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Isomerization and dissociation of the acetonitrile molecular cation
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Abstract

The unimolecular dissociation of the acetonitrile molecular cation (CH3CN•+) has been investigated using mass-analyzed ion kinetic energy
spectrometry. Kinetic energy release distribution was obtained for the H loss. Density functional theory calculations have been performed
to investigate isomerization and dissociation of CH3CN•+. The potential energy surface (PES) for the H loss has been constructed from the
calculations at the UB3LYP/6-311++G(3df,3pd) level. The RRKM model calculations based on the obtained PES predict that CH3CN•+

interconverts to CH2CNH•+ and CH2NCH•+ followed by dissociation to a cyclic C2H2N+ via a cyclic C2H3N•+ intermediate near the
threshold. The present and previous experimental data for the dissociations of C2H3N•+ isomers are interpreted with the theoretical results.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Studies on acetonitrile molecular cation (CH3CN•+, 1)
and its isomers have been extensively carried out using
several mass spectrometric techniques including electron
ionization (EI) [1–3], collision-induced dissociation (CID)
[4–6], neutralization–reionization (NR)[6], metastable
ion decomposition (MID)[4–6], photoionization (PI)[7],
surface-induced dissociation (SID)[8], and atmospheric
pressure photoionization[9]. Some stable isomers of
C2H3N•+ have been suggested in the CID studies by two
research groups[4,5], which include these four isomers:

[CH3C≡N]•+
1

[CH2=C=NH]•+
2

[CH2=N=CH]•+
3

[CH3N≡C]•+
4

Chess et al.[5] suggested that these four isomers are stable
and interconversions of1 and2, 1 and4, and3 and4 do not
occur prior to dissociation. They pointed out an important
fact that the CID spectra of C2H2N+ generated by MID from
the four isomers are identical and proposed a single cyclic
structure for the C2H2N+ ion. This implies that the four
stable C2H3N•+ ions may isomerize to a common interme-
diate before the H loss, probably a cyclic structure at least in
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MID. Holmes and Mayer[6] suggested that1 and4 produce
a single cyclic C2H2N+ ion from the CID and NR spectra
of source-generated C2H2N+ ions. Contrary to the conclu-
sion by Chess et al., Rider et al.[7] suggested that H atom
migration in1 occurs rapidly prior to dissociation from the
PI data analysis for the productions of CH3

+ and CH2
•+. In

a recent SID work, Mair et al.[8] suggested that substantial
numbers of2 are formed from isomerization of1 in the EI
process.

Theoretical investigations on the dissociations of1 have
been limited comparing to the plentiful experimental ones.
Only the results of quantum chemical calculations were re-
ported for some C2H3N•+ [10] and C2H2N+ [11–13] iso-
mers. It is obvious that H atom migrations or CCN skeletal
rearrangements are involved in the possible isomerizations
of 1 to 2, 3, and 4. Even though theoretical studies on H
migration pathways of molecular cations containing oxygen
atom such as acetaldehyde[14] and acetone[15] have been
carried out, those of molecular cations containing nitrogen
have been rare. It is worthwhile to investigate theoretically
the pathways of isomerization and dissociation of1, which
have not been understood clearly in the previous experimen-
tal studies. In this work, density functional theory (DFT)
calculations are performed to predict the potential energy
surface (PES) for isomerization and dissociation of the ace-
tonitrile cation. The unimolecular dissociation, or MID, for
the H loss is investigated using mass-analyzed ion kinetic

1387-3806/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijms.2004.03.003



16 J.C. Choe / International Journal of Mass Spectrometry 235 (2004) 15–23

energy spectrometry (MIKES)[16]. The present and previ-
ous experimental data will be interpreted with the kinetic
modeling calculations based on the obtained PES.

2. Experimental

A double focusing mass spectrometer with reversed ge-
ometry (VG Analytical ZAB-E) was used for investigation.
Acetonitrile or butyronitrile was introduced into the ion
source via a septum inlet and ionized by 70 eV EI. The ion
source temperature was maintained at 140◦C, and ions gen-
erated were accelerated to 8 keV. MIKES was used to ob-
serve the MIDs of the molecular ions. Namely, a precursor
ion was selected by the magnetic sector and the transla-
tional kinetic energy of a product ion generated in the second
field-free region of the instrument was analyzed by the elec-
tric sector. To improve the quality of a MIKE spectrum, sig-
nal averaging was carried out for repetitive scans. The MIKE
profile of C2H2N+ was recorded with an energy resolution
higher than 4000 measured at half-height. The MIKE band-
width at half-height of the precursor ion was 1.9 eV. Under
this condition, deconvolution of the instrumental broaden-
ing was not needed in the calculation of kinetic energy re-
lease distribution (KERD) from the MIKE profile because
the main beam bandwidth was negligible compared to that
of C2H2N+. Acetonitile and butyronitrile were of the best
grade commercially available and used without further pu-
rification.

3. Computational

3.1. Quantum chemical calculation

Molecular orbital calculations were performed using the
Gaussian 03 suite of programs[17]. Geometry optimizations
for the several isomeric C2H3N•+ ions and fragments were
carried out at the UB3LYP density functional levels of the-
ory using the 6-311++G(3df,3pd) basis set. Transition state
(TS) geometries connecting these structures were searched.
The TS geometries found were checked by calculating the
intrinsic reaction coordinates. The harmonic vibrational fre-
quencies and the zero-point energies for the optimized struc-
tures were calculated at the UB3LYP/6-311++G(3df,3pd)
level. These have not been scaled because the appropriate
scaling factor at this level is not known though that of 0.9614
was recommended for the B3LYP/6-31G(d) level[18].

3.2. RRKM calculation of rate constants

The following RRKM expression was used to calculate
the rate-energy dependences for various reactions involved
[19,20].

k(E) = σ
W �=(E − E0)

hρ(E)
(1)

Here, E and E0 are the precursor ion internal energy and
the critical energy for the reaction, respectively.W �= is the
sum of states at TS,ρ is the density of states of the reac-
tant, andσ is the reaction path degeneracy. We could not
locate transition states in quantum chemical calculations for
the dissociation steps by H losses from1, 4, and a cyclic
C2H3N•+(5). It is usual in such a loose TS case to adjust
the TS vibrational frequencies using the 1000 K activation
entropy (	S‡) [21,22]. Most of the	S‡ values reported in
Ref. [22] and in the subsequent works for the reactions oc-
curring via a loose TS are in the range of 13–46 J mol−1 K−1

(3.0–11.0 eu). Therefore, a	S‡ of 29 J mol−1 K−1 (7.0 eu)
was used in the present RRKM rate calculations for the H
losses. The results calculated using the limiting values of
	S‡ will be presented if needed.

3.3. Statistical calculation of KERD

The phase space theory (PST) was used to calculate the
KERD expected for the statistical occurrence of the H loss
from 1 via 5 [23–26].

n(T ; J, E) ∝
∫ E−E0−T

Rm

ρv(E − E0 − T − R) P(T, J, R) dR

(2)

Here,T is the kinetic energy release (KER), andn(T; J, E) is
its distribution at the angular momentumJ and the internal
energyE of the precursor ion. The root-mean-square average
J evaluated at the ion source temperature was used.ρv and
P are the product vibrational and angular momentum state
densities, respectively.R is the product rotational energy and
Rm is its minimum.

4. Results and discussion

In the MID of 1 only the H loss was observed, agree-
ing with the previous experimental results[4,5]. The
MID-MIKE spectrum is shown inFig. 1(a) together with
the profile of the precursor ion. To observe MID in conven-
tional tandem mass spectrometry, the rate constant should
be in the range 104 to 106 s−1. In this work, the rate con-
stant for the MID was estimated by varying the ion source
acceleration voltage as suggested by Baer and coworkers
[27,28]. It is (1.2 ± 0.4) × 105 s−1. The available energy
(E − E0) for the H loss estimated from the MID-KERD is
about 0.3 eV, which will be described below. The rate con-
stant for the direct H loss from1 was calculated using the
RRKM formalism in Eq. (1). The vibrational frequencies
used in the calculation are listed inTable 1. Even though
the theoretical geometry of1 deviates slightly from C3V
molecular symmetry as will be shown below, the reaction
path degeneracy of3 was used in the rate calculation for
the reaction1→ a +H•, which is more realistic. Since this
reaction is a simple bond cleavage occurring via a loose
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Fig. 1. (a) The MID-MIKE profile for the H loss from CH3CN•+ generated
by EI of acetonitrile. The profile of the precursor ion is also shown.
The intensities of the two profiles are scaled to the same height. (b) The
KERDs for the MID of H loss from CH3CN•+. The experimental result
evaluated for the profile in (a) is shown as circles. The PST calculation
result using available energy 0.3 eV is shown as a solid curve.

Table 1
Molecular parameters used in the RRKM rate constant and PST KERD calculations

Species

Vibrational frequency (cm−1)a

1 184, 374, 447, 935, 1011, 1083, 1169, 1400, 2086, 2734, 2839, 3118
2 369, 394, 441, 557, 762, 1016, 1062, 1409, 2247, 3130, 3246, 3665
3 353, 411, 459, 753, 779, 1102, 1127, 1443, 2105, 3137, 3277, 3348
4 319, 319, 830, 1116, 1116, 1428, 1446, 1446, 2402, 3054, 3152, 3152
5 692, 739, 860, 878, 969, 1038, 1050, 1275, 1676, 3246, 3305, 3400
TS12 187, 325, 457, 919, 1012, 1013, 1411, 1900, 2537, 3100, 3226, 566i
TS47 207, 375, 711, 908, 1008, 1116, 1432, 1824, 2106, 3105, 3263, 1267i
TS56 685, 782, 869, 913, 1040, 1107, 1283, 1550, 2224, 3115, 3248, 1240i
c 867, 939, 992, 1008, 1177, 1385, 1683, 3207, 3258

Rotational frequency (cm−1)a

1 5.18, 0.31, 0.31
c 1.31, 1.03, 0.57

Polarizability (10−24 cm3)b

H• 0.667

a DFT calculation at the UB3LYP/6-311++G(3df,3pd) level.i denotes imaginary frequency.
b Ref. [29].

TS, the TS vibrational frequencies were adjusted for	S‡

to be 29 J mol−1 K−1. The rate constant calculated thus is
2.7×109 s−1 at the available energy of 0.3 eV. Those calcu-
lated with	S‡ of 13 and 46 J mol−1 K−1 are 5.5× 108 and
1.7 × 1010 s−1 at the same energy, respectively. Namely,
the theoretical rate constant is in the range of 5.5 × 108 to
1.7 × 1010 s−1, much larger than the experimental one for
the MID. Without consideration of the isomerization of1
to a more stable ion(s) prior to dissociation the observed
rate can not be explained. It is possible to produce other
C2H2N+ ions after the isomerization. First of all, the cal-
culation results for possible isomerizations and dissociation
pathways of1 will be described.

4.1. DFT calculations

It is known that there are three stable C2H2N+ iso-
mers such as CH2CN+, CH2NC+, and a cyclic isomer,
1H-azirin-1-yl cation[11–13]:

In the present quantum chemical calculations, the azirinyl
cation,c, was found to be the most stable, agreeing with the
recent result of high-level ab initio calculations by Mayer
et al. [13] The optimized geometries ofa–c are almost the
same with those reported. The relative energies of the opti-
mized species calculated in this work are listed inTable 2.
Reliable experimental energy data for the species are very
limited, which are included in the table. Energy at the zero
point referred to that of1, and zero-point vibrational ener-
gies were added to calculate the relative energies.
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Table 2
Relative energies and enthalpies of formation in kJ mol−1 of the relevant
chemical structures

Species Relative energya 	f H0 K
b

1 (CH3CN•+) 0 1258(0)
2 (CH2CNH•+) −207
3 (CH2NCH•+) −165
4 (CH3NC•+) 50 1262(4)
5 (c-C2H3N•+) −32
6 14
7 92
8 55
TS12 82
TS26 86
TS28 83
TS36 25
TS37 131
TS47 198
TS56 139
TS78 101
a (CH2CN+) + H• 233
b (CH2NC+) + H• 249
c (c-C2H2N+) + H• 191
CH3

+ + CN• 321 1535 (277)
CH2

•+ + HNC 350 1588 (330)
CH2

•+ + HCN 293 1522 (264)

a Theoretical result calculated at the UB3LYP/6-311++G(3df,3pd) den-
sity functional theory level. Energy at the zero point referred to that of
1. Zero-point energies were added to calculate the relative energies. The
calculated total energy and zero-point energy of1 are−132.3646491 and
0.039592 hartrees, respectively.

b Enthalpy of formation at 0 K taken from Ref.[30]. The value in the
parentheses denotes the enthalpy relative to1.

Fig. 2. The isomerization pathway of CH3CN•+ obtained by DFT/UB3LYP/6-311++G(3df,3pd) calculations. The numbers are the bond lengths in Å.

Figs. 2 and 3show the lowest energy pathways of1 and4,
respectively, for formations of more stable isomers obtained
from the DFT calculations. The optimized structure of1
shows CS molecular symmetry. One C–H bond (1.090 Å) is
shorter than the other two C–H bonds (1.116 Å). The angle
of CCN is 179.3◦. The reduction of molecular symmetry
from C3V to CS upon ionization of acetonitrile is probably
due to the Jahn-Teller distortion suggested in the previous
PI study [7]. 1 isomerizes to a ketenimine cation,2 via
TS12 by two consecutive 1,2-H shifts. The critical energy
(82 kJ mol−1) for this isomerization is far smaller than that
(233 kJ mol−1) for the direct H loss to producea. The cal-
culated PES for the isomerizations of C2H3N•+ and some
dissociation channels is depicted inFig. 4. 2 is the most sta-
ble C2H3N•+ isomer found here. It forms an intermediate
(6) having bended CNC structure by a 1,2-H shift and a sub-
sequent rearrangement.6 isomerizes further to two different
stable cations. Very small energy barrier (11 kJ mol−1) is
needed to form a CH2NCH•+ isomer (3) having linear
CNC structure. On the other hand, the formation of a cyclic
isomer, 1H-azirine cation (c-C2H3N•+, 5) from 6, which in-
volves a H migration via a four-membered ring TS (TS56),
needs cost of a considerable energy (125 kJ mol−1). All the
atoms of5 are in the same plane except the H atom attached
to the N atom. The calculated dihedral angle between the
HNC and NCC planes is 120.2◦. The cyclic C2H2N+ ion,
c, produced from5 by the loss of H atom attached to the
N atom, is more stable thana produced directly from1 by
42 kJ mol−1 and thanb from 4 by 58 kJ mol−1.
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Fig. 3. The isomerization pathway of CH3NC•+ obtained by DFT/UB3LYP/6-311++G(3df,3pd) calculations. The numbers are the bond lengths in Å.
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2 and 3 can undergo further isomerizations to4. Fig. 3
shows the isomerization pathway starting from4. 4 main-
tains C3V molecular symmetry upon ionization unlike1. By
a 1,2-H shift,4 forms an intermediate (7) having planar
structure that further isomerizes to2 by a CNC skeletal re-
arrangement via8. 2 can further isomerize to3 as described
above. Alternatively,7 can isomerize directly to3 by a 1,2-H
shift.

The PES inFig. 4 shows that it is energetically favorable
for 1 to isomerize to2 and3, but not to4. On the other hand,
starting from4, most of the stable isomers found here can be
energetically accessible. Since van Thuijl et al.[4] suggested
CHCHNH•+ as another stable isomer in their CID study,
its geometry was optimized also. However, it is too unstable
comparing to1 (relative energy= 162 kJ mol−1) and can
be ruled out as an important intermediate in the dissociation
of 1.

4.2. The H loss

According to the obtained PES,1 can produce eithera or
c by H loss while the production ofb is less probable. Obvi-
ously below the dissociation limit (233 kJ mol−1) to a, 1 or
its more stable isomers dissociate exclusively toc because
all the isomerization barriers (TS12, TS26, TS56) lie below
the final dissociation step,5→ c + H•. RRKM rate calcu-
lations were performed based on the obtained PES using the
formalism in Eq. (1). The RRKM rate constant calculated
with 	S‡ of 29 J mol−1 K−1 for the dissociation1→ a+H•
is 7.2 × 106 s−1 at 0.01 eV above the threshold. Those for
the forward (1 → 2) and reverse (2 → 1) isomerizations
are 3.6×1012 and 6.6×109 s−1, respectively at the same en-
ergy. Theσ values of 3 and 1 were used in the calculations,
respectively. This indicates that most acetonitrile cations un-
dergo the isomerization to2 near the dissociation threshold.
This result agrees with the suggestions by the PI[7] and
SID [8] studies as mentioned inSection 1. Some of2 can
isomerize further to3. The further isomerization to4 is less
probable since the final barrier (TS47) along the pathway
is higher than the dissociation limit toc. Namely,1, 2, and
3 can interconvert near or below the dissociation threshold
with the largest abundance of2. However, at high internal
energy the direct H loss from1 can be more favorable than
its isomerization to2 because the former is a simple bond
cleavage, which is entropically more favorable while the lat-
ter is a rearrangement reaction. According to the RRKM cal-
culation, the crossover between the two rate-energy curves
for the above competitive reactions occurs at 5.2 eV of in-
ternal energy of1. Namely, the direct H loss can occur
dominantly without isomerization to2 far above internal
energy of 5.2 eV. The production ofa can occur also af-
ter the equilibration of1, 2, and3, which will be described
below.

Estimation of the observed rate constant for the produc-
tion of a or c is not simple because several wells are present
along the pathway to the products. To simplify the calcu-

lation, the PES is approximated to have only double wells.
It is assumed that all the acetonitrile cations isomerize to2
initially and TS56 is taken as only one transition state be-
tween2 and 5 since the final step through it (6 → 5) is
the rate-determining step in the formation of5. As a confir-
mation of the former assumption, we carried out the MID
experiment for C2H3N•+ from butyronitrile, known to have
the structure of2 [4,5]. The MID profile of the H loss was es-
sentially the same with that inFig. 1(a)within experimental
error limits, indicating free interconversion of1 and2 prior
to MID. In addition, the dissociation channel tob through4
is ignored, even though it may be important at internal en-
ergy far above the dissociation threshold. Then, the kinetic
scheme for the H loss can be written simply as follows.

(3)

The expressions for the rates of production ofc anda can
be written as below if5 is not present initially[20,31].

d[c]

dt
= k1k3

λ+ − λ−
(e−λ−t − e−λ+t) (4)

d[a]

dt
= k4

λ+ − λ−
[(λ+ − k1 − k4)e

−λ−t

− (λ− − k1 − k4)e
−λ+t ] (5)

where

λ± = 1
2[k1 + k2 + k3 + k4

±
√

(k2 + k3 − k1 − k4)2 + 4k1k2] (6)

The individual rate constants were calculated using the
RRKM formalism. Theσ values used are 1, 2, 1, and 1 in
the calculations ofk1 − k4, respectively. The rapid intercon-
versions of2 to the other stable isomers prior to dissociation
were considered in the calculations ofk1 andk4. Only the
interconversion to3 was important, and hence, the sum of
densities of states of2 and3 was used forρ in Eq. (1) [20].
The calculated individual rate constants are shown inFig. 5
as a function of the ion internal energy together withλ+
andλ−. Sinceλ+ is larger thanλ−, k1, andk4 by more than
two orders of magnitude in the whole energy range calcu-
lated,Eqs. (4) and (5)are simplified to get the abundance
ratio of the product ions.

[c]

[a]
≈ k1k3

k4λ+
(7)

The abundance ratio [c]/[a] calculated is shown as a func-
tion of the ion internal energy inFig. 5(b). This calculation
shows that the observed dissociation rate for the H loss is de-
termined byλ−, andc is produced predominantly from the
threshold toc up to∼1 eV above. The calculatedλ− curve
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predicts that the dissociation slightly above the threshold to
c (0.1–0.3 eV) occurs on the time scale corresponding to the
MID in rate constants 104 to 106 s−1. This result shows that
the RRKM model calculation based on the simplified PES
can explain properly both the detection of the MID and the
structure of the product ion,c. However, it is to be noted
that the production ofa is more favorable at internal energy
of 1 higher than∼3 eV according to the present model cal-
culation.

Uncertainty is remained in the above calculations since
we assumed the looseness of the TSs in the calculations ofk3

andk4 by using	S‡ as a typical value 29 J mol−1 K−1. To
estimate the uncertainty arising from the unknown looseness,
the same calculations were carried out using the	S‡ value
of 46 or 13 J mol−1 K−1 representing an extremely or barely
loose TS, respectively. The main picture described above is
not altered. The resultant rate constants (k3, k4, λ+, andλ−)
and [c]/[a] ratio are somewhat larger or smaller than those
obtained above. The uncertainty estimated thus is shown in
Fig. 5 as the vertical bar.

The MID of 3 and 4, reported in the previous studies
[4,5], can be explained also. According to the PES obtained
above,3 can producec via 2 and 5. Since the barrier for
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the isomerization4 → 7 is below the direct dissociation
(4 → b + H•) limit, most of 4 near the dissociation limit
undergo isomerization to more stable ions,2 and3 followed
by dissociation toc. As increasing internal energy, however,
the competition of the direct dissociation channel becomes
more important. Since3 and4 dissociate toc via the most
stable isomer2, their observed dissociation rates near the
threshold will be similar with that obtained above.

The prediction that the MIDs of1–4 produce a com-
mon C2H2N+, c, agrees with the CID result characterizing
the C2H2N+ ions produced by MID from1–4 by Chess
et al. [5] From the measurement of the appearance en-
ergies for the production of C2H2N+ from CH3CN and
CH3NC by Holmes and Mayer[6], the enthalpies of for-
mation at 298 K of the product ion were estimated, 1200
and 1190 kJ mol−1, respectively. The investigators mea-
sured also the KERs (T0.5, measured at half-height) for
the H losses from CH3CN•+ and CH3NC•+, which were
141 and 150 meV, respectively. These similar energetic
data mean that the two precursor ions produce a common
C2H2N+ ion by H loss via a common C2H3N•+ inter-
mediate, which can be assigned asc and 5, respectively,
from the present result. However, the enthalpy of formation
(1140 kJ mol−1) of C2H2N+ estimated from the experiment
for 1H-1,2,3-triazole, was smaller than the above ones even
though the correspondingT0.5 (146 meV) was similar. This
indicates that the latter C2H2N+ ion may be produced via
another intermediate, or its structure may be different from
c. Since it is unclear which C2H3N•+ isomer is formed
from the triazole cation by N2 loss, the details on the
dissociation will not be further discussed.

A final exit channel in a dissociation pathway can be effec-
tively understood by investigation of the KER. The method
to evaluate KERD from a MIKE profile is well established
[32]. The KERD for the H loss obtained by analyzing the
profile inFig. 1(a)is shown inFig. 1(b). The maximum KER
is around 0.3 eV which can be accepted as the available en-
ergy (E − E0) of the C2H3N•+ ions undergoing the MID.
At this energy, the corresponding rate constant estimated
from the obtainedλ− curve is 1×106 s−1. Even though this
value is in the range of typical MID, 104 to 106 s−1, it is
larger than the rate constant (1.2×105 s−1) estimated in this
work. However, the disagreement is not so large considering
the several approximations made for the expectation of the
rate-energy curve (λ−) and the limit of the calculated molec-
ular parameters. This indicates that the actual dissociation
rate would rise slower with internal energy than expected
from theλ− curve.

Accepting that5 → c + H• is the final step in the H
loss, the KERD would be sharp with high probability near
the zero KER, which is typical in simple bond cleavages.
However, the experimental KERD inFig. 1(b) shows very
broad shape with no probability near the zero KER. The
average KER calculated from the distribution is 146 meV.
Since it is known that PST can explain properly KERDs for
dissociation without a considerable reverse barrier such as
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simple bond cleavages, the PST calculation was performed
for the production ofc using the formalism ofEq. (2). The
molecular parameters used in the calculation are listed in
Table 1. Satisfactory agreement between the experimental
and theoretical KERDs could not be obtained using any in-
ternal energy of the C2H3N•+ ions. The theoretical KERD
calculated using the available energy 0.3 eV estimated from
the experimental maximum KER is shown inFig. 1(b).
The structure in the distribution is due to a quantum effect
mainly arising from available limited vibrational quanta of
the product ion. The average KER is 96 meV. The experi-
mental KERD is broader than and different in shape from
the statistically calculated one.

One possibility for this large experimental KER is that
there is a considerable reverse barrier in the final step in
the MID, which was suggested in the study by Holmes and
Mayer[6]. Then, the KER would be larger than statistically
expected. In some direct bond cleavage reactions to pro-
duce cations with aromatic stability, reverse barriers have
been found experimentally and theoretically[33–38]. Es-
pecially in the production of cyclopropenium cation from
cyclopropene cation, which is isoelectronic to the dissoci-
ation 5 → c + H•, presence of a reverse barrier was re-
ported[33]. We attempted but failed to locate a transition
state between5 andc + H• by quantum chemical calcula-
tion, however. The distance between the adjacent N and H
atoms of5 was increased with optimization of all other coor-
dinates at the UB3LYP level using the 6-311++G(3df,3pd)
or aug-cc-pVTZ basis set. No reverse barrier was found in
the dissociation pathway up to the N–H distance longer than
3.5 Å. We searched for but did not find any other stable
C2H2N+ isomer not mentioned above, agreeing with the pre-
vious theoretical results[12,13]. The other possibility is that
PST is not valid for the H loss from5 even though it occurs
via a loose transition state. It has been reported that KERs
for H losses could be much greater than expected from PST
by Lifshitz (references therein[39]). The dynamic effect in
H loss can be significant more than expectation by PST. It
is very rare to report successful expectation for KER for H
loss by PST[40]. The latter possibility is more reasonable
at the moment. Further theoretical studies are needed to un-
derstand the measured large KER.

4.3. The productions of CH3
+ and CH2

•+

The other dissociation channels to produce lowerm/z ions
are opened at higher internal energies. The most charac-
teristic feature in the dissociation at high internal energy,
observed in the experimental studies by CID[4,5] and EI
[1,2], is the productions ofm/z 15 and 14 ions, CH3+ and
CH2

•+, respectively. Their relative abundances from several
precursors reported are summarized inTable 3. The origi-
nal data were adjusted so that the total abundance of CH3

+
and CH2

•+ is normalized to 100. The CID results show that
the production of CH3+ is more favorable relatively in the
precursors containing methyl groups. This may be misinter-

Table 3
Abundance ratios (CH3+:CH2

•+) reported in the CID and EI studies

Precursors CID1a CID2b EI

1 (CH3CN•+) 25:75 21:79 18:82c

2 (CH2CNH•+) 13:87 12:88
3 (CH2NCH•+) 5:95
4 (CH3NC•+) 49:51 55:45 65:35d

a Ref. [5]: acetonitrile, butyronitrile,n-propyl isocyanide, and methyl
isocyanide were used for CID of1–4, respectively.

b Ref. [4]: acetonitrile, butyronitrile, and methyl isocyanide were used
for CID of 1, 2, and4, respectively.

c Ref. [1]: 70 eV EI of acetonitrile.
d Ref. [2]: 70 eV EI of methyl isocyanide.

preted as that the four C2H3N•+ isomers do not intercon-
vert prior to dissociation. However, it is to be noted that in a
CID process precursor ions having a considerable range of
internal energy, generated by either EI or dissociation from
other molecular ions, are activated by collision. The CID re-
sults can be interpreted with the PES obtained in this work.
The relative energies for the production of CH3

+ + CN•,
CH2

•++HCN, and CH2
•++HNC are similar comparing to

the precursors (Table 2andFig. 4). In the CID of1 or 4 con-
taining a methyl group, the precursor having internal energy
below its first isomerization barrierTS12 or TS47, respec-
tively, would maintain its original structure before collisional
activation, while that above the barrier would isomerize to
other more stable isomers,2 and3. The collisional activation
from the former can lead to the production of CH3

+ prefer-
entially, while that from the latter the production of CH2

•+.
Both the processes can contribute significantly to the CID
signals, of which abundances are determined by detailed ki-
netic factors. On the other hand, in the CID of2 and3 most
of the precursor ions maintain their original structures or in-
terconvert each other before collisional activation, and dis-
sociate to CH2•+ preferentially by collisional activation.

More abundant production of CH3+ in the CID and EI
of 4 than in1 can be interpreted also with the present PES.
If other conditions are similar, the barrier heights for the
direct production of CH3+ and the first isomerization to
produce CH2•+ will determine the relative abundance of
CH3

+ and CH2
•+. The difference of the barrier heights

in 4 is 123 kJ mol−1, which is far smaller than that in1,
219 kJ mol−1. This means that the production of CH3

+ com-
petes more effectively with the first isomerization to pro-
duce CH2

•+ in the dissociation of4 than in1. This would
result in the rich production of CH3+ in the dissociation of
4 relative to1.

5. Conclusions

The structures and potential energies of various C2H3N•+
isomers were calculated at the UB3LYP/6-311++G(3df,
3pd) level. By connecting them with the transition states
the PES for the H loss reactions was constructed. Three
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isomers were found to be more stable than CH3CN•+,
which are CH2CNH•+, CH2NCH•+, and c-C2H3N•+ in
order of decreasing stability. The RRKM model calculations
based on the PES showed that CH3CN•+ interconverts with
CH2CNH•+ and CH2NCH•+ near and below the threshold
for the H loss, but does not with CH3NC•+ because of
presence of a considerable barrier. From the RRKM rate
calculation with the simplified double well PES for the
productions of c-C2H2N+ and CH2CN+, the observation of
the MID on a microsecond time scale for the H loss from
CH3CN•+ could be understood. The present theoretical cal-
culations predict that the MIDs from the four stable molec-
ular cations, CH3CN•+, CH2CNH•+, CH2NCH•+, and
CH3NC•+, occur via an identical intermediate, the cyclic
C2H3N•+ isomer, to produce the cyclic C2H2N+ cation. At
higher internal energy, CH2CN+ or CH2NC+ can be pro-
duced by H loss. The measured KERD for the MID was large
and could not be explained with the statistical phase space
theory even though a reverse barrier was not found theoret-
ically in the production of c-C2H2N+. The productions of
CH3

+ and CH2
•+ from the C2H3N•+ isomers reported pre-

viously could be interpreted with the PES obtained. Further
kinetic studies such as dissociation rate measurements for
energy-selected molecular cations will aid in constructing a
more realistic PES with better accuracy in energetics.
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