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Abstract. The fragmentation of a gas-phase tryptophan molecule by a low-energy (<70 eV) electron impact
was studied both experimentally and theoretically. Various positively charged fragments were observed and
analyzed. A special attention was paid to the energy characteristics of the ionic fragment yield. The geo-
metrical parameters of the initial molecule rearrangement were also analyzed. The fragmentation observed
was due to either a simple bond cleavage or more complex reactions involving molecular rearrangements.

1 Introduction

An electron-molecule interaction is a fundamental and
very important process involved in various fields, e.g. in
radiation biology. In this area, low-energy electrons repre-
sent the most predominant species formed during a very
short time after the deposition of high-energy ionizing
quanta into a biological medium [1]. Once produced, they
are able to destruct the environing biological molecules
such as DNA and proteins, inducing chromosome aberra-
tions, such as cancer, mutations, genetic transformations,
etc. [2]. Thus, it is worth to investigate in detail the un-
derlying mechanisms of the above processes by studying
the degradation of the biosystem sub-units under the low-
energy electron impact.

In our investigation, we studied interactions of low-
energy (<70 eV) electrons with tryptophan molecule be-
longing to the essential amino acids in order to probe the
intrinsic properties of the molecule and trace its change(s)
under the electron impact. Tryptophan is the metabolic
precursor of serotonin, which plays an important role in
a sleeping process and is necessary for normal growth in
infants and for nitrogen balance in adults. In the stan-
dard genetic code, it is encoded as the codon UGG. This
molecule, like other amino acids, has several conform-
ers. The L-stereoisomer of tryptophan is used in struc-
tural or enzyme proteins, while the D-stereoisomer is
occasionally found in naturally produced peptides (for ex-
ample, in the marine venom peptide contryphan) [3]. The
D-isomer of the molecule is not utilized by humans [4],
while L-tryptophan is used for coping with insomnia, sleep
apnea, depression, anxiety, facial pain, a severe form of a
premenstrual syndrome called the premenstrual dyspho-

* Contribution to the Topical Issue “Elementary Processes
with Atoms and Molecules in Isolated and Aggregated States”,
edited by Friedrich Aumayr, Bratislav Marinkovic, Stefan
Matejcik, John Tanis and Kurt H. Becker.

® e-mail: Jelena.Tamuliene@tfai.vu.lt

ric disorder (PMDD), a smoking cessation, grinding teeth
while sleeping (bruxism), attention-deficit-hyperactivity
disorder, Tourette’s syndrome, as well as for improving
the athletic performance [5]. Additionally, L-tryptophan is
naturally found in animal and plant proteins. However, the
studies of the interaction of low-energy particles with tryp-
tophan are scarce: there are some data on the molecule’s
fragmentation when the negatively charged species are
observed (see, e.g. [1]), or on the fragmentation of the
radical-cationic tryptophan [6]. To better understand the
initial molecular processes taking place during the inter-
action of radiation with a living system, the results of
studying the process of the positively charged fragment
formation under the low-energy electron impact using the
mass-spectrometric technique are presented here.

A theoretical method was used to predict both possi-
ble fragmentation channels and processes that could occur
under electron impact, involving the additional ones, such
as dehydration and H atom migration.

The theoretical results were compared with the ex-
perimentally measured data aiming to check the theoreti-
cal predictions made, choose the dominant fragmentation
pathways and describe fragmentation processes more cor-
rectly. Hence, the goal of our studies was to elucidate the
major channels of formation of the most stable trypto-
phan molecule conformers as the result of the low-energy
electron impact.

2 Experimental

The experimental technique used in this work was de-
scribed in detail in a number of our previous papers (see,
e.g. [7-9]). The crossed-beam method with the mass sep-
aration of the collision products by means of a magnetic
mass-spectrometer was applied. Note, that our apparatus
is capable of studying ionic fragments with respect to their
mass-to-charge ratio within the 1-720 a.m.u. mass range
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with high sensitivity (~1071¢ A) and relative mass reso-
lution (m/Am = 1100). Below, we shall use the [a.m.u.]
units to denote the mass of the fragments produced here,
mass is considered as mass-to-charge ratio (m/z). The
tryptophan molecular beam was produced by a heated
effusion source providing the molecule concentrations of
about 10'° cm™3. The electron energy scale calibration
was carried out on the basis of known ionization thresh-
olds for the Ar atom and N5 molecule with the accuracy
of £0.1 eV [7]. The tryptophan molecule mass-spectrum
was measured at the 70 eV electron energy, which is typi-
cal for mass-spectrometric studies. The appearance ener-
gies for the positively charged fragment ions were deter-
mined within the 5-30 eV energy range using the fitting
technique described in references [7-9]. This technique is
based on extracting the appearance energies from the mea-
sured near-threshold ion yield curves involving weighted,
non-linear least-squares fitting of the initial data using
the Marquart-Levenberg algorithm. The estimated abso-
lute accuracy of the appearance energy determination was
better than 100 meV and was linear in the energy range
under study. The relative theoretical uncertainty being
mostly the statistical one (as in the case of experimen-
tal measurements as well) did not exceed 5%.

3 Theoretical

Several structures of the tryptophan molecule and its frag-
ments were studied by the Becke’s three-parameter hybrid
functional [10], applying the non-local correlation pro-
vided by Lee et al. (B3LYP) — a representative standard
DFT method with the cc-pVTZ basis [11]. The structures
of the five molecule conformers and their fragments under
study were optimized without any symmetry constraint.
The most stable conformer was chosen for the further
investigation. In order to model the fragmentation pro-
cesses, the fragment anions, cations, and fragments with a
zero charge both with and without geometry optimization
were evaluated to predict the influence of the dissociation
energy on the fragmentation processes. The threshold en-
ergies were calculated as the difference between the total
energy of the investigated conformer of the molecule and
the sum of the energies of the fragments predicted, while
to evaluate the above influence we studied the following
two cases: (i) the single-point energy calculation of the
fragments was performed taking into account the geome-
try of a certain part of the tryptophan molecule (in these
cases the energy of fragments formation is not the low-
est one); (ii) the structure of the tryptophan fragments
was optimized, i.e. the fragments were allowed to reach
their equilibrium geometry and the obtained energy (the
lowest energy of the fragments) was used to calculate the
dissociation energy. The calculated values of the dissocia-
tion energy were compared with those of the experimen-
tal measurements to select and present results indicating
more probable reactions of the newly-formed fragments.
The Gaussian program packages were applied here [12,13].
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Fig. 1. The tryptophan molecule image and the atom numbers
used in this paper. The results of our investigation prove this
structure as the most stable one.

4 Results and discussion

The data on the dissociative ionization of amino acids are
mostly related to the fact that these biomolecules undergo
the fragmentation under the experimental conditions due
to the interaction of molecules with the incident electrons
producing their dissociative ionization and, in some cases,
thermal destruction by heating needed for the converting
the microcrystal substance into the gaseous state [14].

4.1 Molecular ion

The tryptophan molecule conformer image and the atom
numbers, used in this paper, are presented in Figure 1.
The main peculiarity of the tryptophan molecule as com-
pared to other amino acid molecules is the presence of
an aromatic indole moiety in the side chain. Indole is
the m-excess 10 m-electron aromatic system that includes
the lone pair electrons of the nitrogen atom increasing
the electron density in the carbon atoms being present
both in the pyrrole and benzene parts of the molecule
under study [15].

The tryptophan molecule, apart of the indole ring with
aromatic electron cloud, comprises two isolated functional
groups involving heteroatoms with lone pair electrons,
while the carbonyl group comprises m-electrons. The ion-
ization of this molecule with minimal energy consumption
could proceed due to the electron loss from the indole
m-electron ring, the non-bounding heteroatom n-orbitals
and the elimination of the double-bond m-electron.

In general, the incident free electron ionizes the target
molecule to form a transitory ion. The parent precursor
ion having internal energies below the dissociation energy
remains stable [16]. In the case, when the internal ener-
gies are higher than the dissociation energy, fragmentation
processes start. The ionization tends to cause the weak-
ening of the bonding within the ion as compared to the
neutral precursor. A weaker bonding means longer bond
lengths in the average indicating a higher tendency to-
wards the bond dissociation. To estimate the changes in
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Table 1. The bond length before and after ionization of the tryptophan molecule investigated. The bond length and the bond

order values of the indole moiety are underlined.

Bond Bond

Bond length, A length, A Bond order,
. Neutral
Neutral Tonized
C1-C2 1.394 1.372 1.356
C1-C6 1.384 1.409 1.538
C1-H16 1.082 1.081 0.902
C2-N9 1.375 1.401 1.015
C2-C3 1.418 1.417 1.407
C3-C4 1.403 1.406 1.366
C3-C7 1.442 1.419 1.278
C4-C5 1.383 1.393 1.522
C4-H19 1.081 1.079 0.870
C5-C6 1.405 1.391 1.390
C5H-H18 1.082 1.080 0.910
C6-H17 1.082 1.081 0.910
C7-C8 1.369 1.420 1.685
C7-C10 1.500 1.478 0.911
C8-N9 1.379 1.334 1.038
C8-H21 1.077 1.078 0.899
N9-H20 1.003 1.009 0.837
C10-C11 1.537 1.571 0.905
C10-H26 1.091 1.091 0.945
C10-H27 1.089 1.088 0.943
C11-N12 1.463 1.437 0.954
C11-C13 1.523 1.546 0.805
C11-H25 1.103 1.092 0.922
C13-014 1.356 1.341 1.018
C13-015 1.203 1.200 1.982
N12-H22 1.012 1.012 0.864
N12-H23 1.013 1.010 0.864
0O14-H24 0.968 0.971 0.804

the tryptophan molecule geometry as the result of ioniza-
tion, we calculated both the bond lengths and bond orders
of the neutral and ionized tryptophan molecules after the
geometry optimization. Implementing the Mulliken popu-
lation analysis data [17], the weakest bonds in the trypto-
phan molecule were determined. The bond lengths calcu-
lated and the bond orders of both the neutral and ionized
tryptophan molecules are listed in Table 1.

According to the results obtained for the neutral and
ionized tryptophan molecule, the carbon skeleton bonds
beyond the indole ring — C10-C11 and C11-C13 are the
weakest. Referring to the results presented, it is possible
to see that some bonds in the ionized molecule are longer
and/or weaker than those in the neutral one. Hence, we
may state that the indole part of the tryptophan molecule
under the electron impact becomes highly distorted. How-
ever, the most abundant ion in the measured spectra is
that having the m = 130 a.m.u. mass, and this frag-
ment could be formed due to the C,—Cg (C10-C11) bond
cleavage.

Moreover, according to our calculations and including
the zero point energy corrections, the first ionization po-
tential of the tryptophan molecule is 7.124+0.02 eV. If the
potential energy is minimal and the degree of its excita-

Bond order, Bond length  Bond order
Tonized difference, A difference
1.475 —0.022 0.119
1.366 0.025 —0.172
0.882 —0.010 —0.020
0.924 0.026 —0.091
1.356 —0.001 —0.051
1.339 0.003 —0.027
1.328 —0.023 0.050
1.433 0.010 —0.089
0.869 —0.002 —0.001
1.493 —0.014 0.103
0.889 —0.002 —0.021
0.889 —0.001 —0.021
1.395 0.051 —0.290
0.957 —0.022 0.046
1.265 —0.045 0.227
0.873 0.001 —0.026
0.806 0.006 —0.031
0.838 0.034 —0.06
0.929 0.00 —0.016
0.918 —0.001 —0.025
0.995 —0.026 0.041
0.807 0.023 0.002
0.937 —0.011 0.015
1.045 —0.015 0.027
1.961 —0.003 —0.021
0.864 0.000 0.000
0.862 —0.003 —0.002
0.789 0.003 —0.015

tion is below the energy barrier for the dissociation, the
ion may exist for a very long time. The ions, having the
internal energy above the dissociation energy level, will
dissociate at some point leading to the appearance of the
fragment ions in the mass-spectrum under study [18].

The tryptophan molecule mass-spectrum measured at
the 70 eV electron energy (see Fig. 2) is generally close to
that published in the NIST database [14]. This spectrum
is characterized by a high selectivity, since, besides the
main channel of the molecular ion dissociation with subse-
quent production of the fragment with the m = 130 a.m.u.
mass, the intensities of the most clear peaks correspond-
ing to the ions with the m = 28, 77, 103 and 204 a.m.u
masses do not exceed 7% of the main peak intensity. It
should be noted here that, under the electron impact,
a lot of fragments are produced with the peak inten-
sity not exceeding 3% in the mass-spectrum. In general,
this mass-spectrum is similar to those measured earlier
for this molecule in case of photoionization [19,20] and
electron-impact ionization [14]. However, one should note
the relatively low-intensity peaks corresponding to the
fractional masses m = 57.5,64.5,65.5,79.5 a.m.u (the lat-
ter being the most intense of them) and a diffuse peak
at about m = 81.5 a.m.u (a darker-tinted one) indicating
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Fig. 2. Tryptophan molecule mass-spectrum.

the presence of the doubly charged ionic fragments and
the ion decaying on its path from the ion source to the
detector.

Obviously, the intensities of the aliphatic amine acid
molecular ion peaks in the mass-spectra are very low
due to the high probability of the decay processes initi-
ated by the cation-radical center localized on the amine
group. However, due to the aromatic character of the
side chain, tryptophan displays a rather different pattern
and the intensity of the parent molecule signal in the
mass-spectrum makes the determination of its ionization
potential possible.

Using the above algorithm and the experimental ini-
tial molecule ionization curve, we determined the ion-
ization threshold for the parent C;1H12N5Os molecule
(m = 204 a.m.u., see Fig. 3a). Its absolute value of
8.3 £ 0.1 eV is slightly lower than the similar value ob-
tained in our investigations for the molecules of some
other aliphatic amino acids [8,21-23] and agree with that
obtained in the photoelectron spectroscopy experiment:
7.9 (m1), 8.3 (m2), 9.8 eV for the first molecular orbitals
(MO) of tryptophan [24].

In the case of the aliphatic amino acid molecules, the
lowest ionization energy (I E) is mostly related to the NHy
nitrogen lone pair ionization. However, for aromatic amino
acids the lowest IE is obviously related to the ioniza-
tion of the aromatic ring m molecular orbital that has the
ionization potential lower than that for the n-orbital of
the nitrogen atom. The vertical ionization energies were
calculated in references [25,26] for three conformations of
tryptophan, which differ in the relative orientation of the
amine and carboxyl heads. It is known that the confor-
mation can have a dramatic effect on the order of the
ionized MOs and, thus, on the IEs. So, for three tryp-
tophan conformers, the vertical IE calculated using the
outer-valence-Green’s-functions (OVGF) method for the
neutral molecule geometry lies within the 7.07-7.34 eV
interval. For all the conformers the order of the first three
MOs is the same and there are the w1, #2 and 73 or-
bitals of the indole unity. The difference in the MO char-
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Fig. 3. Yield of the molecular CqugNgO;r tryptophan ion (a)
and its ionic CoHsN™ fragment (b) vs. electron energy. Dots —
experimental data, solid curves — result of the least-square fit-
ting. E; — ionization threshold (eV). E,, — ion appearance
energy (eV).

acter is caused by a spatial orientation of the functional
groups. The first ionization threshold value for the trypto-
phan molecule calculated using different methods is 7.22—
7.88 eV [26]. According to our calculations, the ioniza-
tion energy calculated as the difference in the energies
between the tryptophan cation and the neutral molecule
is 7.12 eV, so this value coincides excellently with the data
of reference [26].

4.2 High intensity fragments

Structurally, tryptophan, as the aromatic amino acid,
could be presented as the indole-3-alanine or the
3-methyleneindole bound at the C,, position to a residue of
a simple amino acid (glycine). The ion fragment CoHgN"
corresponding to the dominant mass-spectrum peak, in-
dependent of the ionization way [14,19,20], is produced
due to the C,—Cpg (C10-C11) bond rupture in the ini-
tial molecule. The fraction of the complementary ion with
the mass of m = 74 am.u. (i.e. CoH4NOJ) is about 1%
of the main peak. Thus, the tryptophan molecule ion-
ization proceeds mainly due to electron elimination by
the methyleneindole group of the molecule at which the
positive charge is predominantly localized:

The bond break between the indole group and —CHs-
C(NHz)-COOH occurs as well. However, this dissociation
channel is not efficient: the intensity of the m = 117 a.m.u.
peak corresponding to the indole molecule ion does not ex-
ceed 4% of the main peak in the mass-spectrum. The dom-
inant C10-C11 bond rupture as compared to the C4-C10
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Table 2. Calculated threshold energies (in eV) for the CoHgN and CoH4NO2 fragments formed.

CoHsN (m = 130 a.m.u.)
fragment charge
1
1
-1
0

CQH4N02 (m =74 a.m.u.)
fragment charge
-1 7.59

Calculated threshold
energy

8.07
9.08
9.12

— = O

Table 3. Calculated threshold energies (in eV) for the CoH3NO2 and CoHsN + H fragments formed when the O-H bond

is broken.

C2H3NO;2 (m =73 am.u.) (CoHsN + H) (m = 131 am.u.) Calculated
fragment charge fragment charge threshold energy
-1 1 7.36
0 1 8.58

one is, in our opinion, due to the difference in the IEs of
the fragments produced. Thus, E; of the 3-methylindole
was determined in reference [27] as 7.52 eV, while that
for indole is 7.76 eV [28]. From the thermodynamic point
of view, in the case of the molecular ion dissociation, the
charge is located on the fragment with lower ionization
potential and the fragmentation most probably proceeds
via the nearest to the charge localization places simple
bonds. At the electron energies slightly exceeding the tryp-
tophan molecule ionization potential F; the probability
of the C10-C11 bond dissociation is very high. At higher
energies, when the electron energy is sufficient to ionize
deeper molecular orbitals, first of all those of the nitrogen
and oxygen lone pairs, it will result in a dissociation of the
neighboring bonds thus producing, more fragmentation
channels. However, as it is seen from our mass-spectrum
data, the signal intensity of fragments resulting from such
channels is insignificant because the aromatic group sta-
bilizes the positive charge and reduces the fragmentation.

As mentioned earlier, the main peak in the tryptophan
mass spectrum is due to the CoHgN™T ion produced at a
simple cleavage of the C,~Cg (C10-C11) bond of the ini-
tial molecule. The charge is mainly localized on the frag-
ment comprising the aromatic indole ring. The calculated
binding energy per atom for the CoHgN™ fragment is equal
to 5.44 eV and is higher than that of the complementary
ion with the m = 74 a.m.u. mass (3.92 eV). These results
indicate a high stability of the m = 130 a.m.u. fragment
and a larger possibility of its formation. Hence, the peak
at the m = 74 a.m.u. mass is not intense in the trypto-
phan mass spectrum. The inclusion of any possible cases of
charge distribution at this bond dissociation results in pro-
duction of the CogHgN and CoH4NOs fragments according
to the following pathways:

CoHgN™T + CoHyNO; +e (1)
CoHgNT + CoHyNOY + 2e (2)
CoHgN™ + CoHyNO; +e (3)
CoHgN® + CoHyNOT + 2e. (4)

C11H12N20g + ¢ —

The lower stability of the CoH4NOJ ion as compared to
that of the CoHgN™T fragment and its higher threshold

energy confirm the experimental results, i.e. the probabil-
ity of the formation of a positively charged glycyl fragment
is lower than that of the CoHgN one. These results coincide
with the observations of MacLennan et al. [29] that indi-
cate the C,—Cp (C10-C11) bond cleavage with the elimi-
nation of the cationic side-chain fragment, CoHgN™ as a
low-energy process, while the production of CQH4NO;_ is
shown as a high-energy process.

According to the energy dependence of the CoHgN™
ion (m = 130 a.m.u.) formed from the parent tryptophan
molecule (see Fig. 3b), we determined its appearance po-
tential as 9.1+ 0.1 eV and this value slightly (by 0.93 eV)
exceeds the obtained theoretical one for pathway (2).

In the tryptophan mass-spectrum, the peak with the
m = 131 a.m.u mass is the second by its intensity, and
the ratio of intensities of the ion peaks with the m = 130
and m = 131 a.m.u. masses at the 70 eV electron ion-
ization energy shows, in our opinion, that the ion peak
at m = 131 a.m.u. is the first isotope peak. It should be
noted that the intensity of this peak at photoionization by
the noble gas resonance radiation at the 21.2 eV energy,
quoted in reference [20] (17.8% of the main peak inten-
sity), exceeds considerably the calculated value of the first
isotope peak intensity (10.3%). So we analyzed two pos-
sibilities of the m = 131 a.m.u. fragment formation due
to the intramolecular hydrogen transfer, i.e. the cleavage
of the C,—Cp bond is accompanied by the hydrogen atom
transfer from the O-H or N12-H23 bond, whereas the H
atom is joined to the CgHgN fragment. The above possi-
bilities are chosen according to the results of the studies
on the bond orders and bond lengths of the ionized and
neutral molecules, i.e. the O-H bonds become the weakest
ones in the ionized molecule, while the N12-H23 bond is
one of the nearest to the weak bond because of the CgHgN
fragment. The threshold energy calculated indicates the
pathway of formation of the m = 131 a.m.u. fragment due
to the intramolecular hydrogen transfer as very possible
(see Tabs. 3 and 4).

Probably, at low ionizing radiation energy (21.2 V),
the intramolecular hydrogen transfer reaction for trypto-
phan is significant, and the probability of the hydrogen
atom migration from the hydroxyl group to the indole
ring is larger than that for the amino group. However,
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Table 4. Calculated threshold energies (in eV) for the CoH3sNO2 and CoHgN fragments formed when the N-H bond is broken.

C2H3NO2 (m =74 am.u.) CoHgN (m =130 a.m.u.) Calculated
fragment charge fragment charge threshold energy
—1 1 12.13
0 1 12.47

Table 5. Calculated threshold energies (in eV) for the CsH; fragment formed.

CsH7 (m =103 am.u.) (CH2N + C2H3NO2) Calculated
fragment charge fragment charge threshold energy
1 -1 8.65
1 0 12.79

Table 6. Calculated threshold energies (in eV) for the CzH;N™ fragment formed.

C7Hs5N (m = 103 a.m.u.)
fragment charge
1
1
1

at the 70 eV energy the peak at m = 131 a.m.u. has
the isotope character and it is indirectly confirmed by the
peak at m = 132 a.m.u. with the intensity of about 10% of
that of the peak at m = 131 a.m.u. corresponding to the
calculated value for the second isotope peak '3CoCrHgN*.

In the tryptophan mass spectrum, the peaks with the
m = 103 and 77 a.m.u. masses demonstrate significant in-
tensities and could be produced due to the initial molecule
dissociation and result from the secondary fragmenta-
tion of the 3-methyleneindole (CoHgN™, m = 130 a.m.u.)
molecule. The main channels of the dissociative ionization
of the above molecule lead to the production of the ions
with the m = 103 a.m.u. (10%) and m = 77 a.m.u. (14%)
masses [30].

The mass m = 103 a.m.u. may correspond to the two
isobaric ions with the gross-formula C3H7+ and C;HsNT.
The fragment CgH7 with the vinyl-benzene structure is
formed when the cleavage of the C,~Cg bond is accom-
panied by a hydrogen atom transfer from the COOH
group to the indole ring and the formation of the CHaN
(m = 28 a.m.u.) fragment from the N9, C8 and H20, H21
atoms. The N9-C2 and C8-C7 bond elongation and the
bond order value decrease in the ionized molecule as com-
pared to those of the neutral one indicate that the de-
struction of the indole ring of the tryptophan molecule is
possible (Tab. 1). The minimum energy-consuming path-
way (see Tab. 5) of the fragment CgH; appearance is as
follows:

CllHlQNQOQ +e— (CgHG 4+ H)+
+ (CHQN + C2H3N02)_ +e— CgH;_
+ (CHQN + C2H3N02)_ +e. (5)

We calculated the threshold energy for the other iso-
baric fragment with the m = 103 a.m.u. mass having

(H + C4HsNO2)
fragment charge

Calculated threshold
energy
14.43
12.02
1 20.54

—1

the isocyanobenzene structure and produced via the fol-
lowing pathways:

CH;NT + C4H,NO; +e  (6)
C7H;NT 4+ C4H7NOY +2e  (7)
C;H5N~ + C4H,NOJ +e  (8)
C7H5NO + C4H,NOS +2e.  (9)

Several structural isomers of this ion with different ini-
tial molecule bonds ruptured were investigated. Our cal-
culations show that the minimal energy consumption is
required to form the fragment with the isocyanobenzene
structure. The threshold energy calculated for the C;HsN
fragment with this structure is presented in Table 6 and
indicates pathway (7) as the most probable one.

The comparison of the threshold energies calculated
by us for the isobaric ions with the m = 103 a.m.u. mass
allows leads to the statement that in the near-threshold
incident electron energy region the CgHy7 fragment with
the vinyl-benzene structure is produced. Above 12-15 eV,
the dissociation of the C7-C8 and C7-C3 bonds and pro-
duction of the C;H5N™ ion become possible.

The ion peak with the m = 77 a.m.u. mass could cor-
respond to the two isobaric fragments, i.e. the CgHs and
CsH3N ones. The formation of the latter fragment, tak-
ing into account the minimal number of the structural
changes, is possible at the rupture of the three skele-
ton bonds, when two of which have the bond order more
than 1. On the other hand, the possibility of rupturing the
bonds with the order of more than 1 is very little. Thus,
we assume that the CsH3N fragment could be formed due
to the indole ring destruction and the cleavage of the C,—
Cp bond (the calculated threshold energies for this ion are
presented in Tab. 7).

The threshold energy value for this fragment con-
firms both the complicated way of its production and

C11H12N20g + ¢ —
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Table 7. Calculated threshold energies (in eV) for the CsHsNT fragment formed.

CsHsN (m =77 amau.) CsHa+ H + C2H4NO2 Calculated
fragment charge fragment charge threshold energy
1 -1 20.15
1 0 20.04

Table 8. Calculated threshold energies (in eV) for the C¢H fragment formed.

CsHs (m = 77 a.m.u.)
fragment charge
1
1

CsH7N202 (m = 127 a.m.u.)
fragment charge

Calculated
threshold energy
-1 14.07

0 14.65

Table 9. Calculated threshold energies (V) for the CsH7N and C3HsNO2 fragments.

CsH7N (m =117 am.u.) C3HsNO2 (m = 87 a.m.u.) Calculated
fragment charge fragment charge threshold energy
-1 1 9.82
1 8.62
1 -1 8.40

Table 10. Calculated threshold energies (eV) for the CsHsN and C3H7NO2 fragments.

C3H7NO;2 (m =89 am.u.) CgHsN (m =115 a.m.u.) Calculated
fragment charge fragment charge threshold energy
—1 1 14.40
0 1 13.31
1 -1 11.74
1 0 13.83

the stepwise character of this process, i.e. the cleavage
of the C,—Cpg bond is accompanied by the vinyl acetylene
molecule elimination.

The 06H5+ ion is obviously the phenyl-radical that can
be formed due to the dissociation of the C2-N9 and C3-C7
bonds of the tryptophan molecule followed by the hydro-
gen atom migration. The calculated threshold energies
for this ion formed with minimal structural changes are
presented in Table 8.

Our calculations of the threshold energies for the iso-
baric fragments with m = 77 a.m.u. show that the CgHZ
ion is most likely to be produced below 20 eV, while above
this energy — the CsH3N fragment could be formed.

4.3 Low intensity fragments

In the case of one hydrogen atom migration from the
aliphatic chain to the indole moiety in the initial tryp-
tophan molecule, the C7-C10 bond rupture leads to the
following complementary ions with the indole (CgH7N)
and alanine (C3H5NOg) structure formation with the
ratio (5:1):

CsH7N™ + C3H;NOF + e
CgH7NO + C3H5NOF + 2 (
CsH7NT 4+ C3H;NO; +e (12
CsH7NT + C3H5NO3 + 26, (

C11H12N2Og +e —

The calculated threshold energies for these fragments are
shown in Table 9. The calculated threshold energy values
for the indole ion are somewhat lower than those for the
ion with the C3H5NOg structure of dehydroalanine formed
when the C7-C10 and C11-H25 bonds are broken.

Moreover, on the basis of our calculations, the thresh-
old energy value for the CsH7N™ ion according to pathway
(13) is 0.17 eV larger than the electron binding energy for
the m1-orbital of the indole group from the photoemission
valence spectrum of tryptophan [20], i.e. the dissociation
of the C7-C10 bond of the tryptophan molecule is possi-
ble at the high-order molecular orbital ionization. In this
case, the dominant stabilization of the charge by the in-
dole ring, as compared to the aliphatic amino acid residue,
agrees fairly well with the ionization energies for the above
tryptophan molecule components.

In the case of the hydrogen atom transfer in the tran-
sient ion from the indole ring to the aliphatic group, the
dissociation of the C7-C10 group leads to the appearance
of the complementary C3H;NOs and CgHsN fragments
(see their appearance energies in Tab. 10). The ratio of the
ion peak intensities corresponding to the fragments with
115—117 a.m.u. masses indicates a higher stability of the
positively charged indole ion at the two hydrogen atoms
loss as compared to the case when only one hydrogen atom
is lost.

In the parent molecule spectrum area of 25-30 a.m.u.,
the most intense peak is of the ion with the m = 28 a.m.u.
mass. Indeed, this fragment may be CHaN and/or CO as it
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Table 11. Calculated threshold energies (in eV) for the CHoNT and (COOH + CgHsN) fragments.

CH2N (m =28 am.u.) (COOH + CoHs) Calculated
fragment charge fragment charge  threshold energy
1 -1 9.64
1 12.31
1 1 16.62

Table 12. Calculated threshold energies (in eV) for the CH.NT and C10H10NO; fragments formed.

CH2N (m =28 am.u.) CioH190NO2 (m = 176 a.m.u.) Calculated
fragment charge fragment charge threshold energy
1 -1 12.82
1 0 15.46

can be observed in other mass spectra of amine acids such
as alanine, methionine, glycine [21,25,31]. The formation
of the m = 28 a.m.u. fragment and the comparison of the
stability of the positively charged CHoNT and CO™ ions
indicate the CH, N cation is more probable than the CO™
one. Moreover, the comparison of the bond length and
the order of the neutral and ionized tryptophan molecule
proves that the CHyN fragment formation is more proba-
ble than that of the CO one. It should be mentioned that
we calculated the threshold energy of the cation formation
by two possible pathways:

C11H12N2 0y + e — CHoNT + (C10H10NO2) /0 + ne
(14)

C11H12N205 + € — CHoNT + (COOH+CoHgN) /0 4 ne,
(15)

where n =1 or 2 only.

The calculated threshold energies for the m =
28 a.m.u. fragment by two possible pathways (14) and (15)
are presented in Tables 11 and 12.

The analysis of the threshold energy of the m =
28 a.m.u. fragment indicates that the channel with
C11-N12H5 elimination is energetically preferable, al-
though, at the energies above 15.5 eV, the destruction
of the indole ring due to electron impact, followed by the
CH3N™ ion possible formation.

On the other hand, it is necessary to mention that,
according to pathway (5), the CHaN fragment (m =
28 a.m.u.) is also produced. There is a very slight pos-
sibility that the CHaN fragment could be charged posi-
tively in the (CHoN 4+ CoH3zNO2)~ compound because
CgHgNng could be formed in this case. Besides, CHoN T
could be formed during the secondary fragmentation of
the m = 130 a.m.u. fragment (CoHgN™T). In this case,
the minimal calculated energy required for this secondary
dissociation is 5.84 eV, and the total energy required for
this two-stage process is 13.43-13.91 eV, depending on the
fragment charge distribution.

4.4 Doubly charged fragments

In the tryptophan molecule mass-spectrum, the peaks
with the fractional masses corresponding to the doubly

charged ions are revealed. The most intense peak corre-
sponds to the CloHllNg‘L ion and results from the car-
boxyl group detachment from the parent molecule. The
intensity of this doubly charged ion is approximately the
same as that for the relevant singly charged ion. At
the protonated tryptophan ionization under the single-
collision conditions [32], the yield curve for the ion with
the m = 159 a.m.u. mass has its maximum what testifies
to the predisposition of this ion to the secondary disso-
ciation. Probably, the detachment of the carboxyl group
leads to the formation of a conjugated bond system in
the aliphatic part of the molecule, favoring the charge
stabilization by this fragment.

The low intensity peaks with the m = 57.5, 64.5 and
65.5 a.m.u. masses correspond to the CgHs N2+, CoH, N2t
and CoHgN?" ions, respectively, and demonstrate the in-
dole ring ability to keep stability when detaching the dif-
ferent number of the hydrogen atoms with the simultane-
ous elimination of two electrons.

The CgH5 N2+ fragment could be formed from the neu-
tral tryptophan due to the C7-C10 bond destruction and
the simultaneous H atom migration from the CgHgN™T
fragment. We calculated the threshold energy of this frag-
ment for both cases. The comparison of the threshold ener-
gies obtained proves the formation of CgHsN%* according
to the following pathway, requiring the minimal energy:

CgHgNT — e — CgH5N2t + HY. (16)
Referring to the results of the threshold energy calcu-
lation, we predict the two possible ways of CoH;N2*
formation according to the following schemes:
C11H12N305 + e — CgH7N2+ + CQH5NO(2) + 3e, (17)
where the C10-Cl1 bond destruction is accompanied
by the H26 atom migration producing a stable glycine
molecule and

C11H12N2Og + e — CgHgl\PL + CQH4N02_ +e
\

CoH,N** + H? 4-e (18)

with the hydrogen atom detachment from the doubly
charged fragment as a result of the secondary dissociation.
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Fig. 4. The area of the tryptophan molecule mass-spectrum
at the 18 eV electron energy.

The calculated threshold energy for the CoH;N?* frag-
ment is equal to 22.99 eV in the case of (17), while that
in the case of (18) is equal to not less than 25.91 eV,
i.e. 7.59 eV and 18.32 eV energies are required to produce
CoHgNT and CoH;N?*, respectively. Hence, pathway (17)
is more energetically favorable to producing the doubly
charged CoH;N2* ion.

The C9HoN?* ion in this case could be produced as
follows:

C11H12N2 05 4 e — CoHgN?t + (CoH3NO5) /0 + ne
(n=2,3). (19)

The iminoacetic acid is formed as the complementary frag-
ment, and the appearance energy for the CoHgN?* doubly
charged ion is approximately 21.59 eV and 21.32 eV for
the negatively charged one and the neutral iminoacetic
acid, respectively.

4.5 Metastable decay

Regarding the peak at about m = 81.5 a.m.u., its pres-
ence at the ionizing electron energy 18 eV (see Fig. 4)
shows that this peak does not correspond to the doubly
charged ion, while the fuzzy shape of this peak indicates
the presence of a metastable ion with the lifetime less
than 107° s so it decays on its path from the ion source
to detector. The estimation of the masses of the initial
(m1) and resulting (ms) ions using formula m* = m3/my,
where m* is the diffuse peak mass, shows that the peak at
m ~ 81.5 a.m.u. corresponds to the decay of the ion with
the m = 130 a.m.u. mass, and the production of the ion
with the m = 103 a.m.u. mass.

Since our mass-spectrum reveals the peaks with the
m = 103 and 130 a.m.u. masses and the diffuse peak with
the m ~ 81.5 a.m.u. mass, this means that at least a part
of the CSH}" ions is produced directly from the CoHgN™
ion. Thus, at the internal energy excess, the methylenein-
dole ion decays producing the CgH;L ion.
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5 Conclusions

Both experimental and theoretical studies on the fragmen-
tation of the tryptophan molecule under electron impact
were carried out. The analysis of the tryptophan molecule
mass spectrum accompanied by theoretical calculations
allowed the main dissociation mechanisms of the above
molecule under the low-energy electron impact to be de-
termined. Most of the peaks in the experimental mass
spectrum were identified. The absolute values of the ion-
ization energy of the parent C11H12N2Os molecule and
the appearance energies for its most prominent fragments
were determined.

The main fragment under the tryptophan electron-
impact dissociation is produced at a simple cleavage of
the C,—Cg (C10-C11) bond of the initial molecule. The
C10-C11 bond dissociation is the most probable when the
electron energies are slightly exceeding the tryptophan
molecule ionization potential. When the electron energy
is sufficient to ionize the deeper molecular orbitals, first of
all, the lone pair ones of nitrogen and oxygen, dissociation
of the O and N atom neighboring bonds takes place, and,
as consequence, more fragmentation channels occur. How-
ever, the number of such dissociation channels is not sig-
nificant, because the aromatic group stabilizes the positive
charge and reduces the fragmentation.

We seem to be the first to observe the low-intensity
peaks in the tryptophan mass spectrum with the m =
57.5, 64.5 and 65.5 a.m.u. masses corresponding to the
CgHsN?+, CgH;N2t and CoHgN?t doubly charged ion
production. The indole ring demonstrated stability when
the different numbers of the hydrogen atoms were de-
tached together with the simultaneous elimination of two
electrons. We also observed the diffuse peak at about
m = 81.5 a.m.u. that corresponds to the decay of the ion
with the m = 130 a.m.u. mass and simultaneously pro-
duces the m = 103 a.m.u. mass ion. Thus, the peak with
the m = 103 mass having significant intensity could be
produced not only due to the initial molecule dissociation
but may also result from the secondary fragmentation of
the 3-methyleneindole part of the parent molecule.

The authors would like to thank Prof. M. Cegla from Jag-
ellonian University (Krakow, Poland) and our colleague V.
Patasiene for their assistance and fruitful discussions. Special
thanks go to InSpire and NGI.LT projects for the resources
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