on T,, did not go to 19 but 
to a very unstable structure where the acetylene 
fragment was bonded to the butatriene unit via a 
three-membered ring. In both cases, the CASSCF 
calculation produced a somewhat less symmetric 
structure but, also here, the wave functions were close 
to a single Slater determinant and the energies at the 
ROHF level were not significantly different from 
those obtained from the ROHF calculations. In order 
to keep all results as comparable as possible, further 
calculations were, therefore, based on the ROHF 
geometries. 



W. J. van der Hart/International Journal of Mass Spectrometry 176 (1998) 23-38 

path B 

, 
I 

: 

path A / 
: , 

Fig. 5. Semiempirical potential energy surface (kcal mol-‘) for the formation of the vinyl acetylene fragment ion 13 from structure 3. The 
distances between the contour lines are 10 kcal mol-‘. 

3. Results and discussion 

As suggested in [9], the methylene cyclopropene 
and vinyl acetylene radical cations can, in principle, 
be formed by fragmentation of the ion structures that 
are responsible for carbon and hydrogen scrambling 

in the benzene radical cation. As shown in Fig. 1, 
taken from [5], the barriers for these scrambling 
processes are significantly below the lowest dissoci- 
ation barrier of the benzene radical cation (formation 
of the phenyl cation), which is given as 3.66 eV = 84 
kcal mol-’ in [16] and as 3.88 eV = 89 kcal mol-’ in 
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Fig. 6. Reaction schemes for the production of the vinyl acetylene fragment ion. 

[17]. Both of these values are obtained from fits of 
experimental data by using Rice-Ramsperger-Kassel- 
Marcus (RRKM) theory. 

For the formation of the other classical C,H, 
radical cation structures, cyclobutadiene, and bu- 
tatriene, more complicated processes are needed. The 
only reasonable precursor for the fragmentation to the 
butatriene structure is probably the dimethylene cy- 
clobutene radical cation, which can be obtained from 
the benzene structure by a series of rearrangements. 
The lowest barrier in this pathway is calculated to be 
close to the dissociation limit of the benzene radical 
cation, but sufficiently low for an isomerization with- 
out decomposition [7]. In a similar way, formation of 
the cyclobutadiene structure seems only possible after 
an isomerization of the benzene radical cation to the 
Dewar benzene structure. This rearrangement, which 
has not been described in previous articles, will be 
considered below. 

In the following sections all of these processes and 

Table 4 
ROHF, MRCI, and ZPE energy values in Hartree for the radical 
cation structures and transition states in Figs. 5-7 and relative 
energies with respect to the benzene structure in kcal mall’. The 
latter values are obtained from the MRCI energies corrected for 
the ROHF zero-point energies scaled by a factor of 0.89 

ROHF ZPE MRCI AE 

Benzene -230.421222 0.105319 -230.868588 0 
I.+ a 

Structure 3” -230.365100 0.104318 -230.812943 34.4 
Structure 12 -230.235128 0.096089 -230.675969 115.7 
TS -230.230054 0.095781 -230.684466 110.2 
13, -230.241856 0.095241 -230.684593 109.8 

minimum 
108, -230.234351 0.093938 -230.676145 114.4 
15 A -230.234129 0.093912 -230.676219 114.3 

T, -230.236218 0.099319 -230.709106 96.7 
Structure 14 -230.283455 0.099086 -230.721536 88.8 
T, -230.233172 0.095473 -230.690080 106.5 
13’. -230.242239 0.094734 -230.686616 108.3 

minimum 
10 A -230.234321 0.093933 -230.678411 113.0 
15 A -230.234125 0.093910 -230.678314 113.0 

“Values taken from [5]. 
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Fig. 7. Energy diagrams for the production of the vinyl acetylene fragment ion via path A and B, respectively. The relative energies are in 
kcal mol-‘. 

some alternatives will be discussed in detail. The 
results will be compared with the experimental value 
for the dissociation limit for the formation of C,H, 
radical cations, which is given as 4.16 eV = 96 kcal 
mol-’ in [16]. 

3.1. Possible fragmentation pathways to the 
methylene cycloprene structure 

In [9], it has been suggested that the methylene 
cyclopropene ion can be formed by a breaking of two 

C-C bonds in either the fulvene structure 5 or 
structure 2 in Fig. 1 followed by an isomerization of 
the resulting nonclassical ion structure 6 to the meth- 
ylene cyclopropene structure 7 [see Fig. 2(a)]. As 
mentioned above, the barrier for an isomerization of 
structure 6 to the methylene cyclopropene structure 
was calculated to be only 6 kcal mol-’ but the energy 
of structure 6 was found to be 30 kcal mol-’ higher 
than that of the methylene cyclopropene radical cation 
[9]. Ab initio calculations at the ROHF//6-31G** 
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Fig. 8. Reaction scheme for the fragmentation to the cyclobutadiene radical cation. 

level on the benzene and methylene cyclopropene 
radical cations and on neutral ethyne produce the 
energy values given in Table 1. The energy difference 
between the benzene radical cation and a combination 
of the methylene cyclopropene fragment ion plus the 
ethyne molecule of 95.6 kcal mol-’ is very close to 
the experimental dissociation limit of 96 kcal mol- ’ 
given by Ktihlewind et al. [16]. This result makes it 
rather unlikely that structure 6 is an intermediate in 
the formation of the methylene cyclopropene frag- 
ment ion. It follows that the fragmentation pathway 
shown in Fig. 2(a) is only possible if the isomerization 
of structure 6 takes place before the fragments go 
apart. For this reason, we have extended the reaction 
scheme in Fig. 2(a) to that shown in Fig. 2(b). In this 
latter scheme we have not included structure 2. The 
reason is that the barrier for an isomerization of 
structure 8 to the fulvene structure 5 is very low and 
significantly above the barrier for a further isomeriza- 
tion to structure 2 (Table 2). Semiempirical calcula- 

tions also show a connection of structure 8 with the 
valley between structure 2 and the fulvene structure. 
The relative energies in Table 2 show that both the 
values for structure 9 (129 kcal mol-i) and for the 
transition state T, for a bond breaking in structure 8 
(127 kcal mol-‘) are significantly above the experi- 
mental dissociation limit of 96 kcal mol-’ mentioned 
above. Our conclusion, therefore, is that the reaction 
schemes given in Fig. 2 are not acceptable as possible 
dissociation pathways. 

For this reason, we have considered the alternative 
reaction scheme shown in Fig. 3, where in the 
intermediate structure 10 the leaving HCCH unit is 
bonded to the CH, group of the methylene cyclopro- 
pene radical cation. Structure 10 is characterized by 
an “aromatic” charged three-membered ring and has 
the unpaired electron in a localized CT orbital. It is 
therefore not surprising that its heat of formation 
(Table 3) is calculated to be significantly lower than 
that of structure 9 (Table 2). 
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Fig. 9. (a) r-electron molecular orbitals for the benzene radical cation. (b) Molecular orbital correlation diagram for the rearrangement of the 
benzene radical cation to the Dewar benzene structure. 

A semiempirical grid calculation in which the A calculation of the force constants for this structure 
C,-C, and C&s distances in structure 2 were varied gave one negative force constant. A visualization of 
gave an indication that a direct rearrangement of the corresponding vibration, by using VIBRAM [ 131, 
structure 2 to structure 10 is possible. Ab initio agreed with the reaction coordinate expected from the 
calculations on the basis of these semiempirical re- dashed lines drawn in the structure of T, in Fig. 3. As 
sults indeed produced an acceptable structure for T,. a further test of T, an intrinsic reaction coordinate 
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Table 5 
ROHF, MRCI, and ZPE energy values in Hartree for the different electronic states of the structures involved in the isomerization of the 
benzene radical cation to the Dewar benzene structure. Except for the transition state T,, all values are calculated for the lowest state in 
C,, symmetry. The relative energies in kcal mol-’ are given in Fig. 10. I._,,, refers to the minimum geometry obtained by an optimization 
in C,, symmetry after symmetrization of transition state T, (see text) 

Benzene l’+ 

I Lylll 

Ts 
Dewar benzene’+ 

Symmetry 

bs 
b, 
ai 
a2 
aI 
b, 
b, 
a2 

b, 
a, 
a2 
b, 

ROHF 

-230.421222 

-230.288110 

-230.280288 
-230.291858 

MRCI 

-230.868602 
-230.85 1396 
-230.763379 
-230.748119 
-230.733720 
-230.662497 
-230.656325 
-230.63275 1 
-230.728065 
-230.739705 
-230.675009 
-230.632892 
-230.630242 

ZPE 

0.105319 

0.102490 

0.101090 
0.100975 

(IRC) calculation was done by using a 4-31G basis 
set. This calculation indeed showed a connection of 
T, with both structures 2 and 10. 

Dissociation of structure 10 via the transition state 
T4 leads to a shallow minimum that can be ascribed to 
the ion induced dipole attraction and from this mini- 
mum to the separated fragments, that at a distance of 
15 8, have an energy slightly below the energy of T4 
(Table 3). The final energy diagram is shown in Fig. 
4. In this energy diagram the total energy of the 
separated fragments is set equal to the value at 15 A. 

3.2. Possible fragmentation pathways to the vinyl 
acetylene structure 

In [9], it was suggested that the most probable way 
for the formation of the vinyl acetylene fragment 
radical cation is the breaking of two C-C bonds in 
structure 3. This mechanism was first tested by a 
semiempirical (PM3) grid calculation in which the 
C,-C, and C&s distances were varied. The resulting 
potential energy surface is shown in Fig. 5. 

Fig. 5 suggests that there are two possible path- 
ways of comparable energy. In path A (Fig. 5) an 
increase of the C,-C, distance leads to an almost flat 
part of the potential energy surface from which the 
separated fragments can be reached. In path B the 

reaction goes via a breaking of the Cr-C, bond to 
form the intermediate structure 14 and, subsequently, 
a breaking of the C&s bond. The corresponding 
reaction schemes are shown in Fig. 6 and the results 

of the ab initio calculations are given in Table 4. It 
should be noted that the relative orientation of the 
fragments in 13 and 13’ (Fig. 6) is different. For this 
reason there is a small difference in the calculated 

energies. 
The calculations again show that dissociation pro- 

ceeds via a minimum that can be ascribed to the ion 
induced dipole attraction. An interesting point, fur- 
thermore, is that, in contrast to the semiempirical and 

ROHF results, the energy of structure 12 is higher 
than the energy of transition state T,. This shows that, 

as assumed in the reaction scheme in Fig. 6(a), 12, 
indeed, is not an intermediate in path A (Fig. 5). An 
(ROHF) IRC calculation by using a 4-31G basis set, 
nevertheless, produced structure 12 as the product ion. 
We consider this to be an artefact caused by the fact 
that at the ROHF level the energy of 12 is lower than 

that of T,. In fact, an optimization starting with a 
geometry from the IRC calculation close to T, pro- 
duced structure 3 instead of 12. 

The energy diagrams for the fragmentations via 
path A and B are shown in Fig. 7 where, again, the 
energy of the separated fragments is set equal to the 



34 W. J. van der Hart/International Journal of Mass Spectrometry 176 (1998) 23-38 

Fig. 10. Correlation diagram for the rearrangement of the benzene radical cation to the Dewar benzene structure. 

value at 15 A. In the present case, the minima between 
the final transition state and the fragments are only 
obtained at the ROHF level. After the MRCI calcu- 
lation T, in path A is only 0.4 kcal mol-’ above the 
minimum, whereas in path B T, is even slightly below 
the ROHF minimum. The barriers in the two possible 
pathways are essentially identical, but a fragmentation 
along path A is somewhat more direct and for this 
reason perhaps more likely. 

3.3. A possible fragmentation pathway to the 
cyclobutadiene structure 

As noted above, the only reasonable precursor for 
a fragmentation to the cyclobutadiene structure seems 

Table 6 
ROHF, MRCI, and ZPE energy values in Hartree for the radical 
cation structures and transition states in Fig. 11 and relative 
energies with respect to the benzene structure in kcal mol-‘. The 
latter values are obtained from the MRCI energies corrected for 
the ROHF zero-point energies scaled by a factor of 0.89 

ROHF ZPE MRCI AE 

Benzene l’+ a -230.421222 0.105319 -230.868588 0 
Ts -230.280288 0.101090 -230.728065 85.8 
Dewar benzene’+ -230.291858 0.100975 -230.739705 78.4 
Ts -230.259187 0.100627 -230.719191 91.1 
Structure 16 -230.288477 0.101628 -230.725192 87.9 
T 10 -230.231216 0.096693 -230.685201 110.3 
17, minimum -230.244159 0.094194 -230.685921 108.4 

10 8, -230.236603 0.093474 -230.676278 114.1 
15 ii -230.236374 0.093093 -230.676207 113.9 

“Values taken from [5]. 
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Fig. 11. Energy diagram for the fragmentation to the cyclobutadiene structure. The relative energies are in kcal mol- ’ 

to be the Dewar benzene structure. This leads to the 
reaction scheme shown in Fig. 8. 

In the following, we will first consider the first 
step, the isomerization to the Dewar benzene struc- 
ture, and, subsequently, the dissociation of this latter 
ion structure. 

It is well known that the formation of neutral 

Dewar benzene from the benzene molecule is forbid- 
den in the sense of the Woodward-Hoffmann rules 
[ 181. This is easily seen from the benzene r-electron 
molecular orbitals (MOs) shown in Fig. 9(a). Orbital 
as, which is doubly occupied in benzene, correlates 
with an unoccupied MO in Dewar benzene, whereas 
the reverse holds for MO as. ROHF calculations 

1 18 TII 19 TV 20 

Fig. 12. Reaction scheme for the fragmentation to the butatriene radical cation. 
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Fig. 13. Energy diagram for the isomerization of the benzene radical cation to the dimethylene cyclobutene structure (a) [7] and for the 
dissociation of the latter structure to the butatriene fragment ion. The relative energies are in kcal mol-‘. 

show that the change in orbital occupation is more singly occupied MO Q3 (symmetry b, in C,,) will be 
complex in the case of the radical cations [Fig. 9(b)]. unoccupied after isomerization. It follows from Fig. 
The unpaired electron in the Dewar benzene radical 9(b) that an isomerization of the benzene radical 
cation is in the orbital that correlates with the doubly cation to the Dewar benzene structure is probably 
occupied benzene MO Qp, (symmetry b, in C,.,). The determined by two curve crossings and that it is rather 
unoccupied benzene MO a5 becomes doubly occu- likely that the transition state will be asymmetric 
pied in the Dewar benzene radical cation and the because of an avoided crossing. The transition state T, 
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ROHF, MRCI, and ZPE energy values in Hartree for the radical cation structures and transition states in Figs. 12 and 13 and relative 
energies with respect to the benzene structure in kcal mol-‘. The latter values are obtained from the MRCI energies corrected for the 
ROHF zero-point energies scaled by a factor of 0.89 

ROHF ZPE MRCI AE 

Benzene l.+ a 
Dimethylene cyclobutene 18“ a 

T,, 
Structure 19 
T IZ 
20, minimum 

10 8, 
15 A 

“Values taken from ]5] and [7]. 

-230.421222 0.105319 -230.868588 0 
-230.333331 0.101906 -230.780686 53.3 
-230.246161 0.096437 -230.701199 100.1 
-230.280953 0.098024 -230.720901 88.6 
-230.222311 0.093323 -230.669536 118.2 
-230.235918 0.092992 -230.684175 108.8 
-230.230100 0.091823 -230.613415 114.9 
-230.229784 0.091793 -230.673174 115.1 

indeed appeared to be asymmetric. If the geometry of 
T, is optimized after symmetrization in CZV, the result 
is an ion structure (Isym in Fig. 10 and Table 5) where 
the unpaired electron is in an orbital of a, symmetry in 
C,, correlating with as in benzene as may be ex- 
pected from Fig. 9(b). In order to get a more complete 
picture of the isomerization of the benzene radical 
cation to the Dewar benzene structure the lowest 
states of all possible symmetries have been calculated 
for the benzene, Isym and Dewar benzene radical 
cations. The resulting energies are given in Table 5 
and the corresponding correlation diagram is pre- 
sented in Fig. 10. In this diagram the position of T, is 
based on the differences in the length of the central 
bond with the lengths in Is,_, and in the Dewar radical 
cation. This position clearly shows that T, depends on 
an avoided crossing of potential energy surfaces of a, 
and b, symmetry as one may expect from Fig. 9(b). 

benzene radical cation appeared to be relatively 
straightforward. The resulting energies are given in 
Table 6 and the corresponding energy diagram is 
shown in Fig. 11. Also in this case, dissociation 
proceeds via a minimum. 

3.4. A possible fragmentation pathway to the 
butatriene structure 

As remarked above, the most reasonable pathway 
for a fragmentation to the butatriene structure proba- 
bly is an isomerization to the dimethylene cy- 
clobutene radical cation 18 followed by a dissociation 
of the latter ion (Fig. 12). The first step, the isomer- 
ization to the dimethylene cyclobutene structure, has 
been discussed in a previous article [7]. In that work, 

The calculation of the dissociation of the Dewar 

Table 8 
Relative energies in kcal mole’ with respect to the benzene 
radical cation of the highest barriers and the separated fragments 
for the pathways studied 

Table 9 

Highest 
Fragment barrier Fragments 

Methylene cyclopropene’+ 105 103 
Vinyl acetylene’+ path A 114” 114 

+ path B 113 114 
Cyclobutadiene’+ 114” 114 
Butatriene’+ 118 115 

“The highest isomerization barrier is lower than or essentially 
equal to the energy of the separated fragments. 

Energies of C,H, fragment radical cations relative to the energy 
of the methylenecyclopropene radical cation in kcal mall’. The 
calculations in [9] are on the MRCI/ROHF//6-3 lG** level as in 
the present work. In the DFT and QCISD calculations in [20] a 
6-3 lG* basis set was used and the CCSD(T) calculations were 
done with Dunning’s correlation-consistent triple-zeta basis set 
[21] at the QCISD geometry 

Vinyl 
acetylene’+ Cyclobutadiene’+ Butatriene.+ 

Present work 10 11 12 
]91 11 9 6 

DR [20] 
QCISD [20] 1: 

IO 2 
10 9 

CCSD(T) 10 7 7 
WI 
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the isomerization barrier was calculated to be 89 kcal 
mol-‘, which is lower than the experimental value for 
the dissociation considered. The energy diagram for this 
process is shown in Fig. 13(a). The calculated energy 
values for the dissociation of the dimethylene cy- 
clobutene radical cation are given in Table 7 and the 
corresponding energy diagram is shown in Fig. 13(b). 

4. Conclusions 

The maximum barriers and the energies of the 
separated fragments for the different pathways studied 
are summarized in Table 8. It is quite clear that the 
dissociation of lowest energy is the formation of the 
methylene cyclopropene fragment ion as assumed 
previously [2,3]. The calculated barrier of 105 kcal 
mol-’ is somewhat higher than the experimental 
value of 96 kcal mol-’ given in [ 161 but the energy of 
the separated fragments of 103 kcal mol-’ is very 
close to the values recently obtained in [19]. In that 
work the authors obtained a value of 105.8 kcal mol-’ 
for the energy difference between the benzene radical 
cation and the separated fragments from density 
functional (DFT) calculations and of 102.6 kcal 
mol-’ at the CCSD(T) level (coupled cluster calcu- 
lations with single and double substitutions and a 
noniterative inclusion of triple excitations). For a 
fragmentation to the other classical C,H, ion struc- 
tures both the barriers and the energies of the sepa- 
rated fragments are highly comparable. Also in pre- 
vious calculations these C,H, radical cations were 
found to have almost equal energies, although there is 
some scatter in the results for the butatriene cation 
(Table 9). In this latter case, the DFT energy in 
particular seems rather low. From all these results 
together, we conclude that the experimental finding 
[2] that, besides the methylene cyclopropene ion, only 
the vinyl acetylene ion is observed in fragmentations 
of C,H6 precursors cannot be ascribed to differences 
in barriers along the possible dissociation pathways 
but should be caused by the fact that the transition 
states for a formation of the vinyl acetylene ion 
structure are much closer to the benzene structure than 
the transition states for formation of the other classical 
C,H, fragment ions. The vinyl acetylene ion is obtained 

by fragmentation of stmcture 3, which is connected with 
the benzene structure via two barriers of relatively low 
energy (Fig. 7), whereas for the cyclobutadiene and 
butatriene fragments a number of barriers of high energy 
have to be passed (Figs. 11 and 13). 
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