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a b s t r a c t

The potential energy surfaces (PESs) for the primary and secondary dissociations of the phenylphos-
phine molecular ion (1a) were determined from the quantum chemical calculations using the G3//B3LYP
method. Based on the PESs, Rice–Ramsperger–Kassel–Marcus model calculations were performed for
the individual unimolecular reaction steps in order to investigate the overall dissociation kinetics. At
low internal energies of 1a, the predominant dissociation channel was the formation of the phenylphos-
phinidene radical cation (3a) by the loss of H2. At high energies, the formation of the phenylphosphenium
ion (2a) by the loss of H• competed with the loss of H2. The C6H4P+ ion was mainly formed by the further
dissociation of 3a to the benzophosphirenium ion and H•. The reaction pathways for the formation of the
major products in the secondary dissociation of 2a were examined. The seven-membered ring isomer
Kinetic
Reaction pathway

of 2a, 7-phospha-tropylium ion, was hardly formed in the primary dissociation but played a role as an
intermediate in the loss of C2H2 or HCP from 2a. In this study, the kinetics analysis agreed well with

sults.
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. Introduction

Ionized monosubstituted benzenes are among the most exten-
ively studied compounds in gas phase ion chemistry. Especially,
he dissociation of the molecular ions of C6H5XHn, such as toluene
X = C) [1–4], aniline (X = N) [5–8], phenylsilane (X = Si) [9–11],
nd phenylphosphine (X = P) [12–14], has been investigated using
arious experimental and theoretical methods. The kinetics and
echanisms of some of the competitive and/or consecutive disso-

iations have been well understood. Interestingly, ring expansion,
ontraction, or opening can play an important role in the dissocia-
ion mechanisms of the molecular ions.

The C7H7
+ peak is the most abundant in the 70-eV electron ion-

zation (EI) mass spectrum of toluene [15]. The loss of H• from the
oluene molecular ion produces a mixture of benzylium and tropy-
ium ions, at ratios that depend on the ion internal energy [2]. In
ontrast, in the EI mass spectrum of phenylsilane [10,11,15], which
s the Si analogue of toluene, the [M−2]+• and [M−3]+ peaks are
trong along with the [M−1]+ peak, where M denotes the molecular
ass. Recently, the dissociation of the phenylsilane molecular ion
as been studied theoretically [11]. At low energies, the H2 loss is
avored, whereas the H• loss is favored as the energy increases. The
ilabenzylium ion is formed by the loss of H•, and the ion [M−3]+

an be formed through the consecutive dissociations of the ions

Abbreviations: PES, potential energy surface; TS, transition state.
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[M−1]+ and [M−2]+•. For the dissociation of the aniline molecular
ion, the loss of HNC occurs through ring opening and contraction
and is more favored than the loss of H• [8]. In contrast, in the EI mass
spectrum of phenylphosphine [13,15], which is the P analogue of
aniline, the [M−1]+, [M−2]+•, and [M−3]+ peaks are strong, similar
to phenylsilane. Recently, Letzel et al. [13] investigated the disso-
ciation of the phenylphosphine molecular ion (1a) using tandem
mass spectrometry and proposed reaction pathways for the loss H•

and H2 using density functional theory (DFT) calculations.
In this work, the theoretical potential energy surfaces (PESs)

were examined for the main primary and secondary dissocia-
tions of 1a (Scheme 1). Based on the PESs, Rice–Ramsperger–
Kassel–Marcus (RRKM) [16] model calculations were carried out in
order to obtain information on the detailed kinetics of the primary
and secondary dissociations.

2. Computational methods

The molecular orbital calculations were performed with the
Gaussian 03 suite of programs [17]. The geometry of the stationary
points was optimized at the unrestricted B3LYP level of the DFT
using the 6-31G(d) basis set. The transition state (TS) geometries
that connected the stationary points were examined and checked
by calculating the intrinsic reaction coordinates at the same level.

For better accuracy of the energies, Gaussian-3 (G3) theory cal-
culations using the B3LYP density functional method (G3//B3LYP)
[18] were performed. In G3//B3LYP calculations, the geometries are
obtained at the B3LYP/6-31G(d) level, and the zero point vibra-
tional energies are obtained at the same level and scaled by 0.96.

dx.doi.org/10.1016/j.ijms.2010.05.006
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
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Scheme 1. Dissociation scheme of

ll the other steps remain the same as the G3 method [19] with the
xception of the values of the higher level correction parameters.

The RRKM expression was used to calculate the rate-energy
ependence for individual unimolecular reaction steps that were

nvolved in the selected reaction pathways [16]:

(E) = �N‡(E − E0)
h�(E)

(1)

n this equation, E is the reactant internal energy, E0 is the critical
nergy of the reaction, N‡ is the sum of the TS states, � is the density
f the reactant states, � is the reaction path degeneracy, and h is the
lanck’s constant. N‡ and � were evaluated through a direct count
f the states using the Beyer–Swinehart algorithm [20].

. Results and discussion

.1. Primary dissociation

The following three reactions were the primary dissociations of
a that were investigated in this work.

6H5PH2
+• → C6H6P+ + H• (2)

6H5PH2
+• → C6H5P+• + H2 (3)

6H5PH2
+ → C5H6

+• + HCP (4)

The relative abundances of the C6H6P+, C6H5P+•, and C5H6
+•

eaks in the previously reported 70-eV EI mass spectrum were
2, 100, and 6%, respectively [15]. The optimized structure of 1a
howed that two H atoms of the phosphino group lay on the same
ide of the phenyl ring (Fig. 1). During the loss of H2 (reaction (3)),
rst, the phosphino group rotated and then the two H atoms grad-
ally moved away from P to form the phenylphosphinidene radical
ation (3a). Similar 1,1-H2 elimination was reported in the dis-
ociation of the phenylsilane molecular ion [11]. Other types of
2 elimination such as 1,2 elimination can compete with 1,1-H2
limination [21]. Since 1,3-H2 elimination could compete with the
,1-H2 elimination in this case, we tried to locate the corresponding
S but failed. However, it is likely that the 1,3-H2 elimination would
ot be important because its expected product (the benzophos-
hirene radical cation (3b) + H2, which will be described in Section

.2), lying 122 kJ mol−1 higher than 3a + H2, was less stable than
he TS for the 1,1-H2 elimination. Fig. 1 shows the potential energy
iagram determined from the G3//B3LYP calculations. Formation
f 3a + H2 was the most thermodynamically favorable channel in
he primary dissociation of 1a [22].
henylphosphine molecular ion 1a.

Two isomeric C6H6P+ ions with planar six- and seven-
membered ring structures were formed by the loss of H• (reaction
(2)). The phenylphosphenium ion (2a) was formed by a direct P H
bond cleavage. Its TS could not be located, indicating that the dis-
sociation occurred via a loose TS without a reverse barrier, which
was confirmed by scanning the PES. These products, 2a + H•, were
140 kJ mol−1 less stable than 3a + H2. The 7-phospha-tropylium ion
(2b), the seven-membered ring isomer of 2a, was formed through
three or four consecutive steps. The exo-7-phospha-norcaradiene
radical cation (exo-1b) was formed as a result of the 1,2 shift of an
H atom in the phosphino group. The 7-phospha-cycloheptatriene
radical cation (1c) was formed by a ring expansion, and then 2b
was formed by a direct P H bond cleavage. The endo rotamer of
1b (endo-1b) was formed by the rotation of the PH group of exo-1b
and also isomerized to 1c.

Alternatively, exo-1b underwent isomerization to either 1d or
1e by a C· · ·P bond cleavage with a 1,2-H shift. 1e was formed by
a rotation of the PH group of 1d or directly from 1a by a 1,3-H
shift. The latter pathway (not shown in Fig. 1) was far less favored
because of its high energy barrier, 211 kJ mol−1. Alternatively, 1d
was formed from 1e by consecutive 1,2-H shifts (“H-ring walk”) via
1f, 1g, and 1h, where 1h was a rotamer of 1f. Each of these five
isophenylphosphine radical cations produced 2a by elimination H•

from the CH2 group. The TSs for the H• elimination from 1f, 1g,
and 1h were not located, indicating the absence of reverse barriers.
Both the TSs of 1d and 1e were 5 kJ mol−1 higher than the products,
2a + H•. 1c also underwent consecutive 1,2-H shifts to form 1i, 1j,
and 1k. The TSs for the formation of 2b from 1i, 1j, and 1k by elimi-
nation of H• were 15, 20, and 13 kJ mol−1 higher than the products,
2b + H•, respectively.

In the dissociation of the aniline molecular ion to form the
cyclopentadiene radical cation, c-C5H6

+•, HNC is the neutral prod-
uct not HCN, even though HNC is much less stable than HCN [6,7].
However, in the dissociation of 1a, HCP was the only partner of c-
C5H6

+• because HPC was not a stable molecule. Several pathways
were determined for the formation of c-C5H6

+• by loss of HCP. The
pathway occurring via 1k was the lowest energy pathway. The PES
of this pathway is shown in Fig. 2. A five-membered ring intermedi-
ate, 1n, was formed after the deformation of the seven-membered
ring of 1k. An ion–molecule complex, 1p, was formed by a rotation

+•
of the HCP group and then dissociated to c-C5H6 and HCP. The
highest barrier for the loss of HCP was energetically comparable to
the formation of 2a.

Considering only the energies that were from the PES, the loss
of H2 would be the most favored channel in the primary dissoci-
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Fig. 1. Potential energy diagram for the loss of H2 and H• from 1a, which was derived from
total energy of 1a was −573.5476900 hartrees.
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culated for the important reaction steps is shown in Fig. 3. Second,
ig. 2. Potential energy diagram for the lowest energy pathway of the loss of HCP
rom 1a, occurring via 1m. This diagram was derived from the B3LYP G3//B3LYP
alculations. The energies are presented in kJ mol−1 and refer to 1a.

tion, and the less favored channels, corresponding to the loss of
• and HCP, would compete with each other, resulting in similar
ields. However, the PES shows that the rate of the loss H• is deter-
ined by a loose TS whereas that of the loss of HCP is determined

y a tight TS. This suggests that the loss of H• would be kinetically
avored over the loss of HCP. This prediction agrees with the small
elative abundance of the C5H6

+• peak (6%) in the EI mass spec-

rum mentioned above. However, the kinetic effects of the loss of
2 and H• could not be predicted without further calculation. The
issociation rate constants were calculated from the PES for the pri-
ary dissociation in order to investigate the competition between
the G3//B3LYP calculations. The energies are presented in kJ mol−1. The calculated

the loss of H2 and H• with respect to the ion energy. For conve-
nience, only the reaction pathways in Fig. 1 were included in this
kinetic analysis. The other steps that were related to the loss of HCP
were excluded because their contributions to the overall dissoci-
ation rate were small, and the main interest of this study was the
competition between the loss of H2 and H•.

First, the rate constants were calculated using the RRKM for-
malism of Eq. (1) for both the individual forward and reverse
isomerizations between the stable species and the individual dis-
sociation steps. The critical energies and vibrational frequencies
obtained from the DFT calculations were used for the RRKM calcu-
lations. The vibrational frequencies were scaled down by a factor of
0.9614 suggested for the B3LYP/6-31G(d) calculation [23]. Uncer-
tainties occurred in the RRKM calculations for the dissociation
steps that did not have reverse barriers because their TSs were not
located. These steps were 1a → 2a + H•, 1f → 2a + H•, 1g → 2a + H•,
1h → 2a + H•, and 1c → 2b + H•. The activation entropy (�S‡), which
defines the degree of looseness of the TS [16], was used in the cal-
culations for these steps. The RRKM rate constants do not depend
on the individual vibrational frequencies but on the �S‡ [16,24].
According to the data compiled by Lifshitz and subsequent work
[24], most of the �S‡ values ranged from 13 to 46 J mol−1 K−1

(3.0–11 eu) at 1000 K for the reactions occurring via loose TSs. As
an approximation, the frequencies for each loose TS were adjusted
so that �S‡1000 K might be 7.0 eu, which was the middle value of the
range. The �S‡1000 K values of 3.0 and 3.7 eu for the H• elimination
from 1d and 1i, respectively, were calculated from the reactant and
TS frequencies for comparison purposes. These TSs exhibited loose
TS characteristics because the reverse barriers for these dissocia-
tion steps (5 and 15 kJ, respectively) were small. Considering these
values, 7.0 eu is reasonable for �S‡1000 K in the dissociation steps
without reverse barriers. The RRKM rate-energy dependence cal-
the rate equations were set up for the reaction system including
the isomerization and dissociation steps, and the MATLAB program
was used to numerically solve the coupled differential equations
[25–27]. The solution provided the time dependence of the con-
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Fig. 3. RRKM rate-energy dependence for the selected reaction steps in the primary
dissociation of 1a.
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ig. 4. Theoretical rate-energy dependence for the primary dissociation of 1a. The
ontribution from the loss of HCP was ignored for convenience.

entrations of 1a, the intermediates, and the product ions at a
pecific ion internal energy. Finally, the overall dissociation rate
onstant was obtained by fitting an exponential law to the sum of
ime dependence of the concentrations of 1a and all the intermedi-
tes. This procedure was repeated for a range of the internal energy
alues.

Fig. 4 shows the overall dissociation rate-energy dependence.
he relative abundances of the product ions, 2a, 2b, and 3a, were
lso obtained from the time dependence of their concentrations as
function of the internal energy (Fig. 5). Letzel et al. [13] presented

he metastable ion spectrum of 1a, which only contained one signal
hat was caused by the H2 loss. In a usual metastable ion spec-
rum, only the dissociations that occur on the microsecond time
cale (k = 105–106 s−1) are detected. The rate-energy dependence
n Fig. 4 predicted that the internal energies of the molecular ions
a that underwent the metastable dissociation were in the range
f 230–260 kJ mol−1. At these energies, the H2 loss was the only
issociation channel, as shown in Fig. 5, which agreed well with
he metastable ion experimental results. Letzel et al. [13] demon-
trated that H scrambling occurred before the loss of H• using the

etastable ion experiment for the C6H5PD2

+• ion. They pointed
ut that a fast positional exchange of H and D atoms was possible
efore the dissociation because of the degenerate isomerization of
b� 1b by a PH ring walk. In this study, the critical energies for the
Fig. 5. Theoretical relative abundances of the products that were formed in the pri-
mary dissociation of 1a. The 2a value is multiplied by a factor of 10. The contribution
from the loss of HCP was ignored for convenience.

PH ring walk of exo- and endo-1b were 24 and 13 kJ mol−1, respec-
tively, indicating that the process was very fast. The PH ring walk
can contribute to the H scrambling at low energies because the cal-
culated rate for 1a → exo-1b was much faster than the dissociation
steps below 300 kJ mol−1 (Fig. 3). The subsequent isomerization
barriers to and between the isophenylphosphine radical cations
were comparable to the barrier for 1a → exo-1b (Fig. 1), indicating
that these isomerizations can also contribute to the H scrambling.
However, the isomerizations to the seven-membered ring isomers
would hardly contribute to the H scrambling because of their high
barriers.

Fig. 5 predicts that the H• loss gradually becomes important as
the energy increases, and its product ion, C6H6P+, mainly has the
structure of 2a. The C6H6P+ peak was absent in the metastable ion
spectrum but appeared in the EI mass spectrum because the molec-
ular ions that were generated by 70-eV EI had a broad internal
energy distribution up to nearly 10 eV. In Fig. 5, the competition
between the formation of 2a and 3a was typical because 2a was
formed by a direct bond cleavage without a reverse barrier and 3a
was formed through a rearrangement.

As mentioned above, 2a was predicted as the main product in the
loss of H•. The [2a]/[2b] ratio was estimated to be 73 at 500 kJ mol−1.
Some factors affected their relative abundances. The first factor was
the energy. Generally, the more stable product is favored when
other conditions are similar. 2a was 16 kJ mol−1 lower than 2b.
The second factor was the number of reaction pathways that led
to each product. Assuming that the isomerizations to the inter-
mediates rapidly occurred before the dissociations, the number of
effective reaction pathways depended on the reaction path degen-
eracy (� in Eq. (1)) corresponding to each dissociation step. 2a was
formed directly from 1a and via 1d, 1e, 1f, 1g, and 1h, through
six dissociation steps, with � = 2 for all of the steps. The formation
of 2b occurred through four different steps via 1c, 1i, 1j, and 1k,
with a value of � = 1 and � = 2 for the first step and the latter three
steps, respectively. Therefore, the formation of 2a was more favor-
able. Moreover, the isomerization barriers for the seven-membered
ring intermediates were higher than those for the isophenylphos-
phine ions, making the formation of 2a more favorable. The third
factor was the looseness of the TSs of the dissociation steps. As men-
tioned above, the RRKM rate constants depend on the �S‡. A value
of 7.0 eu was used for �S‡1000 K in the RRKM calculations for the H•
elimination steps from 1a, 1f, 1g, 1h, and 1c. Even when assuming
that the dissociation step, 1c → 2b + H•, occurred via an extremely
loose TS that was characterized by �S‡1000 K = 11 eu, the theoretical
[2a]/[2b] ratio was still large, 14 at 500 kJ mol−1.
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ig. 6. Potential energy diagram for the loss of H• from 3a, which was derived from
he G3//B3LYP calculations. The energies are presented in kJ mol−1. The calculated
otal energy of 3a was −572.3436661 hartrees.

.2. Secondary dissociation

The further dissociations of the two major product ions of the
rimary dissociation of 1a were investigated.

6H5P+• → C6H4P+ + H• (5)

6H6P+ → C6H5P+• + H• (6)

6H6P+ → C6H4P+ + H2 (7)

6H6P+ → C4H4P+ + C2H2 (8)

6H6P+ → C5H5
+ + HCP (9)

6H6P+ → C6H6
+• + P• (10)

The relative abundances of the C4H4P+, C6H6
+•, and C5H5

+ peaks
ere 12, 9, and 9%, respectively, in the previously reported 70-eV

I mass spectrum [15]. According to the report by Letzel et al. [13],
eaction (5) was the only dissociation of the metastable C6H5P+•

on. This reaction occurred through two consecutive steps (Fig. 6).
s the P atom of 3a approached the ortho position, the ortho-H
hifted to the P atom to form the benzophosphirene radical cation

3b). Then the benzophosphirenium cation (4) was formed by the
irect P H bond cleavage of 3b. Alternatively, 4 was also formed
rom 2a (reaction (7)) by 1,2-H2 elimination through two similar
onsecutive steps. As the P atom approached the cis-ortho position,
he cis-ortho-H shifted to the P atom to form an ion–molecule com-
ass Spectrometry 294 (2010) 40–46

plex, 2c (Fig. 7). The subsequent dissociation step to 4 + H2 occurred
without a reverse barrier. Comparing the overall energy barri-
ers, 1a → 3a (+ H2) → 4 + H• was energetically favored over 1a → 2a
(+ H•) → 4 + H2 by a value of 162 kJ mol−1 and hence was the main
pathway in the formation of 4.

2a also underwent other dissociations. By a direct P H bond
cleavage, 2a dissociated to 3a + H• (reaction (6)). However, this
was not the lowest energy pathway for the formation of 3a from
1a because the overall energy of 1a → 2a (+ H•) → 3a + H• was
530 kJ mol−1, which was much higher than the energy barrier
(168 kJ mol−1) for 1a → 3a + H2. Several different pathways were
found for reactions (8) and (9), but only the lowest energy path-
ways will be described here. First, 2a isomerized to 2b. As the P
atom of 2a approached the trans-ortho position, the H atom of the
PH group shifted to the ipso position, and the P atom migrated to
the ortho position to form a P substituted benzenium ion, 2d (Fig. 7).
2d easily isomerized to a more stable 7-phospa-norbornadienyl
cation (2e). Alternatively, after the P atom of 2d moved back to
the original ipso position, it was inserted into the ring to form 2b.
Then 2b could either lose C2H2 or HCP. A bicyclic isomer, 2g, was
formed from the distorted seven-membered ring intermediate, 2f.
After the four-membered ring opened, the planar five-membered
ring cation, c-C4H4P+, was formed by the elimination of acethy-
lene, C2H2. Another distorted seven-membered ring intermediate,
2i, that was formed from 2b isomerized to a five-membered ring
intermediate, 2j, and subsequently eliminated HCP to form the
cyclopentadienylium ion, c-C5H5

+.
As shown in Fig. 7, the isomerization barrier between 2a and 2b

was lower than the dissociation barriers for 3a and 4, suggesting
that the isomerization rapidly occurred before the dissociations.
The RRKM calculations were carried out for the four reactions,
2a → 3a + H•, 2a → 4 + H2, 2a → 2b, and 2b → 2a, in order to com-
pare their rates. For the first reaction, 7.0 eu was used for �S‡1000 K,
as above. The forward isomerization step of the second reaction,
2a → 2c, was the rate limiting step because the dissociation step,
2c → 4 + H2, was very fast. Therefore, the rate for 2a → 2c was
approximately the same as the second reaction. The forward and
reverse isomerizations between 2a and 2b were assumed to occur
through one TS that connected 2a and 2d because the passage was
the rate-limiting step in each direction. The rate-energy depen-
dence is shown in Fig. 8. At low energies, the interconversion
between 2a and 2b rapidly occurred before the dissociations, and
the H2 loss was favored over the H• loss. As the energy increased,
the H• loss became more favored and competed with the intercon-
version.

The peaks corresponding to the loss of H•, H2, C2H2, and HCP
appeared along with a weak C6H6

+• peak in the previously reported
metastable ion spectrum of C6H6P+ that was generated from ion-
ized phenylphosphine [13]. In Fig. 7, the required energies were
similar for reactions (6)–(9), which corresponded to the major
peaks that were detected, in accordance with this experiment. 2e
lost a P atom to form the benzene radical cation. An intersystem-
crossing must occur from the singlet hypersurface in order to
produce a P atom in a quartet state (4P•), which was more stable
than 2P• (Fig. 7). The crossing point calculations were not performed
because they were beyond the scope of this work.

Muedas et al. reported collision-induced dissociation (CID) spec-
tra of the C6H6P+ ions prepared by two different techniques [14].
They suggested that the precursor ions generated by ion–molecule
reaction had mainly the structure of 2b, and those generated from
phenylphosphine had mainly the structure of 2a. The two CID spec-

tra are similar in that the detected fragment ions are almost the
same but different in their relative abundances. For example, the
C6H5

+ peak was more abundant in the CID of the C6H6P+ ions having
mainly 2a structure. Accepting their suggestion for the assignment
of the precursor ions, the similarity of the two CID patterns can be



S.Y. Kim, J.C. Choe / International Journal of Mass Spectrometry 294 (2010) 40–46 45

Fig. 7. Potential energy diagram for the dissociation of 2a, which was derived from the G
energy of 2a was −572.9568138 hartrees.
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ig. 8. RRKM rate-energy dependence for the selected reaction channels in the
issociation of 2a.

xplained by the fast interconversion between 2a and 2b occur-
ing at low energies and the difference can be explained by the
ccurrence of dissociations without the interconversion at high
nergies. This is possible because the precursor ions undergoing
ID generally possess internal energy of a broad distribution.

. Conclusions
The kinetic analysis showed that the formation of 3a by the loss
f H2 was the only dissociation channel at low internal energies of
a. However, at high energies, the formation of 2a by the loss of H•

ompeted with the loss of H2. Before the dissociation at low ener-
ies, the isomerization of 1a to several isophenylphosphine radical
3//B3LYP calculations. The energies are presented in kJ mol−1. The calculated total

cations occurred rapidly and was subsequently followed by the
elimination of H• to form 2a. The consecutive reactions of 1a → 3a
(+ H2) → 4 + H• were the main pathway for the formation of 4. The
energy barriers were similar for the formation of 3a + H•, 4 + H2,
c-C4H4P+ + C2H2, and c-C5H5

+ + HCP from 2a. Various rearrange-
ment mechanisms including ring expansion, contraction, closure,
and opening were involved in the investigated dissociations. The
reported EI and metastable ion mass spectra were well explained
by the present results.

The formation of c-C5H6
+ by the loss of HCP was not important

to the dissociation of 1a, whereas the loss of HNC was the predomi-
nant dissociation channel of the aniline molecular ion, which is the
N analogue of 1a. The main dissociations of 1a were caused by the
loss of H2 and H•. The remarkable difference between the disso-
ciation patterns of 1a and the aniline ion was probably observed
because the P H bond was more labile than the N H bond. The
loss of H2 and H• from the aniline ion are suppressed due to their
high energy requirement relative to the loss of HNC. The formation
of the benzene radical cation from 1a by consecutive loss of H• and
P•, not observed in the dissociation of the aniline ion, reflects the
fact that the C P bond is weaker than the C N bond.
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