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The present study describes the fragmentation under electron ionization (El) of gas phase serine and threonine amino acids. Ab initio
methods were performed to calculate the fragmentation paths and interpret the mass spectra. The six lowest energy conformers of L-serine,
L-threonine and L-allo-threonine were obtained with B3LYP, G3MP2 and MP2 methods. The adiabatic and vertical ionization energies of
the most stable conformers are reported. The structures of fragment ions and neutral species formed by direct bond cleavages as well as
rearrangement reactions were obtained. Appearance energies (AE) were calculated for the formation of particular fragment ions at 200 °C.
The order of peak intensities were compared with the theoretical calculated AEs, and a complementary explanation was provided about the

relative abundance of fragmentation products.
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INTRODUCTION

Serine and threonine are proteinogenic amino acids
bearing an alcohol group in the side chains. Serine has a
pivotal role in metabolism and signaling activities in living
organisms [1]. It plays a crucial role as the precursor for
several metabolites, including sphingolipids and folate.
Serine exists in the active sites of many enzymes and has an
essential role in the catalytic function of enzymes. It is also
important in  brain morphogenesis during embryonic
development [2]. Threonine is an important constituent of
collagen, elastin, and enamel protein. It promotes the proper
fat metabolism in the liver [3]. Threonine contributes to a
better function of the digestive tracts and its deficiency has
been associated with skin disorders and weakness.

Theoretical and experimental studies have been carried
out on the structure, properties and fragmentation of amino
acids [4,5]. Over the past decade, some conformational
investigations of the two most important hydroxyl-amino
acids serine and threonine at relatively high-level theory
have been reported [6,7].

*Corresponding author. E-mail: hbahrami@znu.ac.ir

Density functional theory (DFT) calculations have been
performed by Miao et al. to investigate the gas-phase
conformations of serine and its related ions [6]. The
molecular structures and vibrational spectra of serine and
threonine have been studied by Lakard [7]. In another study,
the conformational equilibria of neutral serine were studied
by experimental matrix-isolation fourier transform infrared
spectroscopy in combination with DFT calculations [8]. The
vertical ionization energies (VIE) of the conformers of the
a-amino acids have also been calculated [9,10]. Rotational
spectroscopy in combination with molecular beams and
laser ablation have proved to be successful in characterizing
the conformers of natural L-threonine. The experimental
rotational constants have directly been compared with those
predicted by ab initio methods to achieve the conclusive
identification of seven different conformers [11].

Because of their scientific and medical interest, several
academic research groups have studied the structural
elucidation of amino acids using electron ionization mass
spectrometry (EI-MS), but the interpretation of mass spectra
has typically been performed by theoretical calculations
[12-15]. Electron ionization, mainly produces positive ions
and neutral radical molecules directly in the ionization
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chamber. These highly reactive species can undergo
additional fragmentation. The EI of the two hydroxy
substituted amino acids, serine and threonine, has already
been studied by Junk and Svec [16]. They discussed in
detail the relative amount of the selected fragment ions
including [P-COOH]", [P-H,0]*, [P-H,O-COOH]’, [P-
R+H]" and [H,0]".

Appearance energy (AE) is a valuable tool in mass
spectrometry for the evaluation of thermodynamic
properties of ions, neutral molecules and fragments [17-20].
The amount of energy needed to be transferred to the
neutral M to detect the fragment ion m+ is called AE of that
fragment ion (n denotes neutral species):

M—-m'+n+e¢ AE = AH (1)
The purpose of this study is to perform extensive
calculations of structures and energies of ionic and neutral
products with the aim of calculating the AE for each
fragment ion. The comparison of experimental peak
intensities and theoretical AEs can lead to better
interpretation of electron ionization in mass spectrometry of
amino acids. The amino acids studied in the present work
only differ by their -R group, containing a primary alcohol
for serine and a secondary alcohol for threonine. Therefore,
comparing the fragmentation paths of these amino acids
might bear promising results.

Threonine is of particular significance to study because
main dissociation channels of this molecule produces
fragments with the same m/z ratios. These products include
[P-COOH]" and [P-R]" with m/z 74 as well as R" and
COOH" with m/z 45. A similar behavior is observed for [P-
R+H]" and [P-CO,]" with m/z 75 and [P-CO,-H,0]" and [P-
R-H,0]" with m/z 57. In fact, another objective of this
article is to evaluate the contribution of ions involved in the
creation of each peak.

EXPERIMENTAL

Mass spectra were measured using a quadrupole
spectrometer TRIO 1000, (Fisons Instruments, Manchester,
England). The spectra were acquired as full scans from m/z
20 to m/z 150 under a 70-eV ionization potential. The
sample was inserted into the spectrometer by the Direct
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Inlet Probe. lonization source temperature was set at 200 °C.
L-serine and L-threonine was obtained from Merck
(Darmstadt, Germany).

COMPUTATIONAL METHODS

All theoretical calculations were carried out using
quantum computational Gaussian 09 program package [21].
Three different ab initio approaches were used to calculate
AEs of particular ionic fragments.

The study began with geometry optimization of the
structures of L-serine, L-threonine and L-allo-threonine in
vacuum at the B3LYP and G3MP?2 level using 6-311G basis
set. The 12 more stable structures of each amino acid were
used as the initial structures for the subsequent
conformational analysis. They were fully reoptimized at the
G3MP2, B3LYP and MP2 level using 6-311++G(d,p) basis
set, yielding 6 stable conformers of each amino acid. For
each optimized structure, vibrational analysis was
performed to exclude any transitional states and to include
the zero point vibrational energy correction. The values of
enthalpies of serine and threonine isomers as well as their
decomposition products were determined to be used for AE
calculation.

The most stable neutral structures were also used to
calculate the energies of cations by setting the charge equal
to +1. The adiabatic and vertical ionization energies were
taken as the energy difference between the cationic and
neutral conformations.

RESULTS AND DISCUSSION

The EI-MS of the compounds studied here are shown in
Fig. 1. It can be observed that a large number of positive
ions are produced upon the electron ionization of serine and
threonine amino acids.

In spite of different molecular weights of serine and
threonine, some common features are visible in their mass
spectra. For example, m/z 74 and m/z 75 can be seen in both
cases with different intensities.

Selection of Stable Conformers
Several theoretical papers on ab initio structural studies
of amino acids can be found for gas phase serine and
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Fig. 1. EI-MS obtained for (a) L-serine and (b) L-threonine.

threonine. Three hydrogen bonding stabilization effects are
known for aliphatic amino acids in gas phase; each one
proportional to the corresponding amino and carboxyl
groups. However, there is a level of complexity due to the
presence of a hydrogen-bonding group in the side chain of
serine and threonine. In their studies at the MP2/6-31+G*
level, Gronert and O'Hair [22] found 51 conformations for
serine. A total of 71 unique conformations were found for
threonine by Zhang and Lin [3].
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The six lowest energy conformers of L-serine, L-
threonine and L-allo-threonine obtained from optimization
at the MP2/6-311++G(d,p) level are shown in Figs. 2-4
respectively. The relative energies of those structures are
listed in Table 1. All relative values were compared to that
of the most stable conformer.

Note that the most stable conformation of threonine
found by Zhang and Lin [3] is similar to L-2. However, the
most stable conformers obtained here agree with the
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S-1:AE_ = 0.00 kcal mol”!

Total

8-3:AE_ = 0.35keal mol!

S-5: AE,, =~ 1.43kcal mol”

S-2: AE_ =0.27 kcal mol?!

Total

8-4: AE, =140 kcal mol"

8-6 : AE, = 1.47 keal mol!

Fig. 2. The six lowest energy conformers of L-serine optimized at the MP2/6-311++G(d,p) level.

characterization summarized by Schéfer and co-workers
[23].

There are several types of intramolecular H-bond
interaction contributing to the stabilization of amino acid
conformers [22,23]. This is while the MP2/6-311++G(d,p)
relative energies predicted that Fe O-H...N-H...0=C
intramolecular H-bond interaction has the most significant
role in the stabilization of the lowest energy conformer in
both serine and threonine. These conformers (S-1, L-1, and
L-allo-1) were selected for further calculations.

Parent lons
The parent ions (P*) of amino acids formed via direct
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ionization of neutral molecules (M) are detected rarely with
very weak intensities in mass spectra.

e+M— [P*+2e 2)
Identification of the parent ion as the molecular ion in El is
not always simple. Soft ionization techniques facilitate this
identification. These ions correspond to m/z 105 for serine
and m/z 119 for threonine isomers (Fig. 1).

lonization energy is reported in two ways. Vertical
ionization energy (VIE) is estimated as the difference in

total energy between the cation radical and the neutral one
in the geometry of the neutral species (optimizations of the
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L-1:AE_ = 0.00 kcal mol!
L-3: AE, = 0.72 kcal mol”!
i
p—
L-5: AE_ = 1.86 kcal mol!

Total

L-2:AE_ =0.18 kcal mol!

L-4:AE__=1.66 kcal mol*!

L6 : AE, , = 2.52 kecal mol?

Fig. 3. The six lowest energy conformers of L-threonine (2S,3R) optimized at the MP2/6-

311++G(d,p) level.

neutral molecules are followed by a single point calculation
on the cation) [24,25]. To obtain the adiabatic ionization
energy, the cation should be also optimized. This procedure
has been carried out for the most stable isomers of serine
and threonine at three levels of theory (Table 2). The
comparison of the experimental ionization energies from
national institute of standards and technology (NIST)
database [26] and VIE reported by Dehareng [10] with the
present calculated values are also presented in Table 2. The
present calculated values of the ionization energies are
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slightly lower than the data taken from NIST determined by
photoelectron spectroscopy methods [26].

The B3LYP geometries of neutral L-serine, L-threonine
and L-allo-threonine conformers as well as their cationic
structures at three levels of theory are presented in Fig. 5. It
is important to note that in the B3LYP geometries of
cationic structures, side chain R has a tendency to dislodge
in both serine and threonine cases. Only the G3MP2
geometries of cationic parent structures were found to be
optimal in all cases.
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Fig. 4. The six lowest energy conformers of L-allo-threonine (2S,3S) optimized at the MP2/6-

311++G(d,p) level.

Direct Bond Cleavages

Electron ionization of aliphatic amino acids generates
some ions including direct bond cleavages without
significant rearrangement of the initial geometry [12]. These
ions have been produced via one or more functional group
loss. The structures of fragment ions and neutral species
formed by direct bond cleavages are given as supplementary
material. The calculated AEs of some product ions created
from the most stable conformers (S-1, L-1, L-allo-1) have
been listed in Table 3.

Serine. As shown in Table 3, the fragment ion [P-
COOH]" with m/z 60 has the lowest calculated AE. This
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cation is produced via cleavage of carboxylic group from
the parent molecular ion. The AE correspondence to
formation of COOH" counterpart (at m/z 45) is about 40
kcal mol™ higher than that of [P-COOH]". It is evident from
the mass spectra (Fig. 1a) that m/z = 60 is the dominant
ionic product, while no significant intensity was detected for
m/z = 45. Formation of m/z 60 rather than m/z 45 may be
due to the presence of amine functional group in [P-
COOH]" counterpart. The theoretical study showed that
positive charge is mainly localized on amine group, in the
optimized structure of parent cation.

A similar trend was observed when comparing peaks
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Table 1. Relative Electronic Energies (AE), Total Energy (AEw) and Gibbs Free Energy (AGursk)) in keal mol™
Computed with the B3LYP, G3MP2, and MP2 Methods for the Six Lowest Conformers of L-serine, L-
Threonine, and L-Allo-threonine

Molecule Conforme B3LYP/6-311++G(d.p) G3MP2 MP2/6-311++G(d.p)

r
AE  AEgwm AGuky AE  AEga  AGursky AEwes  AEoa  AGursk

L-Serine S-1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
S-2 -0.03 0.18 0.59 -0.31  0.07 0.83 0.04 0.27 0.90
S-3 084 081 1.19 0.30 0.29 0.67 0.35 0.35 0.90
S-4 0.35 0.75 1.74 041 0.77 1.66 0.96 1.40 2.38
S-5 242 2.06 1.76 166 140 1.31 1.73 1.43 1.41
S-6 1.57 1.56 1.05 172 165 0.50 1.42 1.47 1.27
L-Threonine L-1 0.32 0.22 -0.06 040 0.14 -0.47 0.00 0.00 0.00
(2S,3R) L-2 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.18 0.48
L-3 1.28 1.10 0.61 144 1.06 0.15 0.81 0.72 0.44
L-4 1.10 1.31 1.90 1.04 109 1.34 1.41 1.66 2.14
L-5 1.75 1.65 1.53 144 116 0.68 1.95 1.86 1.77
L-6 2.71 242 2.79 237 191 1.52 2.68 2.53 3.02
L-Allo- L-Allo-1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
threonine L-Allo-2 -0.15 0.18 1.05 043 0.78 1.60 1.09 1.47 2.17
(2S,35) L-Allo-3 1.59 1.59 1.39 177 176 1.21 1.61 1.66 1.66

L-Allo-4 178 166 172 193 1.83 1.92 195 182 1.71
L-Allo-5 084 104 129 116 151 2.23 179 197 2.26
L-Allo-6 181 165 137 192 1.80 1.65 265 241 1.94
For S-1: E(MP2) = -249790.4008 kcal mol™; ZPE = 72.2442 kcal mol™ and G(473K) = -249754.8132 kcal mol’
For L-1: E(MP2) = -275116.9539 kcal mol™; ZPE = 88.6206 kcal mol™ and G(473K) = -274909.6265 kcal mol™®
For L-allo-1: E(MP2) = -275116.5950 kcal mol™; ZPE = 88.5585 kcal mol™and G(473K) = -275067.0645 kcal

mol ™.

with m/z 74 and m/z 31, which is associated with counterpart (at m/z 31) is about 14 kcal mol™ higher than
dissociation of side chain group R. The intensity of m/z 74 that of [P-R]".

is over 13%, while the intensity related to m/z 31 is less The intensities of m/z 60, 74, 31 and 45 are 21.7%,
than 3%. This is in good agreement with the theoretical 13.3%, 2.6% and 1% respectively. The order of peak
results, where the AE correspondence to formation of the R intensities are approved by the calculated AEs (Table 2).
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Table 2. lonization Energies (IE) from NIST Database. VIE Reported by Dehareng, and the Present Calculated

Values. All Values are in eV

Aminoacid  IE(NIST)[26] OVGF[10] B3LYP/6-311++G(d,p) G3MP2  MP2/6-311++G(d,p)
VIE AIE AIE VIE AIE
S-1 10.0 9.99 9.64 8.75 9.03 10.42 8.93
L-1 10.2 9.80 9.44 8.37 8.94 10.32 8.77
L-Allo-1 - 9.80 9.48 8.38 8.93 10.30 8.79

Table 3. List of Fragmentation Products without a Considerable Rearrangement in Product Geometries,
m/z of Product lons, and Calculated (MP2) Appearance Energies in kcal mol™

S-1 L-1 L-Allo-1
Cation + neutral m/z MP2 m/z MP2 m/z MP2
1) [P-COOH]" + COOH 60 222.64 74 222.82 74 222.64
(2 [P-R]" +R 74 229.26 74 230.09 74 229.95
(3) [P-R] +R" 31 243.20 45 226.54 45 226.40
4) [P-COOH] + COOH* 45 267.21 45 267.66 45 268.73
(5) [P-COOH-OH]" + COOH + OH 43 306.12 57 302.44 57 301.08
(6) [P-R-OH]"+ R + OH 57 327.11 57 327.98 57 327.82
(7) NH,CH" + COOH + R 29 336.82 29 339.74 29 337.51
(8) [P-NH,-COOH]" + NH, + COOH 44 372.65 58 316.48 58 314.25
9) [P-NH,-R]" + NH; + R 58 389.66 58 390.50 58 390.35

Other direct dissociative ionization channels correspond to
elimination of two neutral fragments, leading to formation
of CH,CHNH,", NH,CH’, CH,CHOH®" and CHCOOH"
(reactions 5-8 in Table 3). These ionization reactions have
higher calculated AEs than single bond cleavage reactions.
Peaks with m/z 43, 44 and 58 have been formed by
simultaneous dissociation of OH + COOH, NH, + COOH
and NH, + R respectively. Considering the mass spectrum
(Fig. 1a), the peak intensities of these three fragments
decrease with an increase in the calculated AEs.

According to the previous arguments, the intensity of
m/z 29 should be lower than that of m/z 43 but the opposite
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trend is observed in the mass spectrum. In this case, it can
be said that the NH,CH" fragment ion (m/z 29) can be
formed by sequential dissociation of m/z 60 and 74, with a
large percentage of all ions as well as a simultaneous two-
bond dissociation.

Threonine. In the case of serine, elimination of R and
COOH groups led to the formation of m/z 74 and 60,
respectively, while in the case of threonine isomers, both
elimination channels generated only m/z 74 with an
intensity about 7% in mass spectrum. Due to the less AE, it
seems [P-COOH]" fragment ions have larger abundance
than [P-R]" ions in the creation of m/z 74.
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Fig. 5. Geometries of L-serine, L-threonine and L-allo-threonine conformers, in first row are the B3LYP
neutral structures of (a) S-1, (b) L-1, and (c) L-allo-1, in second row the B3LYP cationic structures
(d)-(f), in third row the G3MP2 cationic structures (g)-(i), and forth row the MP2 cationic structures
()-(1) of S-1, L-1, and L-allo-1, respectively.

The peak intensity of m/z 45 in the mass spectra of that of COOH'. Therefore, it seems the m/z 45 is
threonine is increased considerably compared to that of predominantly composed of R* fragment ions.
serine. This m/z also has two sources, R and COOH". As A peak with m/z 57 is the base peak in the mass
shown in Table 3, the AE of R" is about 40 kcal lower than spectrum of threonine. The [P-COOH-OH]" fragment ion is
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Table 4. List of Fragmentation Products of Serine and Threonine Considering the Rearrangement, m/z of
Product lons, and Calculated (MP2) Appearance Energies in kcal mol™

S-1 L-1 L-Allo-1
Cation + neutral m/z MP2 m/z MP2 m/iz  MP2
1) [P-R+H]" + R-H (proton migration to N) 75 221.26 75 -53.64 75 -53.78
2 [P-R+H]" + R-H (proton migration to O) 75 210.58 75 -64.32 75 -64.46
3) [P-CO,]" + CO, (proton migration to N) 61 -89.83 75 -90.98 75 -91.12

(4)  [P-CO,]* + CO, (proton migration to O)

61 -2 75 -2 75 -2

(5) [P-R-OH]" + R-H + H,0 57 234.08 57 -40.79 57  -40.95
(6) [P-R-H,0]" + R+ H,0 56 281.25 56 282.28 56 282.22
(7) [P-R-H,0]" + R-H + OH 56 305.15 56 306.91 56 306.85
(8) [P-NH,-COOH]" + NH; + CO, 44 -14.35 58 -72.61 58 -72.75
9) [P-COOH-OH]" + CO, + H,0 43 -92.75 57 -98.52 57 -97.78
(10)  [P-COOH-H,0]"+ COOH + H,0 42 271.82 56 226.97 56  228.67
(11) [P-COOH-H,0]*+ HCOOH + OH 42 293.92 56 250.77 56  246.98
(12) [NH,CH]" + CO, + RH 29 -38.59 29 -36.95 29  -37.09
(13) [NHCH]* + HCOOH + R 28 266.45 28 267.29 28 267.14
(14) [NHCH]® + COOH + RH 28 267.81 28 27154 28 27140
*Further fragmentation was occurred to form [P-CO,-H,0]" via H,O cleavage.
related to m/z 57. As can be seen in Table 3, there is a  the electron ionization mass spectrum. Molecular

relatively high AE by simultaneous direct dissociation of
the two bonds of threonine. This indicates a negligible
contribution of direct cleavage in the formation of m/z 57.
To interpret the intensity of this peak, the rearrangement of
dissociation products should be considered. This issue is
discussed in the next section.

Two fragment ions including [P-NH,-COOH]" and [P-
NH,-R]" participate in the creation of m/z 58, and NH,CH"
fragment ion creates m/z 29. Creation of these ions by direct
dissociation requires large amounts of AE (Table 3). The
relative abundance of these ions lies in the rearrangement of
by-products dissociation.

Rearrangement Reactions
Some ion fragments that cannot be formed by simple
cleavage of a bond or bonds of the molecule are found in

rearrangement during ion formation is very common in
mass spectrometry [27]. One of the effective factors on the
relative abundance of a rearranged ion is relative stability of
products of the rearrangement reaction, as compared to
other possible reaction paths. It is well-stablished that
intramolecular rearrangement of the molecular ion is the
main mechanism of rearrangements [28,29]. The intensity
of a peak in a mass spectrum depends on formation rate of
the ions, making up this peak by fragmentation of parent
ions, as well as decomposition rate for creation of smaller
fragments [30].

Several products of electron ionization of serine and
threonine are produced via rearrangement reactions. All the
corresponding structures can be found in the supplementary
material. The corresponding calculated AEs of these ions
are listed in Table 4.
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Serine. The m/z 75 is associated with one hydrogen
atom transfer to the fragment ion and formation of
formaldehyde as a neutral structure (reactions (1) and (2) in
Table 4). Elimination of COOH radical, followed by
hydrogen atom transfer to the fragment ion (reaction (3) in
Table 4), has a negative AE, while its peak intensity is
negligible in the mass spectrum (m/z 61 Th ). Formation of
neutral CO, has not been suggested by Junk and Svec [16]
in El of serine and threonine. It may be due to the steric
hindrance for the hydrogen transfer from COOH to a
suitable receptor site in fragment ion during elimination of
COOH.

There are two paths for the formation of m/z 57
including (a) direct elimination of OH and R without
rearrangement (reaction (6) in Table 3) and (b) proton
transfer from R group to OH after direct bond-cleavage and
formation of H,O molecule (reaction (5) in Table 4). The
AE of path (b) is less than that of path (a); therefore, the
main path for the formation of m/z 57 is path (b). As seen in
Table 5, the AE corresponding to the formation of [P-R+H]"
fragment ion (m/z 75) is less than that of [P- R-OH]" (m/z
57) by about 20 kcal mol™®, confirming the relative
intensities in the mass spectrum.

As was mentioned above about m/z 61, the formation of
m/z 43 and m/z 44, due to the release of CO,, has low
probabilities despite the negative AEs. m/z 42 and m/z 28
are two prominent peaks with ion yields over 9.5% and
12.5%, respectively. As shown in Table 4, the AEs are in
agreement with peak intensities (reactions (10-11) and (13-
14) in Table 4).

The peaks related to m/z 28 and m/z 42 are more intense
than those of m/z 75 and m/z 57 in mass spectrum, however
the AE values show a contrary trend. This conflict may be
due to the destruction probability of m/z 60 fragment ion
and formation of the ions with m/z 28 and m/z 42.

The intensity of m/z 56 is negligible (about 0.3%) in
mass spectrum of serine. The predicted AE for production
of ion with this m/z is in reasonable agreement with the
peak intensity (reactions 6 and 7, Table 4).

Threonine. There are two channels for production of the
peak with m/z 75 in the case of threonine including
elimination of R-H or CO, from molecular ion (reaction 1-4,
Table 4). According to the interpretation given in the
previous section, elimination of CO, has a lower
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contribution to creation of this peak, whereas the proton
transfer from detached R group to the fragment ion plays a
significant role in the formation of m/z 75.

The dominant peak in the mass spectrum of threonine
isomers is m/z 57. As seen in Table 4, the AE values
concerning m/z 57 are relatively more positive than those of
m/z 75, while the intensity of m/z 57 is more than that of
m/z 75. m/z 57 can be produced by H,O elimination from
m/z 75. It seems that partial conversion is involved with
high intensity of m/z 57 in mass spectrum.

In the mass spectrum of threonine, m/z 56 has a
reasonable intensity (4.3%) compared to serine. Theoretical
prediction shows that there are other channels with lower
AEs (reactions 10 and 11, Table 4) for creation of m/z 56
for threonine.

The predicted structure for m/z 28 is [NHCH]" fragment
ion. This ion can be produced by simultaneous elimination
of HCOOH + R or COOH + RH from molecular ion with
AEs of about 267 and 271 kcal mol™, respectively, for both
isomers. The considerable intensity of this peak (6.9%) can
be due to sequential dissociation of m/z 74 and 56.

CONCLUSIONS

Electron ionization of serine and threonine isomers
results in several peaks in the mass spectra. These peaks
appear due to the fragmentation of sample molecules as a
result of collisions with high energy electrons. Theoretical
calculation was carried out for interpretation of the peak
intensities. Theoretical calculations at the DFT, G3MP2,
and MP2 levels were used to find the optimized structure of
stable conformers for serine, threonine and their
corresponding ionic species. The AEs were calculated for
formation of particular fragment ions. The order of peak
intensities was compared with that of the calculated AEs. It
is important to note that the method proposed here can be
used to explain fragmentation associated with direct bond
cleavage  perfectly. Nevertheless, this ~ method  has
limitations in describing fragmentation associated with
inter-molecular rearrangements.
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