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a b s t r a c t

The potential energy surface (PES) for dissociation of aniline ion was determined using density functional
theory molecular orbital calculations at the B3LYP/6-311+G(3df,2p)//B3LYP/6-31G(d) level. On the basis
of the PES obtained, kinetic analysis was performed by Rice–Ramsperger–Kassel–Marcus (RRKM) calcu-
lations. The RRKM dissociation rate constants agreed well with previous experimental data. The most
ccepted 25 September 2008
vailable online 8 October 2008
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favorable channel was formation of the cyclopentadiene ion by loss of HNC, occurring through consecu-
tive ring opening and re-closure to a five-membered ring. Loss of H• could compete with the HNC loss at
high energy, which occurred by direct cleavage of an N–H bond or through ring expansion.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

The unimolecular dissociation of gaseous aniline molecular ion
1) has been studied using several experimental means, includ-
ng electron ionization (EI) [1] and trapped ion mass spectrometry
2], isotope labeling [1,3], photoelectron–photoion coincidence
PEPICO) [4], multiphoton ionization (MPI) [3,5–8], and collision-
nduced dissociation (CID) [9] methods. It is known that C5H6

+• is
he main primary fragment ion formed from 1. In the EI [1] and

PI [6] studies, it was assumed that the product C5H6
+• ion has a

inear structure. Baer and Carney measured the dissociation rates
n a microsecond time scale as a function of the internal energy
sing PEPICO [4]. In the study, the critical energy of formation
f C5H6

+• was estimated through model calculations by statisti-
al Rice–Ramsperger–Kassel–Marcus (RRKM) theory [10]. From a
omparison with thermochemical data for several C5H6

+• isomers
ncluding linear isomers, they suggested that the product ion is the
yclopentadiene ion (CP+•) and that its neutral counterpart is HCN.
year later, Lifshitz et al. [2] reported that HNC is a more reason-

ble product by measurement of the appearance energy, which is
enerally accepted.
Rearrangement mechanisms leading to ring expansion or con-
raction of aromatic gas phase ions has been an interesting subject
n theoretical studies. It is well known that the formation of tropy-
ium ion from toluene molecular ion or its derivatives occurs via

∗ Corresponding author. Fax: +81 2 2268 8204.
E-mail address: jcchoe@dongguk.edu (J.C. Choe).
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ing expansion [11–17]. Recently, it was reported that the ring
xpansion beginning with a 1,2 shift of an H atom of the methyl
roup is much more favored than with a 1,3-H shift [18]. On the
ther hand, it was reported that ring expansions in molecular
ons of chlorotoluene [19], phenylsilane [20], and its derivatives
21], occurring by a similar mechanism, do not contribute to
heir dissociations due to high energy barriers for subsequent
issociation steps. A theoretical mechanism for the formation of
P+• from 1 by loss of HNC or HCN was reported, which occurs
hrough ring contractions beginning with a 1,2 or 1,3 shift of
he H atom of the amino group [22]. A similar mechanism was
eported for the formation of CP+• from phenol molecular ion
23,24].

In this work, we explored the potential energy surface (PES) for
he dissociation of 1 using density functional theory (DFT) calcu-
ations. Although it is known that the main primary product ion
s C5H6

+• near the threshold, the formation of C6H6N+ by loss of
• can contribute to the dissociation at high energy. In the EI [1],
PI [3,5], and CID [9] experiments, the product C6H6N+ ion was

bserved. Several candidates are possible for its structure, including
ve-, six-, and seven-membered ring isomers. Thus, we examined
he H• loss as well as the HNC loss to find out the most favorable
eaction pathways and product structures. We found out a novel
athway to form CP+• + HNC, of which energy was lower than that

eported previously [22]. Interestingly, we found that both ring
ontraction and expansion could play roles in the dissociation of
. Kinetic analysis by RRKM model calculations was carried out
n the basis of the obtained PES to predict the dissociation rate
onstants.

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:jcchoe@dongguk.edu
dx.doi.org/10.1016/j.ijms.2008.09.013
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. Computational methods

The molecular orbital (MO) calculations were performed using
he Gaussian 03 suite of programs [25]. Geometry optimizations
or the stationary points were carried out at the unrestricted B3LYP
evel of density functional theory (DFT) using the 6-31G(d) basis
et. The transition state (TS) geometries connecting the stationary
oints were searched and checked by calculating the intrinsic reac-
ion coordinates at the same level. Single point energy calculations
ere carried out at the B3LYP/6-311+G(3df,2p) level to improve the

ccuracy of the energies. It has been suggested that the B3LYP/6-
11+G(3df,2p)//B3LYP/6-31G(d) calculations gives reliable total
nd reaction energies at 0 K for organic radical cations within
6 kJ mol−1 [26]. The harmonic frequencies, which were calculated
t the B3LYP/6-31G(d) level and scaled down by 0.9806 [27], were
sed for zero point vibrational energy (ZPVE) corrections. The scale

actor 0.9614 [27] was used for the individual vibrational frequen-
ies in the RRKM calculations.

The RRKM expression was used to calculate the rate-energy
ependences as follows [10]:

�N /= (E − E0)

(E) =

h�(E)
, (1)

here E is the reactant internal energy, E0 the critical energy of
he reaction, N /= the sum of the TS states, � the density of the
eactant states, and � the reaction path degeneracy. N /= and � were

2
o
b
r

cheme 1. The isomerization and dissociation pathways of aniline molecular ion obtain
elative energies given in kJ mol−1 are shown in the parentheses and next to the arrows fo
ass Spectrometry 279 (2009) 25–31

valuated by a direct count of the states using the Beyer–Swinehart
lgorithm [28].

. Results and discussion

.1. Reaction pathways

Several pathways were found for the formation of CP+• from
. The minimum energy reaction pathway (MERP) to CP+• + HNC
egins with a 1,3 shift of an H atom of the amino group to form
-imidocyclohexa-1,3-diene ion (2a) via a four-membered ring
S (Scheme 1 and Fig. 1). By a rotation of the NH group, 2b
an be formed. Then, ring opening occurs by cleavage of a C–C
ond to form 3a. After cis to trans isomerization of 3a → 3b, ring
losure occurs to form a five-membered ring isomer 4a. Finally
oss of HNC occurs via an ion-neutral complex 5. The linear iso-

er, 3a or 3b, can lose HNC to form a linear C5H6
+• isomer,

H2CHCHCHCH+•. However, its endoergicity (535 kJ mol−1) calcu-
ated was much higher than that of formation of CP+• (312 kJ mol−1),
ndicating that the formation of linear C5H6

+• isomers would be
arely observed.
2a can undergo an “H-ring walk” to form 2c, 2d, 2e, and 2b. From
c, 2d, or 2e, ring contraction can occur by a single step without ring
pening to form 4a, 4b or 4a, respectively. However, their energy
arriers were much higher than that of the ring contraction through
ing opening of 2b (Fig. 2). 4a and 4b can lose H• to produce a proto-

ed from the B3LYP/6-311+G(3df,2p)//B3LYP/6-31G(d) calculations. The calculated
r the stable species and TSs, respectively. The ZPVE corrections are included.
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Fig. 1. Geometric structures for selected species optimized

ated 5-cyanocyclopentadiene (PCC+). PCC+ was the most unstable
mong the three C6H6N+ ring isomers investigated here. Because
he energy needed for the formation of PCC+ was much higher than
hat for CP+•, it would not be actually observed.

2a or 2b can be formed from 1 by two consecutive 1,2-H shifts
hrough the intermediate 6a. Since the energy barrier (329 kJ mol−1

or 1 → 6b) was comparable to that (323 kJ mol−1) for the 1,3-H
hift, this pathway can contribute to the dissociation of 1 compet-
tively. On the other hand, the relatively less stable intermediate

a can undergo ring expansion, similar with the well-known ring
xpansion of the toluene molecular ion. A bicyclic isomer 7 can be
ormed from 6a through 6b where the HNCH plane lies vertical to
he ring (Fig. 1). When the three-membered ring in 7 is opened
y cleavage of the C–C bond, the N atom is inserted into the ring

t
a
C
w
o

g the B3LYP/6-31G(d) calculations. The distances are in Å.

o form the nonplanar 1H-azepine ion, 8a. After isomerization to a
ore stable planar 1H-azepine ion, 8b, it can either lose H• to pro-

uce the azotropylium ion (ATr+) or undergo further isomerizations
o 2H-, 3H-, and 4H-azepine ions (8c, 8d, and 8e, respectively) by an
-ring walk. This H• loss channel is the MERP to produce C6H6N+

Fig. 3). Another H• loss channel occurs by direct cleavage of a N–H
ond to produce the azobenzylium ion (ABz+).

Comparing with the PES reported previously by Nguyen
22], which was calculated at the B3LYP/6-311++G(d,p) level,

he energies of some intermediates such as 2a, 2b, 2c, 4a, 4b,
nd 5 agree within 1 kJmol−1. However, the MERPs to produce
P+• + HNC are different. The MERP of Nguyen contains the path-
ay 2a → 2c → 4b → 5, and 2c → 4b is the rate-determining step
f the MERP with a barrier height 340 kJmol−1. According to the
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ig. 2. Potential energy diagram for isomerization and dissociation of the aniline io
o form 8b from 6a was approximated by one-well potential for convenience, of wh

resent result, the pathway 2a → 2b → 3a → 3b → 4a → 5 is much
ore favored (the highest barrier 307 kJmol−1) than suggested by
guyen, and the rate-determining step is the formation of 2a from
.

.2. RRKM model calculations

To understand the dissociation kinetics of 1, we carried out
RKM model calculations using the PES and molecular parameters
btained by DFT calculations. All the pathways described above

o not contribute efficiently to the dissociation. Considering the
nergetics, only the MERP to CP+• + HNC and the pathways through
a (Fig. 4) are important in the dissociation at low energy. There-
ore, first of all, we assume that the only product ion is CP+• in the
issociation. The H• loss will be considered later.

o
i
w
f
f

Fig. 3. Potential energy diagram for loss of H• from the aniline ion through ring expa
rived from the B3LYP/6-311+G(3df,2p)//B3LYP/6-31G(d) calculations. The pathway
tails are shown in Fig. 3.

Since the formation of CP+• occurs by several steps, kinetic anal-
sis was performed using some approximations. The pathways
hown in Fig. 4 were approximated as follows:

ka�
k−a

IG1
kb�

k−b

3b
kc−→IG2

fast−→CP+• + HNC (2)

here ki is the rate constant for the i step. IG means an inter-
ediate group in which all the intermediates interconvert rapidly

rior to further reactions. IG1 includes 2a–2e and 3a, and IG2
ncludes 4a and 5. The final dissociation step IG2 (5) → CP+• + HNC

ccurs without a reverse barrier, while the forward and reverse
somerizations between 3b and IG2 (4a) occur via rearrangements

ith comparable critical energies. Thus, the former occurs much
aster because direct bond cleavage is generally more entropically
avored than a rearrangement when the critical energies are com-

nsion, derived from the B3LYP/6-311+G(3df,2p)//B3LYP/6-31G(d) calculations.
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structure of 3a, making the vibrational frequencies smaller com-
pared to the cyclic isomers. The individual rate constants obtained
are shown in Fig. 5. ka was much smaller than the others, indi-
cating that the intermediates were much less stable than 1 and
the steady-state approximation made is valid. The dissociation rate
ig. 4. Potential energy diagram for loss of HNC from the aniline ion, derived fro
alculations.

arable. Therefore, IG2 would dissociate to CP+• rapidly prior to
everse isomerization without affecting the dissociation rate. The
ime dependences of concentration of 1 and CP+• can be obtained
y solving the following rate equations;

d[1]
dt

= −ka[1] + k−a[IG1] (3)

d[IG1]
dt

= ka[1] − (k−a + kb)[IG1] + k−b[3b] (4)

d[3b]
dt

= kb[IG1] − (k−b + kc)[3b] (5)

d[CP+•]
dt

= kc[3b] (6)

ith the initial condition [1] = [1]0 and [IG1] = [3b] = [CP+•] = 0 at
ime t = 0. All the intermediates were much more unstable than 1,
ndicating that their lifetimes are much shorter than 1. Thus, we
an use the steady-state approximation for the intermediates IG1
nd 3b: d[IG1]/dt = d[3b]/dt ∼= 0. With the approximation, we get
solution of the above differential equations as follows;

1] ∼= [1]0 exp(−kDt) (7)

CP+•] ∼= ˛[1]0

{
1 − exp(−kDt)

}
(8)

here ˛ is the constant related to ki’s, and kD is given by

D = kaf (9)

ere, f is the fraction of reactions of IG1 toward the dis-
ociation products, expressed as f = 1 − 1/(1 + ˇ) where
= kbkc/{k−a(k−b + kc)}. The dissociation of 1 and hence the

ormation of CP+• are characterized by a single rate constant kD.
The rate constants for the individual steps, ki’s, were

alculated by the RRKM formalism [Eq. (1)] using the crit-
cal energies and vibrational frequencies obtained from the
resent DFT calculations. TS3a 3b, connecting 3a and 3b,
as used for calculations of kb and k−b, and TS3b 4a for

c. As shown in Fig. 4, there are three competitive routes

o IG1: 1 → TS1 2a → 2a, 1 → TS1 6a → 6a → TS6a 2a → 2a, and
→ TS1 6a → 6a → TS6a 2b → 2b. The rate constants of these com-
etitive pathways or reverse ones were summed to obtain ka or
−a, respectively. In order to calculate rate constants for the latter
wo routes, the steady-state approximation was used because 6a F
B3LYP/6-311+G(3df,2p)//B3LYP/6-31G(d) calculations and used for RRKM model

as quite unstable. The ratio of contributions to ka from the chan-
els through TS1 2a and TS1 6a was 4 at 350 kJ mol−1, decreased
ith increasing energy up to 500 kJ mol−1, and became a con-

tant 2 at higher energies. Another pathway of 6a, forming the
even-membered ring isomer (Fig. 3), cannot contribute to the for-
ation of CP+• but can contribute to the dissociation of 1 above

he threshold for formation of ATr+. Its fraction out of the reac-
ions of 6a was subtracted in the calculation of ka. However, the
raction was so small as not to affect the dissociation rate constant
ignificantly as described below. In calculation of the density of the
tates for IG1, the densities of all the intermediates, 2a–2e and 3a,
ere summed [10]. The contribution from 3a was the largest even

hough it was less stable than 2a or 2b. This is due to the open
ig. 5. RRKM rate-energy dependences for the individual reaction steps in Eq. (2).
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a
and CID spectrum [9] of its molecular ion, the [C5H6

+•]/[C6H6N+]
ratios are around 3 and 10, respectively. However, these data can-
not be compared with the theoretical prediction shown in Fig. 7
because the energy of the molecular ion is not well defined in
ig. 6. RRKM rate-energy dependences for kD, k1→8b , kI
1→ABz+ and kII

1→ABz+ . The
ectangular points are the experimental PEPICO results by Baer and Carney [4]. To
onvert the photon energy of the PEPICO data to the internal energy, the thermal
nergy calculated was added.

onstant, kD, estimated by Eq. (9) is shown in Fig. 6, agreeing well
ith the experimental PEPICO data by Baer and Carney [4] consid-

ring experimental error limits and the approximations made here.
D was somewhat smaller than ka, and the fraction f decreased with
ncreasing energy. At 400 kJ mol−1 f was 0.98 and at 800 kJ mol−1,
.90. This means that most of 2a ions formed from 1 would undergo
issociation to CP+•.

Lifshitz et al. [2] obtained metastable C5H6
+• peaks in mass spec-

ra of aniline with a variation of the ion storage time, 1–50 �s. By
nalyzing the pseudo-Gaussian peak shapes, they suggested that
rigin of the kinetic energy release (KER) is statistical and not due
o a reverse barrier. KER provides information on a final exit channel
n consecutive dissociation, while dissociation rate is mainly deter-

ined at a rate-determining step. The present result that the final
issociation step had no a reverse barrier supports the suggestion
y Lifshitz et al. This leads to the conclusion that the rate of forma-
ion of CP+• is mostly determined at the first isomerization steps,
hrough TS1 2a or TS1 6a, while the KER is determined at the final
issociation step 5 → CP+• + HNC.

As mentioned above, some of 6a ions formed from 1 can isomer-
ze eventually to 8b with the rate-determining step 6b → 7 (Fig. 2).
he dissociation through 6a and 8b can compete with the CP+• for-
ation above the threshold (377 kJ mol−1) for formation of ATr+.

he rate constant (k1→8b) for the formation of 8b from 1 was cal-
ulated using the RRKM formalism, which is shown in Fig. 5. k1→8b
as much smaller than kD which is actually the rate constant of the

ormation of CP+•. k1→8b was a small proportion (a few percent) of
D and increased with increasing energy, up to 4% at 800 kJ mol−1.
elow the threshold (416 kJ mol−1) for formation of ABz+, the loss of
• would occur via 8b to produce the seven-membered ATr+. Either

he steps 1 → 6a or 8b → ATr+ + H• can be the rate-determining step,
ependent on the energy. At high energy the rate of the former step
ould be slower than the latter. Thus, k1→8b is the higher limit of

he rate constant of the formation of ATr+.
Above the threshold for the formation of ABz+ the direct loss of
• from 1 can compete with the rearrangements leading to forma-
ions of CP+• and ATr+, because it was entropically more favored
ith increasing energy. In order to estimate roughly the rate con-

tant, k1→ABz+ , of the H• loss, we carried out RRKM calculations
ased on activation entropy (�S‡) that defines the degree of loose-

F
d
T

ass Spectrometry 279 (2009) 25–31

ess of the TS [29]. It is well known that RRKM rate constants do not
epend on individual vibrational frequencies but on �S‡ [10,30].
ccording to the data compiled by Lifshitz [30] and subsequent
ork, most of the �S‡ values at 1000 K for reactions occurring via
loose TS are in the range 13–46 J mol−1 K−1 (3–11 eu). Thus, to

alculate k1→ABz+ the TS frequencies were adjusted for �S‡
1000K

o become 46 or 13 J mol−1 K−1 with taking the asymmetric N–H
tretching mode for the reaction coordinate. The results are shown
n Fig. 6, marked with kI

1→ABz+ and kII
1→ABz+ , respectively. The actual

ate constants would be in between the two rate-energy depen-
ence curves. Up to about 600 kJ mol−1, k1→ABz+ was much smaller
han kD. Consequently, because the contributions from both the
hannels for the H• loss was negligible up to about 600 kJ mol−1,
he above assumption that kD in Eq. (9) is the dissociation rate con-
tant, actually the rate constant of formation of CP+•, is reasonable.
owever, as the energy increases, the formation of ABz+ would
ominate that of ATr+ and compete with the formation of CP+•.
hen, the overall dissociation rate constant would become larger
han kD because it is sum of the rate constants of the competing
issociation channels.

The good agreement between the RRKM and experimental
ate-energy dependences does not mean that the PES obtained is
ccurate quantitatively because a lot of energies and vibrational
requencies of the C6H7N+• species were used in the RRKM cal-
ulations. Especially the accuracy of TS frequencies and energies
btained by quantum chemical calculations has not been well eval-
ated. In this regard, it is worthwhile to investigate the branching
atio of loss of HNC and H•, [C5H6

+•]/[C6H6N+]. The branching
atio estimated from the RRKM rate constants as a function of the
nergy is shown in Fig. 7. At high energies the branching ratios
re in between the two curves, dependant on the looseness of the
S for the ABz+ formation. As the energy increases, the branch-
ng ratio decreases. In some of the reported MPI spectra of aniline
3,5], both the C5H6

+• and C6H6N+ peaks appear with much smaller
bundance of the latter. In the reported EI spectrum [1] of aniline
ig. 7. The [C5H6
+•]/[C6H6N+] ratio calculated from the RRKM rate-energy depen-

ences shown in Fig. 6. k1→8b was taken as the rate constant of the formation of ATr+.
he solid and dotted lines were calculated using kI

1→ABz+ and kII
1→ABz+ , respectively.
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uch experimental observations and the spectra contain fragment
ons produced from several consecutive dissociations. On the other
and, the detection of C6H6N+ ion has not been mentioned in the
eported metastable dissociations [2,4] of the molecular ion having
nternal energy lower than those prepared by EI, CID, and MPI meth-
ds. This experimental trend of the branching ratio on the internal
nergy agrees with the present theoretical one qualitatively. For the
uantitative comparison, further experimental studies are needed
o obtain breakdown graph or rate-energy dependence for the
nergy-selected ions.

Since the H-ring walk in 8b requires high energy comparable
o the H• loss (Fig. 3), the dissociation would occur prior to the H
crambling. Therefore, by means of isotope labeling, the C6H6N+

tructure cannot be resolved between ATr+ and ABz+. In line with
his, in an isotope labeling study by EI [1], it was suggested that the
ost H• comes from the amino group. The experimental evidence of
nvolvement of the seven-membered ring isomer, the azepine ion,
as come from the formation of other product ions. In an MPI study
arried out with isotope labeling [3], the involvement of 1H-azepine
on was proposed for the formations of CH2N+ and C3H3

+. In another
sotope labeling study [1], involvement of an intermediate of higher
ymmetry than 1, presumably the azepine ion, was suggested for
oss of CH3

•.

. Conclusion

The PES for isomerization and dissociation of 1 was obtained
sing DFT MO calculations. Ring contraction occurring though
he linear isomer (3a, 3b) was more favored than that occurring
oncertedly from the imidocyclohexadiene isomers (2c–2e). The
ormation of CP+• + HNC through the ring contraction via consecu-
ive ring opening and re-closure was the MERP in the dissociation
f 1. Three pathways for loss of H• were found, which produced the
ve-, six-, and seven-membered ring C6H6N+ isomers. From kinetic
nalysis by RRKM model calculations, previous experimental rate
nd KER data could be well interpreted. The formation of CP+• was
he main dissociation channel, and the formation of ABz+ and ATr+

ould contribute to the dissociation at high energy.
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