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New data on the valine molecule (C.H,

NO,) fragmentation under the low-energy electron-impact are presented.

These data are related to the formation of ionized products due to the ionizing radiation influence on the above ami-
no acid molecule. A series of the fragments produced are identified by applying an extensive DFT-theory approach.
The results obtained allowed the principal pathways of the valine molecule fragmentation to be found. The absolute
appearance energies of some fragments are both measured experimentally and calculated theoretically. The experi-

mental and theoretical data are compared and analysed.
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1. Introduction

Currently, the radiation-implication-study of ami-
no acids is a focus for researchers due to the fun-
damental importance of these molecules - build-
ing blocks of proteins. It is known that low-energy
electrons, representing the most predominant
species formed during a very short time after
the deposition of high energy ionizing quanta into
a biological medium, produced by primary ion-
izing radiation penetrating a biological tissue, can
effectively damage the biologically relevant mol-
ecules of the human body [[ll]. The interaction of
these electrons with the above molecules can in-
duce mutagenic and genotoxic lesions [@].

The obtained results on the electron-bio-
molecule collisions under isolated conditions
have one decisive drawback for the interpreta-
tion of possible processes in complex macromol-
ecules [E]. In this case, the environmental influ-
ence by neighbouring molecules or water that
can modify the electron scattering processes is

neglected, although it could alter structures, sta-
bilities and function of biological macromol-
ecules [E]. Our approach is to extend the earlier
studies on the isolated molecules in the gas phase
and to study the fragmentation of the most stable
and, consequently, more abundant conformation-
al isomers of the molecules under investigation.
Our recent study indicates that conformational
isomerism may influence the near-threshold areas
of the dissociative ionization cross-sections [ﬂ].
Moreover, the presence of intramolecular hydro-
gen bonds and the differences in the locations of
certain atoms in the conformational isomers may
lead to the changes in the fragment appearance
energies up to 2 eV.

Here we report on the interaction of low-ener-
gy (<70 eV) electrons with valine conformational
isomers in order to probe the intrinsic properties
of this molecule and to trace its change(s) under
the electron impact. This work is a continuation
of a series of our studies on the ionizing radia-
tion interaction with the molecules of biological
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relevance. The goal of our studies was to elucidate
the major channels of formation of the most stable
valine molecule conformers as a result of the low-
energy electron impact.

Valine is an a-amino acid used in the pro-
tein biosynthesis. Besides the a-amino and
a-carboxylic acid groups, it also contains the side
chain isopropyl variable group, classifying it as
a non-polar amino acid. It is essential for humans,
i.e. the body cannot synthesize it and, thus, it must
be obtained from the diet. Human dietary sources
are any proteinaceous foods such as meats, dairy
products, soy products, beans, and legumes.

Along with leucine and isoleucine, valine is
a branched-chain amino acid. In sickle-cell dis-
ease, valine substitutes for the hydrophilic amino
acid glutamic acid in -globin. Because valine is
hydrophobic, the hemoglobin is prone to abnor-
mal aggregation.

2. Experiment

The experimental apparatus on the basis of a se-
rial MI1201 magnetic mass spectrometer has been
described in detail in our previous papers (see,
e.g. [H, E]). Here we shall only briefly state that
it operated within the m/z = 1-600 a.m.u. range
(here m/z is the mass to charge ratio of the ions
under study) at high sensitivity (~10'¢ A) and
resolution (+0.25 a.m.u.), enabling reliable sepa-
ration and detection of the fragments of the target
molecule []. The beam of the valine mole-
cules was formed by means of a resistively heat-
ed effusion source with the molecule concentra-
tions of about 10" molecule/cm’. The operating
temperature of the molecular beam source was
varied up to 150°C providing conditions exclud-
ing the initial molecule thermal degradation and
molecular cluster formation. A specially designed
three-electrode electron gun provided an elec-
tron current of 30-50 yA over a wide (0-150 eV)
energy range. This source enabled the energy de-
pendences of the ionization and dissociative ioni-
zation cross-sections to be measured in the in-
cident electron energy range from the threshold
up to 150 eV without the need of using a mag-
netic field (contrary to the conventional source).
The ions produced in the ion source and extracted
by the electric field entered the magnetic ion sepa-
rator and were detected by means of an electrom-

eter. The data acquisition and processing system
was controlled by a PC. Special measures have
been applied to stabilize the mass analyzer trans-
mission, and to make the mass of the fragment
under study to be reliably fixed. An electron ener-
gy scale was calibrated with respect to the known
ionization thresholds for the argon atom and ni-
trogen molecule with the accuracy of £0.1 eV [ﬂ].
The valine molecule mass spectrum was measured
at the 70 eV electron energy, the appearance en-
ergies for the positive fragment ions were de-
termined within the 5-30 eV energy range with
the +0.1 eV accuracy.

3. Theory

The study was performed by the Becke’s three-
parameter hybrid functional applying the non-
local correlation provided by Lee, Yang and Parr
(B3LYP) [], i.e. a representative standard DFT
method with the cc-pVTZ basis implemented in
the Gaussian and GAMESS packages [].
The given set was suitable to describe the system
under study with computations being performable.
We used a contracted basis set taking into account
the correlation effects with a (12s6p) primitive ba-
sis set contracted under the Raffenetti pathway and
optimized at the Hartree-Fock (HF) level because
this basis set demonstrated an excellent behaviour
for calculating both atoms and molecules. Moreo-
ver, this relatively large basis set and electron corre-
lation correction are good enough to study the in-
teractions with hydrogen-bound complexes.

The structures of the five conformers of
the neutral valine molecule were optimized with-
out any symmetry constraint. Referring to the re-
sults on the total energy and molar distribution
at 433 K, the two most stable conformers were
chosen for the further investigation. In order to
model the fragmentation processes, the fragment
anions, cations and fragments with a zero charge
were evaluated, i.e. the neutral dissociation, dis-
sociative ionization and bipolar dissociation (ion
pair formation) were studied. The spin multiplic-
ity of the closed-shell products of the reactions
under investigation was 1, while that of the open
shell was 2. The comparison of the experimen-
tal measurements and theoretical calculation of
the energy of the fragment appearance proved that
the chosen spin states were enough to describe
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the most probable reactions of fragmentation.
The ionization potential was calculated as the dif-
ference of the energies of the neutral and positively
charged conformer.

The appearance energies were calculated as
the difference between the total energy of the in-
vestigated conformer of the molecule and the sum
of the energies of the fragments predicted. The cal-
culated values of the dissociation energy were
compared with those of the experimental mea-
surements to select and present more probable
reactions of the fragment appearance. The vibra-
tion analysis of the compounds under study was
performed to estimate the zero point corrections.
These corrections were not included due to their
insignificancy.

4. Results and discussion

Valine, like most amino acids, exists in two pos-
sible optical isomers called the D- and the L- iso-
mers. The L-amino acids represent the vast major-
ity of them found in proteins. It is the main reason
why only the L-optical conformers are under our
study. Geometric structures of these conformers
are different due to one of the following reasons:
— the carboxylic acid group rotates, and the acid
hydrogen may be oriented towards amino ni-
trogen or away from it;
- the methyl groups rotate, and the methyl hy-
drogen may be oriented towards the carboxylic
acid.
In Ref. [], the calculations of the global en-
ergy minimum for the gas phase valine were

analysed briefly. It was shown that different cal-
culation methods do not provide an unambigu-
ous determination of the lowest-energy valine
conformer. However, the two distinct structures
corresponding to the global energy minima with
the hydrogen bonding accounted correspond to
the bifurcated NH, eesO=C and the NeeeH-O
hydrogen-bonded valine molecules. In addition,
the authors of the above paper underlined that
the rotation of the isopropyl side chain around
the a-C axes led to a number of rotamers for each
of these conformers, all of which were close to
the global energy minimum.

Our calculations show that the structural differ-
ence insignificantly affects the stability of the con-
formers (further referred to as Valine 1, Valine 2,
Valine 3 and Valine 4), i.e. their total energies are
not very different. Only the total energy of Valine 3
is 0.080 eV higher than that of other conformers,
while in other cases the total energy differences are
lower than the energy of the thermal movement.

However, the molar abundance at T = 433 K
that corresponds to the experimental temperature
is notably different (see Table 1). Valine 1 and Va-
line 4 represent the vast majority of the conform-
ers under investigation. Hence, here we present
the results of the studies on the fragmentation of
these two most abundant conformers, although
additional data on the fragmentation of the rest of
conformers could be provided as well.

The images of the two main valine conformers
and the atom numbers, used in this paper, are pre-
sented in Fig. . We call the conformers Valine 1
(on the left) and Valine 4 (on the right). Note that

Table 1. Total energies of the neutral and ionized valine conformers, their ionization energies and the molar

distribution at T = 433 K.

Valine 1

Valine 2 Valine 3 Valine 4

N

“ L

7 A
Total energy, neutral molecule, a.u. -402.367 -402.366 -402.364 -402.367
Total energy, ionized molecule, a.u. -402.045 -402.057 -402.054 -402.059
Molar distribution at 433 K, % 45.21% 17.18% 5.44% 32.17%
Ionization energy, eV 8.814 8.399 8.482 8.448
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Fig. 1. Views of conformers of Valine 1 (on the left) and Valine 4 (on the right). Note the atom numbers used in this paper.

the geometric structure of Valine 4 corresponds to
the structure of the most stable valine conformer
described in [], while the conformer such as Va-
line 1 was not investigated in that paper. On the oth-
er hand, the study by Stepanian et al. [] indicates
the conformers selected for the investigation as most
stable.

The calculated total energies and the ioniza-
tion energies (IE) for the valine conformers are
presented in Table 1. The measured differences in
the ionization energies caused by the structural
features of the molecule under study were ob-
tained. It is well known that strong intramolecular
H-bonds lead to higher IEs, and that is confirmed
tairly well by our results, i.e. the IE of the Valine 1
conformer, where a hydrogen bond takes place,
is larger than that of Valine 4. However, the total
energy of the ionized Valine 1 conformer is lower
than that of Valine 4 and indicates a lower thermal
stability of this conformer.

The a-valine ionization was experimentally
investigated in the photoionization studies of
the parent ion yield curve showing a weak onset
beginning at 8.9 eV and a large increase in the in-
tensity beginning at 10.5 eV [@]. This paper also
presents similar data by Klasinc [], who gives
the vertical IE(vert) = 9.68 eV and adiabatic
IE(ad) = 8.71 eV ionization energy values. The last
value is quoted in the NIST database [@].

Unfortunately, we failed to measure the IE of
the initial valine molecule in our experiment due

to a vanishingly small intensity of the parent ion
peak in the mass spectrum, but the calculated IE
value for Valine 1 coincides well with the above
experimental results.

Figure P shows the mass spectrum of the valine
molecule measured by us at the 70 eV ionizing en-
ergy. The mass spectrum illustrates a general pat-
tern of the positive fragment ions yield. There are
no significant differences between the spectrum
measured by us and those quoted in the NIST da-
tabase for D- and DL-valine []. However, we ob-
tained more pronounced ion production pattern
at 27-30 a.m.u. Moreover, as mentioned above,
there is no peak corresponding to the parent mo-
lecular ion yield, and this is related to a low stabil-
ity of the ion produced during the ionization. This
is typical for mass spectra of the alyphatic amino
acids.

We have also measured the threshold energy
dependences of the main fragment ion yields due
to the electron impact on the valine molecule.
The appearance energies (AE) for the main frag-
ments produced due to electron impact on the
valine molecule are the following: 12.4 eV for
C,HN*+C,H *12.0eV for CH,*+ CH N*9.5eV
for CH N*;10.1 eV for C;H NO,". The measured
values are lower than those calculated theoreti-
cally. The experimental appearance energies were
determined by means of the fitting technique
suggested by T. Maerk’s group (see details in,
e.g. Ref. [ﬁ],) and used in most of our previous
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Fig. 2. Valine molecule mass spectrum.

studies. This technique is based on the least-squares
method approximation using the Marquardt-Lev-
enberg algorithm.

Obviously, the dissociation channel of the
C.,H, NO, molecule under the electron impact,
common with most of a-amino acids, is due to
the C-C_bond break resulting in the formation of
the m/z = 72 a.m.u. fragment, i.e. the most prob-
able valine molecule dissociation process is due to
the carboxyl group detachment.

The second (by its intensity) dissociation ioniza-
tion channel relates to the production of the ions
with the m/z = 28 a.m.u. mass. Several isobaric ions
may correspond to this mass (i.e. CO, CNH,, C.H),
and their atomic composition determination re-
quires an ultra high-resolution mass spectrometric
technique. Besides the two main groups of the frag-
ment ions in the vicinity of m/z = 28 and 72 a.m.u.,
the ions with the mass of m/z = 39-46 a.m.u. and
m/z = 55-57 a.m.u. have noticeable intensities.

Let us recall that, in general, the incident free
electron ionizes the target molecule to form a tran-
sitory ion. The parent precursor ion, having the in-

ternal energies below the dissociation energy,
remains stable, whereas fragmentation may oc-
cur [@]. 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, and this goes
with a higher tendency towards the bond dissocia-
tion. To estimate the changes in the valine molecule
asaresult of ionization, we calculated both the bond
lengths and bond orders of the neutral and ion-
ized valine conformers at their equilibrium point.
Having taken into consideration the above facts
and implemented the Mullikan population analy-
sis data [@], the weakest bonds in the conformers
of the molecule were determined. The calculated
bond lengths and bond orders of both the neutral
and ionized conformers of the valine molecule are
listed in Tables 2 and 3.

According to the obtained results for the neutral
and ionized conformers, the skeleton bonds C1-C3
and C1-C2 become weaker, while the C1-N7, C2-
C10 and both C-O bonds become stronger due to
the ionization. It should be noted that the mutual
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Table 2. Bond lengths and bond orders of Valine 1 in-
vestigated before and after ionization.

Neutral Ionized

Bond Bond | Bond | Bond | Bond
length, A | order | length, A | order

C1-C2 1.551 0.966 1.544 0.931
C1-C3 1.539 0.880 1.721 0.645
C1-N7 1.473 0.805 1.378 1.118
C1-H19 1.094 0916 1.086 0.890
C2-C10 1.532 0.985 1.530 0.994
C2-Cl11 1.535 0.970  1.539 1.015
C2-H12 1.095 0.923  1.099 0.871
C3-04 1.342 1.043  1.309 1.055
C3-05 1.201 1.960 1.180 1.983
0O4-H6 0.982 0.753  0.969 0.768
N7-H8 1.010 0.876  1.011 0.820
N7-H9 1.012 0.869 1.011 0.826
C10-H13 1.091 0.944 1.089 0.925
C10-H14 1.087 0.944 1.090 0.925
C10-H15 1.092 0.941 1.091 0.918
Cl1-H16 1.090 0.954 1.089 0.926
Cl11-H17 1.092 0.937 1.091 0.922
C11-H18 1.091 0.951 1.089 0.934

locations of atoms in the conformational valine iso-
mers strongly affect the bond length of the skeleton
and the variation order. It may change noticeably
the priority of the dissociation direction. For in-
stance, in the case of the C1-C2 and C1-C3 bonds,
which are weakened due to the ionization, the weak-
est bond for Valine 1 is C1-C3, while that for Va-
line 4 is C1-C2. Additionally, in both cases under
study, the C-N bond becomes stronger resulting
in the production of the fragments with the 27-
30 a.m.u. masses occurring due to the simultaneous
C1-C2 and CI1-C3 bond dissociation and hydro-
gen atom migration. The variation of bond lengths
and orders of the ionized conformers indicates
a high probability of the C1-C3 bond dissociation
of the molecular valine ion. Hence, it is not surpris-
ing that the most abundant ion in our experimental
spectra is C H, N* having the m/z = 72 a.m.u. mass.
This fragment could be formed due to the C-C_
(C1-C3) bond cleavage (see Table 4).

The appearance energy for the fragment indi-
cates that the dominant fragmentation pathway
of the ionized valine molecule is associated with
the loss of the negatively charged COOH that re-
sulted in the 72 a.m.u. cation production. The min-

Table 3. Bond lengths and bond orders of Valine 4 investigated before and after ionization.

Neutral Ionized
Bond Bond length, A Bond order Bond length, A Bond order
Cl-C2 1.564 0.910 1.790 0.629
C1-C3 1.516 0.880 1.526 0.868
C1-N7 1.455 0.950 1.362 1.133
C1-H19 1.093 0.918 1.087 0.880
C2-C10 1.530 0.941 1.506 0.980
C2-Cl11 1.531 0.978 1.507 1.017
C2-H12 1.093 0.931 1.095 0.905
C3-04 1.204 1.950 1.199 1.919
C3-05 1.353 1.027 1.327 1.081
04-H6 0.969 0.807 0.972 0.777
N7-H8 1.012 0.848 1.019 0.798
N7-H9 1.010 0.883 1.011 0.823
C10-H13 1.091 0.954 1.095 0.905
C10-H14 1.091 0.943 1.088 0.923
C10-H15 1.090 0.952 1.089 0.924
Cl1-Hle6 1.091 0.957 1.090 0.919
Cl1-H17 1.091 0.950 1.089 0.924
Cl1-H18 1.093 0.936 1.094 0.910
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Table 4. Appearance energies of differently-charged COOH and C,H /(N fragments.

COOH, m/z =45 a.m.u. C,H (N, m/z=72 am.u. Valine 1 Valine 4
-1 1 7.94 7.80
0 1 8.78 8.84
1 -1 12.31 12.34
1 0 11.53 11.53
1 1 16.95 16.94
0 -1 4.15 4.24

imal appearance energy of 7.94 or 7.80 eV for this
fragment is lower than IE calculated for the case of
the ion pair formation. It is interesting to compare
the results of the calculations for this case made
by us with the experimental results [], where
the third resonant peak for COOH™ corresponds
to 7.9 eV at the dissociative electron attachment.
However, above the ionization threshold, the neu-
tral COOH fragment formation is more probable
(as in the case of the majority of amino acids) via
the following pathway:

C.H, NO,+e > COOH® + C,H N*+ 2e. (1)

It is interesting to note that the threshold for
the [M-COOH]~ formation calculated in [@] is
close to 4.1 eV at the G2MP2 level, which agrees well
with the onset observed in both [] and in our cal-
culations.

The appearance energies for the m/z = 45 and
72 am.u. fragments indicate that the complemen-
tary COOH" cations could provide only small mass
spectrum intensities. The strong preference for
the m/z = 72 a.m.u. fragment is ascribed to the ioni-
zation followed by the ejection of one electron from
the unbound pair of electrons of the nitrogen atom;
this process is the same as the one proposed for
the ionization of amine molecules [@].

The experimentally measured AE of the C H N
fragment is 9.5 £ 0.1 eV and is close to the calculated
value for pathway (1).

Referring to the results presented in Tables 2 and
3, the cleavage of the O-H bond is the most probable
fragmentation process combined with other frag-
mentation processes. It could lead to the formation
of the differently charged COO and C,H, N frag-
ments and the H atom. The results obtained prove
the fact of formation of the C H N fragment, i.e.
H may join the C,H, N molecule. However, in our

mass spectrum, as it is listed in the NIST database,
the relative intensity of this ion peak is about 5%
what corresponds exactly to the first isotopic peak
for the C,H N fragment. Hence, the m/z =73 a.m.u.
fragment peak in the mass spectrum at 70 eV could
be assigned to the positively charged “CC,H, N*ion.

An unambiguous argument to prove this con-
clusion is the paper of Hu and Bernstein [@] , where
the isolated neutral amino acid molecules were
ionized by single photons. In this work, the neutral
ground state amino acid molecules were exposed
to the IR radiation prior to the ionization, and
the individual isomers were determined by observ-
ing the intensities for different fragments. Thus, in
the time-of-flight mass spectra of valine ionized
by the 10.5 eV energy photons with and without
IR laser radiation (~3000 cm™) [@], the most
prominent peaks correspond to the ions with
the m/z = 30, 72, 73 and 84 a.m.u. masses. The au-
thors concluded that, under conditions of their
experiment, the amino acid molecule undergoes
fragmentation due to the rearrangement reaction
following the ionization stage. Such a rearrange-
ment reaction in its simplest form could be a pro-
ton transfer and this reaction strongly depends on
the internal hydrogen bonding, i.e. on the molecule
conformation. Our relevant data on the appearance
energy calculations are listed in Table 5.

Table 5. Appearance energies for differently charged
COO and (C,H,,)N+H) fragments.

(C;nl_;éolj;?)’ mC/ZZO:OA’M Valine 1 | Valine 4
1 -1 8.78 9.99
1 0 7.88 9.09
1 1 21.64 22.85
-1 1 15.74 16.85
0 1 13.31 13.33
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Low appearance energy values indicate a large
possibility of the C H N* production in the pro-
cess of the ion pair formation in the case of the neu-
tral CO, fragment yield. So, we can conclude that
the C,H N* ion formation is energetically not
probable at low energies due to the rearrangement
processes.

The cleavage of another weak CI1-C2 bond
in the valine molecule results in the formation of
two complementary fragments, i.e. CH,NO, with
the m/z = 74 am.u. and C.H_ with m/z = 43 am.u.
masses. The peak intensity of the first fragment ob-
tained by different authors is nearly five times higher
than that of the second one. In our spectrum, this
ratio is about 4, so such an ion intensity distribution
after the bond cleavage shows the preferable charge
localization on the N-containing fragment. The re-
sults of our calculations of the appearance ener-
gies for the CH, and C H NO, fragments are listed
in Table 6, while the AE value measured by us for
the C,H,NO, fragment is 10.1 + 0.1 eV. The analy-
sis of the appearance energies proves the fact that
the intensities of the peaks (or the abundance of their
complementary fragments) is the isomer-conforma-
tion dependent. The difference between the appear-
ance energies for the two conformers in a particular
process is about 0.5 eV. This difference can be due to
a feasible intramolecular hydrogen bonding between
O5 and H14 in the case of Valine 1. When speaking
about the appearance energy of the complementary
fragments, the formation of the C,H,NO, fragment is
energetically more preferable regardless of its charge.

Table 6. Appearance energies for the CH, and
C,H,NO, fragments.

m?;I;L;B Cr,il/i‘*ljgi’ Valine 1 Valine 4
1 -1 9.19 9.13
1 0 10.20 9.76
1 1 17.38 16.82
1 1 10.68 10.21
0 1 10.03 9.47

Another intense peak in the valine mass spec-
trum corresponds to the m/z = 55 a.m.u. ion. There
may be three isobaric ions with this mass: C,H,N,
C,H,0 and C,H.. The process of C,;H,O formation
requires five skeleton bonds to be broken but this
seems to be impossible. More probable is the for-

mation of the C,H,N* and the C H_ * ions. For
C,H,N*, three possible structures with the minimal
total energy were calculated (see Table 7). All these
ions are produced during the following process:

C.H, NO, +e>CHN"+CH,O0.+H,+ne.(2)

Here n = 1, 2 and ‘0/-’ indicates that the fragment
is neutral (0) or negatively charged (-).

Table 7. Total energies for the three structures of
C;H;N".

Structure | Energy, a.u.
NCHCHCH;* -171.721
NH,CCCHj;* -171.786
NHCCHCH;* -171.797

The last two structures have comparable total
energies and our calculation of their appearance
energies shows close values as well. The difference
in the energies for similar conformers does not ex-
ceed 0.3 eV (see Table 8). The C H_* fragment could
be produced when one of the hydrogen atoms joins
the amino group as follows:

C.H, NO, +e>CH*+CHO,” + NH,+ ne. (3)

Here n = 1, 2 and ‘0/-" indicates that the fragment
is neutral (0) or negatively charged (-).

Table 8. Appearance energies for the two structures
of C;H:N*.

CH.N, . .

iz~ 55 CHO, + CH, + H, | Valine1 | Valine 4
H,NCCCH,' 0 10.10 9.92
HNCCHCH,' 0 10.37 9.63

The analysis of the calculated appearance ener-
gy values (see Table 9) shows that the formation of
the positively charged m/z = 55 a.m.u. fragment to-
gether with the negatively charged (CHO, + NH,)
compound is less energy-consuming. It should be
noted that NH, is formed and both conformers
have almost equal appearance energy values in eve-
ry charge distribution case, so the C H, fragment
formation does not depend on the conformation of
the valine molecule. The analysis of the Mulliken
charge indicates the negative charge location on
CHO,. Moreover, the comparison of the binding
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energy per atom of variously charged CHO, and
NH, compounds indicates that the thermal stability
of the neutral NH, (closed-shell system) is higher
than that of the ionized one, but is smaller than that
of the negatively charged COOH fragment (closed-
shell system as well). The above data allowed us to
predict the formation of the CHO,” fragment and
the neutral NH, fragment when C,H_* is produced.

Table 9. Appearance energies for the positively
charged C,H; fragment.

CiHy, m/z = 55 (CHO,+H+NH,) | Valine 1 | Valine 4
am.u
1 -1 8.54 8.54
1 0 11.87 11.88
1 1 17.77 17.78

The value of the m/z = 55 a.m.u. ion appear-
ance energy measured by us is 12.4 + 0.1 eV. It is
close to the calculated result in the case of the neu-
tral CHO, + NH, fragment formation and it al-
most coincides with the experimental results and
the G3MP2 calculations provided in [@].

The peak at m/z = 56 a.m.u. has also a noticeable
intensity. The fragment could be formed similarly
as the m/z = 55 a.m.u. one with no H12 loss. Refer-
ring to the results presented in Table 10, in the case
of Valine 1 both fragmentation processes are pos-
sible:

CH, NO,+e~> CH. +(CHO,+NH,)
+e>CH,"+CO, + NH, +e, (4)
C,H NO,+e~> CH,"+(CHO,+NH,))’
+2e~> CH,"+ CHO,NH ° + 2e. (5)

Table 10. Appearance energies for the positively
charged C,H, fragment.

C,Hg, m/z =56 (CHO,+ NH,) | Valine 1 | Valine 4
a.m.u.
1 1 920 1080
) 0 9.08 8.83
1 1 19.23 19.08

From the chemical point of view, the second
pathway with a zero charge is preferable. In Ta-

ble 10, the appearance energies for the above
products are presented; while in the case of Va-
line 4 the fragmentation according to scheme
(5) is more favourable. It could occur due to
the structural differences of the conformers. Only
in the case of Valine 1 the placement of the pro-
duct of fragmentation is favourable due to the H
atom removal from the COOH group to form am-
monia. Hence, the structural difference effect on
the fragmentation process is evident.

The peak corresponding to the m/z = 57 a.m.u.
fragment has its intensity comparable to that of
the m/z = 55 a.m.u. one. Probably this peak indi-
cates the presence of the C,H,, C HO,, CH,NO
or C.HN positively charged ions. The forma-
tion of C HO," was assumed in [@], where oth-
er products of the process were the neutral NH,
and (CH,),CH* radicals, so the authors supposed
the dissociation of the C1-N7 and C1-C2 skele-
ton bonds. This ion can exist in the case of a rear-
rangement of the HO-C*=C=0 structure, which
seems to be a very unfeasible event under the con-
ditions of our experiment.

Another composition of the ion with m/z =
57 am.u. is C.H NO, formed after the detachment
of (CH,),CH and the water molecule, made of
H from the amino group and OH from the ace-
tic one. This mechanism of the CH,NO* ion
formation was proposed by Junk and Svec [@]
and Jochims et al. [[I7], and confirmed by
Papp et al. [@, @] when two possible cases of
the residual fragment structure were studied.

We would like to emphasize that the forma-
tion of NHCHCOH with the minimal number of
possible reactions could occur due to the cleav-
age of the C1-C2, C-OH and N-H bonds after
the H8 atom migration to O5. Meanwhile, to form
the C H, positively charged ion, the C1-C3 and
C1-N4 bonds should be cleaved and the H atom,
due to the deprotonation of COOH, may join
the C,H, fragment. The C1-C2 and O-H bonds
become weaker due to the tendency of the ioniza-
tion process of valine to be destructed; the C1-
N4 bond is weaker than the C3=05 one (see
Tables 1and 2). On the other hand, the residual iso-
baricion with the m/z =57 a.m.u. mass, i.e. C,H N*,
is formed due to the cleavage of the C1-C3 and
C2-C10 bonds only. This allows us to predict that
formation of NHCHCOH could require a larger
energy amount than that of C,H, or CHN.
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The thermal stability of the C,H N positively
charged fragments (with the binding energy per
atom of 3.79 eV) and C H,, (with the binding en-
ergy per atom of 3.61 eV) is not quite different.
The appearance energy of these two fragments is
also not significantly different, although it depends
on the isomer conformation (see Tables 11, 12). It
should be noted that the process of the CH N ion
formation with the neutral counterpart production
(see pathway (6)) is as follows:

C.H, NO,+ e CHN"+ (CHO, + CH,)

+2e~> CHN*+CH,O,+ 2e. (6)
Table 11. Appearance energies for the positively
charged C,H, fragment.

CH,, . .
4779
/2= 57 am. CO,+NH, | Valinel | Valine 4
1 -1 7.40 9.20
1 0 10.17 11.96
1 1 20.10 21.90

Table 12. Appearance energies for the positively
charged C;H,N fragment.

m/zii{;li’m.u. CHO,+ CH; | Valine 1 Valine 4
1 -1 8.06 9.20
1 0 8.04 11.96
1 1 18.97 18.27

The data of Tables 11 and 12 unambiguously
show the effect of conformational differences on
the fragmentation process. The trans- or the cis- po-
sition of the hydroxyl group hydrogen with respect
to the amino group and intramolecular hydrogen
bonding can lead to the difference of about 1 eV in
the appearance energy for the m/z = 57 a.m.u. ion.

We also calculated the appearance energy for
two possible structures of the C_H,NO" ion re-
ported in [, @ @ @] as the main composi-
tion for the m/z = 57 a.m.u. ion. The total ener-
gies of both structures are presented in Table 13.
The minimal appearance energy for the first
structure is 12.41 eV, while those for the second
one are 9.54 eV for Valine 1 and 10.02 eV for Va-
line 4 (all results are for the neutral counterparts).
So, compared to the measured by us threshold for
the m/z = 57 a.m.u. ion of 12.0 eV, we assume that

at this energy all the C H,, CH,NO, and CH N
ions can exist.

Table 13. Total energies for the two structures of
the C,H;NO" ion.

Structure | Energy, a.u.
NHCHC(OH)* -207.641
NH,CHCO" -207.7415

In the mass spectrum region of m/z = 25-
30 a.m.u., there are three intensive peaks corre-
sponding to m/z = 28, 29 and 30 a.m.u. The most
intensive peak of this group corresponds to
the m/z = 28 a.m.u. fragment. Three isobaric ions,
CHN*, CH,"and CO", can match this mass.
For some amino acid molecules we proved that
the HCNH fragment requires less energy to ap-
pear than the CO* one [E]. Papp et al. [[15 dem-
onstrated that the calculated appearance energy
for CO* (15.01 eV) is about 3 eV higher than
that for CH,N* (11.87 eV). Our calculations for
the CO* appearance energy are practically identi-
cal with those presented in [], i.e. 15.31 eV for
Valine 1 and 15.01 eV for Valine 4. It is necessary
to mention that the formation of m/z = 28 with
the C_H, chemical composition via different path-
ways was investigated as well. However, the stabil-
ity of the CH,N* fragment is larger than that of
the CH,* one, indicated by the binding energy
per atom. The comparison of the appearance en-
ergies for these two fragments proves the forma-
tion of CH,N* as energetically more favourable. It
allows us to conclude that the positively charged
m/z = 28 am.u. fragment is HCNH. The as-
signment of the intense peak at m/z = 28 a.m.u.
to HCNH was also confirmed by observing
the m/z = 29 a.m.u. mass peak in the a-valine-d3
(ND,(CH,),(CH),COOD) by Jochims et al. [[17].
We unambiguously calculated the minimal en-
ergy required to produce the m/z = 28 a.m.u. ion
with the CHN chemical composition. Referring
to the results presented in Table 14, the minimal
energy consumption for this fragment appearance
corresponds to the ion pair formation. However,
the appearance energy for the m/z=28 a.m.u. frag-
ment obtained experimentally by Papp et al. [[15]
is 13.1 eV. The calculated value of 12.45 eV fits this
measurement better. Hence, the m =28 a.m.u. frag-
ment could be formed according to the scheme:
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CH NO,+e~>CHN"+(COOH+H+CH)
+2e-> CHN*"+H’+ CH,O,’ + 2e. (7)

Table 14. Appearance energies for the HCNH frag-
ment.

CHN,
m/z =128 COOH+H+CH, | Valine 1 | Valine 4
a.m.u.
1 -1 9.10 9.87
1 0 12.45 12.22
1 1 17.61 18.43

The fragment with m/z = 29 a.m.u. could be pro-
duced in a simpler way, i.e. due to the cleavage of
the C1-C3 and C1-C2 bonds without the NH, de-

protonation (see Table 15):
C.H, NO, + e~ CHN*+ (COOH + C,H )’
+2e > CHN*+ CHO,"+ 2e. (8)

Table 15. Appearance energies for the HCNH, frag-
ment.

CH,N, m/z =29 COOH +CH, | Valine 1 | Valine 4
a.m.u.
1 -1 11.89 11.68
1 0 10.58 10.35
1 1 20.44 20.33

In the mass spectrum, the peak of the m/z =
28 a.m.u. ion is larger than that of m/z = 29 am.u,
despite the fact that the latter ion needs less bonds
to be broken and in the case of neutral counter-
part production the energy consumption is less
as well. However, the binding energy per atom for

Table 16. Appearance energies for the C,H; fragment.

CH,N* is equal to 2.77 eV and is larger than that of
2.48 eV for CH,N*. Hence, the thermal stability of
the CH_N cation is larger than that of CH,N. More-
over, the HOMO-LUMO gap analysis of these two
fragments indicates that the CH,N ion is chemically
more stable than the CH,N*one. It allows us to pre-
dict that some CH,N positively charged fragments
could be produced by the CH,N* deprotonation and
the secondary fragmentation process as well.

The fragment with m/z = 27 a.m.u. can have two
chemical compositions. They could be CHN or C,H,
and the binding energy per atom for them is 1.62 and
2.54 eV, respectively. Hence, the thermal stability of
C,H, is larger than that of CHN. The calculated frag-
ment appearance energy is smaller than that for CHN
(Tables 16, 17), thus leading to the conclusion that
at the threshold electron energy the m/z = 27 a.m.u.
fragment is C,H,. This ion can have two structures,
i.e. CH-CH,* with the total energy of -77.616 a.u.
and C-CH,* with that of -77.540 a.u. We have calcu-
lated three possible ways of the C H, fragment for-
mation: with different final products and for the cas-
es when it consists of the C1-C2 and C2-C10 (11)
carbon atoms (see pathways 9-11):

C.H, NO,+e~> (CH-CH,))" + (COO + NH,
+2(CH,))°+ 2e » (CH-CH,)* + COO°+ NH.°
+CH? + 2e, 9)
C,H, NO,+e~ (CH-CH,)*+ (COOH + NH
+2(CH,))°+ 2e » (CH-CH,)* + COO°+ NH.°
+CH? + 2e, (10)
C,H, NO,+e~>(C-CH,)"+(C,HNO,+H+CH,)’

+2e->(C-CH)"+CHNO,+CH/+2e. (11)

m/z =27 am.u. Counterparts Valine 1 | Valine 4

CH-CH, COO + NH, + 2(CH,) 13.12 13.13

CH-CH, COOH + NH + 2(CH,) 13.12 13.47

C-CH; C,H,NO,+ H + CH; 14.52 14.58

Table 17. Appearance energies for the HCN fragment.

CHN, m/z = 27 a.m.u. (COOH + H + CH(CHs)) Valine 1 Valine 4

1 -1 15.93 19.78

1 0 14.37 18.58

1 1 24.26 28.57
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The results of our calculations for the neu-
tral counterparts are presented in Table 16. One
can see that only in the case of COOH + NH as
the other products are also formed, a marked dif-
ference in the appearance energy for the valine
molecule conformers is present. So, the H-atom
transition from the COOH-group to C2 is practi-
cally not dependent on the conformer structure,
but in the case of H originating from NH, the dif-
ference in the energies is approximately equal to
the hydrogen binding energy. This can give evi-
dence of the presence of the H8ee¢O4 hydrogen
bond in Valine 4.

The HCN fragment formation is more energy-
consuming (see Table 17) as compared to that for
CH,, so the CH,ion with the m/z = 27 am.u.
is more likely to appear at the threshold energy.
It should be noted that the m/z = 27 a.m.u. ion
was considered as C_H, by Denifl et al. [] and
Jochims et al. [7] as well.

5. Conclusions

The analysis of the valine molecule mass spec-
trum together with the theoretical calculations
was performed. The results obtained allowed us to
determine the main dissociation mechanisms of
the conformers of this molecule under a low-en-
ergy electron impact. The appearance energies for
the most pronounced ion peaks in the valine mole-
cule mass spectrum were measured experimentally
and estimated theoretically. Despite the fact that
there are no significant differences between our
measured spectrum and those quoted in the NIST
database, we obtained a more pronounced ion pro-
duct pattern at 27-30 a.m.u. Our experimental
mass spectrum also indicates the low stability of
the parent molecular ion.

The dominant fragmentation pathway of
the ionized valine molecule is related to the C-C_
bond cleavage with a loss of a neutral COOH frag-
ment, as in the case with most of a-amino acids and
the C_ H N*ion production. The calculated appear-
ance energies for this pathway showed almost a full
absence of the structural influence on this process.

As for some other fragments, the difference
between their appearance energies from the two
conformers of valine indicates a significant influ-
ence of a feasible intermolecular hydrogen bond-
ing. The trans- or the cis- position of the hydroxyl

group hydrogen with respect to the amino group
and intramolecular hydrogen bonding can lead to
the difference in the appearance energy of about
1 eV or more (for m/z = 57 a.m.u. ion and, espe-
cially, for CHN*). The formation of ammonia is
also probable in the case of the conformer where
a hydrogen bond is present. However, the forma-
tion of some fragments (for example, C,H.) is in-
dependent of the valine molecule conformation.
The results obtained lead to the prediction that
the influence of the hydrogen bond, i.e. the struc-
tural differences, could be significant in the case of
the formation of some fragments.

It is interesting that the H atom transition from
the COOH group is independent of the conformer
structure, but in the case of H origination from
the NH, group, the difference in the appearance
energies has the order of magnitude approximately
equal to the hydrogen bond energy.

Additionally, different structural and chemical
compositions of the isobaric fragments of valine
formed under electron impact were determined
and analysed.
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JONIZUOJANCIOSIOS SPINDULIUOTES JITAKA AMINORUGSCIU MOLEKULEMS:
VALINO ATVEJIS
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Santrauka
Darbe pateikti nauji valino molekulés (C;H, NO,)

fragmentacijos dél Zemos energijos elektronuj atsiran-
danciy esant jonizuojanciai spinduliuotei, poveikio ty-
rimai. Pateikiame eksperimenti$kai iSmatuotas valino
fragmenty atsiradimo energijos vertes ir masés spektra.

Taikant tankio funkcionalo teorijos B3LYP/cc-pVTZ ar-

tinj, buvo patikslinta minétame masés spektre matomy
fragmenty cheminé sudétis ir geometriné struktiira bei
jvertinta jy atsiradimo energija. Atlikus gauty teoriniy ir
eksperimentiniy rezultaty analize, nustatytos tikimiau-
sios valino molekuliy suskaidymo reakcijos, kurios taip
pat pateiktos $iame darbe.
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