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Abstract

Relevance. Valine is one of the eight amino acids not synthesised by the human body, necessary for the synthesis and
growth of body tissues, muscle coordination; regulation of nervous processes, nitrogen metabolism, and stabilisation
of the hormonal background. Since a-amino acids contain an asymmetric carbon atom, they can exist as optical isomers
(mirror antipodes) that play an essential role in protein biosynthesis. The structure of matter and the physical processes
that occur in it are studied using the method of mass spectrometry and spectral analysis. This indicates the relevance
of the problem that was studied in this paper.

Purpose. Mass spectrometric studies of the formation of ionic products of single and dissociative ionisation of the
valine molecule (C;H,; NO, with electrons according to the method of beams intersecting within the energy range of
bombarding electrons 6-70 eV. To consider the mechanisms of formation of the most intense ion fragments during

dissociative ionisation by electron shock.

Methods. The experiment was conducted on an installation with a monopole mass spectrometer of the MX-7304A
type, which belongs to the class of dynamic mass analysers with electron shock ionisation in the range of mass numbers
0-120 Da. The mass spectra of molecules were investigated at different temperatures of the source of molecules in the
range of 300-600 K.

Results. The obtained results are compared with the mass spectra of the D-, L-, and DL-enantiomeric forms of the valine
molecule with data from the NIST and SDBS databases. The features of the processes of formation of ion fragments
of valine molecules by electronic shock are analysed in detail, and the dynamics of the yield of ion fragments in the
range of evaporation temperatures of the initial substance of 300-440 K is also studied. The total relative ionisation
cross-section of the molecule under study was measured according to mass spectrometric method with an ionising
electron energy of 5-60 eV. Based on the results of experimental studies, a threshold section of the dependence of the
total relative cross-section of valine ionisation is determined and given in this paper.

Conclusions. A detailed analysis of the processes of formation of fragment ions in the mass spectra allows demonstrating
the influence of the structural forms of valine enantiomers on the redistribution of relative intensities of product ions
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Introduction

Among all the molecules present in a living cell, the first
place is occupied by proteins that account for at least half
of the dry weight of the cell. Proteins perform various
functions and serve as molecular tools by which genetic
information finds its real embodiment. To build all pro-
teins, whether they are proteins from the oldest bacteria
or from higher organisms, the same set of 20 amino acids
is used, covalently bound to each other in a certain se-
quence inherent only in this protein. Each amino acid, due
to the specific features of its side chain, has a chemical
individuality [1].

Valine is one of the eight amino acids not synthe-
sised by the human body. At the same time, this aliphatic
a-amino acid is necessary for the synthesis and growth of
body tissues, muscle coordination; regulation of nervous
processes, nitrogen metabolism, and stabilisation of the
hormonal background [2]. Valine belongs to a group of
simple aliphatic nonpolar a-amino acids that exist as vari-
ous conformers. Two types of amino acid isomerism are
known: structural isomerism, which is associated with the
structural features of the carbon skeleton and the relative
location of functional groups, and optical isomerism (spa-
tial). Since a-amino acids contain an asymmetric carbon
atom, they can exist as optical isomers (mirror antipodes)
that play an essential role in protein biosynthesis.

The structure of matter, mechanisms, and features
of physical processes occurring in it are investigated using
methods of interaction with slow electrons, which include
electron mass spectroscopy, i.e., the study of mass spectra,
temperature dependences of the occurrence of positive
ion fragments, dissociative ionisation of amino acid mol-
ecules under the action of low-energy (430 eV) electrons
and determination of the appearance energies of ionised
fragments [3; 4]. This indicates the relevance of the problem
that was studied in this paper.

Ionising radiation, interacting with a living organ-
ism, can cause various changes in the genotype due to
its effect on the genetic DNA and RNA macromolecules.
This radiation, penetrating the body, generates streams
of low-energy secondary electrons, the energy of which
can range from 0.1 to tens of electron volts [5]. Secondary
electrons initiate the processes of excitation [6; 7] and ion-
isation [8], which lead to destructive changes in DNA and
RNA. According to the existing ideas [9], it is with slow
electrons that the main part of destructive changes at the
molecular level of biostructures is associated, and the
main target is genetic macromolecules [10]. Assessment of
the effects of physical excitation and ionisation processes
caused by electron shock in biostructures requires obtain-
ing information about the most probable channels of frag-
mentation of biomolecules. This was one of the tasks of
this study.

The purpose of this paper was to investigate the
process of electron ionisation of valine molecules in the
gas phase according to mass spectrometric method at dif-
ferent evaporation temperatures of the first substance.
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It was also important to compare the relative intensities
of practically all the peaks of the mass spectra obtained
in this study with data from other authors and from the
well-known NIST and SDBS databases. A detailed analysis
of the processes of formation of fragment ions in the mass
spectra allows demonstrating the influence of the struc-
tural forms of valine enantiomers on the redistribution of
relative intensities of product ions.

Materials and Methods

The experiment was performed on a monopole mass spec-
trometer MX 7304A, which was described in detail earlier [8;
11]. This mass spectrometer is a single-pole version of the
quadrupole analytical instrument and comprises an ion
source, an analysis system, and a useful signal detection
system. This device was placed in a vacuum installation
with oil-free pumping. The system provided a residual
gas vapour pressure of at least 210 Torr in working con-
ditions. The ion source of the mass spectrometer allowed
obtaining electron beams of regulated energy from 6 to 70 €V,
a current in the range of 0.05-0.5 Ma, with a minimum en-
ergy spread of DEY2 = 200 meV, where this value is the
full width at half the maximum electron energy distribu-
tion. The range of recorded masses was 1-120 DA, with a
resolution not worse than AM=1 Da. The concentration
of the valine molecules under study in the region of inter-
action with electrons was 10°°+10" cm?®. The temperature
of the source of molecules was maintained in the range of
300-600 K [2].

The mass scale was calibrated for isotopes of Ar
and Xe atoms, and control mass spectra were measured
for freon, sulphur hexafluoride, and krypton. The energy
scale was calibrated from the initial section of the ionisation
section of the Kr atom, which allowed determining the
electron energy with an accuracy of = 0.08 eV.

Valine of the Sigma Aldrich company was used for
research (purity 0.999, No. CAS72-18-4, the presence of
water molecules was excluded). The structural formula
of valine is represented by in Figure 1A. The experiment
was carried out in two stages: at the first stage, mass spec-
tra in the range of 1-120 Da were carefully measured at
ionisation energies (E) 20, 30, 40, 50 and 70 eV, and in the
second case, the energy dependences of the relative dis-
sociative ionisation cross-sections of the valine molecule
were measured in the energy range of ionising electrons
from 5 to 60 eV. The measurement method was reduced to
simultaneous measurement of fragment ions; for this, the
energy range was first set, then the test masses were set
(no more than 20), and the total measurement time was
calculated using the Formula (1):

Trun =ty XnxC ©)
where t, is the measurement time of a single fragment;

n is the number of fragments; C is the number of cycles
determined depending on the value of the useful signal.
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Figure 1. (a) structural formulas of valine and its enantiomers L-, DL-, and (b) D-forms

Results and Discussion

Before proceeding to the discussion of the results, it is advis-
able to consider the structural diagrams of the valine C.H, NO,
molecule shown in Figure 1 and its enantiomers of L-, DL-,
and D-forms. A distinctive feature of the valine molecule
is the presence of hydrogen atoms bound to 4 substitutes,
namely the 1%is a hydrogen atom, the 2™ is a carboxyl
COOH group, the 3" is an NH, amino group, the 4™, the
most significant is an alkyl group, i.e., a side chain of Ca
atoms, the composition of which determines the main
properties of this amino acid. Valine enantiomers should
have similar energy characteristics: ionisation potentials,
heat of formation, activation energies, and mass spectra
of fragments formed by dissociation of molecular ions.
Enantiomers differ only in vector characteristics, which
determine the properties of a molecule depending on its
structure. Notably, a-amino acids contain an asymmetric
carbonatom (C_-atom) and canexistasopticalisomers. The
carboxyl group can rotate, and the hydrogen atom can be
oriented both towards nitrogen and in the opposite direc-
tion. Conformational variability of molecules contributes

to the reorientation of flexible carboxyl (-COOH) and
amino (-NH,) groups (Fig. 1b), forming various intramo-
lecular hydrogen bonds. For example, the bond of a lone
pair of a nitrogen atom with a hydrogen of a hydroxyl
group (N...HO) or a bond between a hydrogen atom of an
amino group and a carbonyl oxygen atom (NH...O= B) and
hydroxyl (NH...OH) in groups.

Figure 2 demonstrates the mass spectrum of valine
with ionising electron energies Ue=70 eV and a molecular
source temperature of 393 K, as can be seen, the highest
intensity corresponds to ions with m/z = 28, 42, 56 and 72 Da.
Next, in the mass spectrum, the peak corresponding to
the mother ion (m/z=117) is practically absent, which is
inherent in aliphatic amino acids with low stability of the
molecular ion formed during ionisation [12]. Inherent in
most a-amino acids is that the main dissociation channel
upon electron impact is conditioned upon the breaking of
the C-Ca bond, and therefore, in the case of valine, an ion
with a mass of m/z=72 is formed as a result of the cleavage
of the COOH carboxyl group.
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Figure 2. Mass spectrum of the valine molecule

Source: [2]



To analyse the mass spectra obtained by the au-
thors, it was interesting to compare the relative intensi-

ties of the mass peaks of the valine molecule from various
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Table 1. Comparison of relative intensities of valine peak masses

NIST [13]

SDBS [14]

sources. This comparison is demonstrated in Table 1 from
the NIST [13], SDBS [14] databases and studies [15; 16; 29].

V.Vukstich P. Papp Jochi.ms OUR

DL- D- DL-Nor etal.[29] etal. [15] etal. [1 6i DATA
2 0.1 0.15 0.12
14 0.2 0.2 0.14 0.1 0.1 0.14
15 0.7 0.7 0.9 1.1 1.2 0.92
16 0.1 0.11 0.12
17 0.6 0.6 0.61 0.2 0.5 0.61
18 2.6 2.6 3.76 3.7 3.2 1.64 3.74
19 0.5 0.5 0.5 0.3 0.6 0.26 0.5
26 0.7 1.31 0.7 1.09 0.8 0.7 0.27 1.09
27 6.7 11.3 6.7 5.5 6.1 7.4 18.7 6.79 6 5.5
28 19.6 18.2 19.6 20.61 14.9 24.7 63.0 12.54 36 20.61
29 10.8 10.1 10.8 11.31 5.3 14.2 30.0 10.01 36 11.31
30 8.1 12.6 8.1 9.9 10.5 10.5 24.5 6.43 19 9.92
31 0.2 0.5 0.2 0.3 0.7 0.2 0.63 0.33
32 0.1 0.1 0.2 0.2 0.3 0.21 0.23
33 0.1 0.1 0.1 0.1 0.11
34 0.1 0.1
36 0.4 0.4 0.43
37 0.2 0.5 0.2 0.25 0.2 0.25
38 0.8 1.2 0.8 0.71 0.6 0.5 17.7 0.71 0.71
39 6.7 8 6.7 6.35 3.5 7.2 4.69 3 6.35
40 0.7 3.3 0.7 1.05 0.6 0.9 0.74 1.05
41 8.4 12.6 8.4 8.21 3.7 8.7 13.5 6.43 9 8.21
42 2.8 5.9 2.8 3.49 4.9 31 6.8 2.54 3.49
43 7.2 10.5 7.2 7.04 4.7 6.7 8.3 4.98 13 7.03
44 1.2 7.7 1.2 2.97 7.8 1.6 5.2 2.43 2.97
45 1.5 5.1 1.5 21 1.6 21 9.4 1.38 6 21
46 5.4 5.1 5.4 5.3 3.1 6.4 13.5 3.6 13 5.3
47 0.2 0.2 0.22 0.2
49 0.1 0.1 0.1 0.1
50 0.1 0.1 0.14 0.2 0.2 0.14
51 0.4 0.5 0.4 0.36 0.2 0.4 0.36
52 0.6 0.7 0.6 0.52 0.2 0.6 0.52
53 11 1.5 11 11 0.6 1.2 1.1
54 21 2.5 21 1.84 0.8 1.9 1.84
55 28.7 24.9 28.7 26.33 6.1 314 33.9 28.91 64 26.33
56 9.8 12.2 9.8 9.86 3 12 21.9 5.46 9.86
57 19.1 26.7 19.1 20.48 3 24.5 30.7 26.08 60 20.48
58 3.2 3.9 3.2 2.9 0.1 3.3 6.2 1.96 2.9
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Table 1, Continued

o wstm soes 14 vsich pppp M O
DL- D- DL- L- DL-Nor D- etal. [29] | etal.[15] et al. [16]
60 0.2 0.5 0.2 0.22 0.1 0.22
67 0.4 0.6 0.4 0.31 0.2 0.31
68 0.5 1 0.5 0.44 0.2 0.3 0.44
69 1 2.1 1 0.77 0.1 0.4 0.77
70 2.5 2.9 2.5 2.16 1.1 2.1 1.78 2.16
71 0.6 1 0.6 0.57 0.2 0.6 0.57
72 100 100 100 100 100 100 100 100 100 100
73 5.7 5.3 5.7 5.28 4.9 5 5.66 5.28
74 34.5 13.2 34.5 30.46 24 34 24 35.82 45 33.46
75 14 8.6 14 12.35 2.1 15.3 10.4 13.67 12 12.35
76 0.6 0.5 0.6 0.43 0.1 0.42 0.43
77 0.13 0.1 0.13
78 0.1 0.1 0.12 0.1 0.12
79 0.1 0.1 0.14 0.14
81 0.4 0.4 0.28 0.1 0.28
82 0.5 0.8 0.5 0.41 0.1 0.3 0.37 0.41
83 0.5 1 0.5 0.44 0.2 0.44
84 1 1 1 0.96 0.8 0.96
85 0.4 1.5 0.4 0.54 0.3 111 0.54
88 0.5 0.43 0.3 0.43
91 0.2 0.2 0.23 0.23
92 0.1 0.1 0.11 0.11
93 0.1 0.1 0.13 0.13
95 0.1 0.1 0.12 0.12
96 0.3 0.3 0.34 0.34
97 0.3 0.3 0.22 0.1 0.22
98 0.2 0.6 0.2 0.27 0.3 0.27
99 0.2 1 0.2 0.28 0.28
100 0.2 1.8 0.2 0.42 0.1 0.42
102 0.2 0.3 0.2 0.28 0.3 0.28
117 0.2 0.25 1 0.12
118 0.3 0.33 0.22

The results of studying the mass spectra of enantio-
mers of the L-, DL-, and D- forms of the valine molecule,
obtained in various laboratories, presented in the table,
give the most complete picture of the processes of for-
mation of ion fragments. Comparison of the relative in-
tensities demonstrated in the table shows a satisfactory
agreement, but for some there are differences: not all ions
with masses m/z=2, 16, 34, 36 are detected; the relative
intensities of ion formation of fragments of enantiomers
of L-, DL-, and D-forms with masses m/z=28, 29, 57, 58
differ (see Table 1).

Enantiomers must have the same mass spectra
of ion fragments formed during dissociation of molecu-
lar ions [17]. However, analysis of the available data on
the mass spectra of fragments formed upon ionisation of
amino acids by electron shock reveals substantial differ-
ences for a number of D- and L-amino acids [16-18]. These
differences can obviously only be related to the different
probability of formation of any fragments according to
the structural formula of enantiomers.

Thus, the results presented in the table allow con-
sidering the mechanisms of formation of the most intense



ion fragments upon dissociative ionisation by electron
shock. As mentioned above, ionisation and electron re-
moval lead to a weakening of the bonds in the molecu-
lar ion compared to the neutral molecule. In all optimal
structures of the parent amino acid cations, the positive
charge is mainly localised on the carbon atom of the car-
boxyl group, and the dissociation process occurs due to
charge transfer to the carbon chain. This is confirmed
by the relatively low intensity (see Table 1) in the mass
spectrum of the COOH ion peak® (m/z=45). Analysing
the data of the most intense ion fragments presented in
the table, the processes leading to their formation can be
suggested as follows:

m/z=72. The main most intense ion fragment oc-
curs as a result of effective dissociation of the parent ion
of the valine molecule upon CC bond break [2] with the
formation of a neutral fragment of the COOH carboxyl
group according to reaction (2):

CsH{1NO, + e~ = NH,(CH;3),(CH), + (COOH) + 2¢~ (2)
m/z=74. The ion with this mass has a peak with
an intensity of 33% of the main one and is associated with

the dissociation of the side chain and the formation of the
C,H, propyl (3):

CsH,,NO, + e~ > NH,CHOCOOH + (CH,),CH + 2e~ (3)

m/z=_57. The appearance of a rather intense (20%
of the main) peak of such a mass is associated with disso-
ciation of the amino group and the formation of neutral
water and propylene C,H, molecules (4):

CsH;;NO, + e~ > NHCHC(OH)* + H,0 + CH,CHCH, + 2e™ (4)

m/z= 39, 41, 43. These peaks belong to hydro-
carbon ions and amino and carboxyl groups (5-7) are not
involved in the formation of these fragments:

CsHy1NO, + e~ = CHCHCH* + C,H4NO + H,0 + 2e~ (5)
CsHy;NO, + e~ - CH,CCHs* + C,HsNO, + H + 2e~  (6)
CsHy;NO, + e~ - (CH3),CH* + NH,CH,+CO0, + 2~ (7)

m/z= 27, 28, 29, 30. Unambiguous interpreta-
tion of peaks in this group is complicated by the alterna-
tiveness of the occurrence of certain neutral fragments,
which is manifested in different intensities of peak masses
obtained by interaction with electrons and photons (Ta-
ble 1). For example, the appearance of the peak m/z=28

may correspond to isobar CO* and CH,N* ions according to
the following reactions (8):

CsHy4NO, + e~ » CO* + NH,CH(OH)CH(CH;), + 2e~ (8)
or (9)
CsH {NO, + e~ - NHCH* + COOH + CH;CH,CH; + 2e~ (9)
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Preference should be given to reaction (9), since the
formation of this HC-NH fragment dominates the processes
of dissociation of amino acid molecules [19].

Analysis of the interaction processes of an electron
with the valine molecule under study suggests that the
carboxyl — COOH group - is initially separated due to a
simple break in the bond between C -C, atoms.

The consequence is the formation of the main peak
of the most intense in the mass spectrum with m/z=72.
Energetically remarkably close to the process of separa-
tion of the entire carboxyl group is the separation of two
neutral fragments H and CO,, which is energetically more
beneficial than the separation of two neutral OH and CO
fragments [20].

Notably, in the mass range m/z=2-20, the interpre-
tation of the appearance of peaks in the mass spectrum
is quite difficult due to probable alternative channels of
dissociative ionisation. This is especially true for the peak
with m/z=2, which was also found in [14] for L- and DL-
form enantiomers (Table 1).

The comparison of the relative intensities of mass
peaks made in Table 1 with the data in NIST [13], SDBS [14],
aswell as in [15; 16] generally indicates a satisfactory agree-
ment between them, and the evaporation temperature of
valine molecules is given only in [14], which may make
adjustments to the values of mass peaks. However, a
more thorough analysis of the available mass spectra of
fragments formed during electron shock ionisation of
amino acids reveals substantial differences for a number
of D- and L-amino acids [14; 16; 17]. Therewith, there are
noticeable differences in the mass spectra of ions-frag-
ments of compounds used by the authors [29] to identify
2,3-diaminopropanic acid. A more complete analysis of
processes using theoretical calculations of the energies,
lengths, and bond orders of mother, daughter fragment
ions, and neutral molecules should be the result of a separate
study, similar to the one conducted in [16] for photoionisa-
tion processes.

Undoubtedly, the influence of the temperature of
the molecules under study on the dissociative ionisation
process is essential [21-23]. This is also evidenced by the
study [24]. Fig. 3 demonstrates the temperature dependences
for the most intense ions of NH fragments,(CH3),(CH)*
(m/z=72), NH,CHCOOH* (m/z=74), NHCHC(OH)*
(m/z=57), (CH,),CH* (m/z=43), CH,CCH,* (m/z=41)
and CH, (m/z=15). Three segments are observed in Figure 3:
a segment with an almost linear increase in intensity, a
segment with exponential growth, with saturation in the
temperature range of 400-418 K and a sharp decline, the
cause of which is the beginning of decomposition of the
substances under study [2]. Features on the measured
dependences — the change in the slope of the curves at
some temperatures, apparently, should be attributed to
the passage of the processes described above (2-9).
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When the potentials on the deflecting electrodes
of the mass spectrometer were turned off, the total (total)
current of positive ions to the collector formed as a re-
sult of the interaction of the valine molecules under study
with electrons was measured. By smoothly changing the
energy of ionising electrons, it is possible to obtain the
energy dependence of the total relative cross-section of
the formation of positive ions in a given range of electron
energies.

Figure 4 demonstrates the energy dependence of
the total relative ionisation cross-section of the valine
molecule in the energy range 5-60 €V, and also shows the
threshold section of this dependence, which is approxi-
mated according to the least squares method [19; 22]. Ev-
idently, the fitting results correlate well with the exper-
imental curve, which allows determining the ionisation
energies of the valine molecule, which turned out to be
equal to: E; =8.66+0.22 eV.
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Figure 4. Energy dependence of the total ionisation cross-section of the valine molecule. On the tab: threshold
section of the experiment point, solid approximation

The authors of this study compared it with the
data of other authors [26-28] (see Table 2). In addition, the
best agreement is observed with experimental data from

the studies [15; 25] and with calculations according to the
G3MP2 method [16].

Table 2. Value of the ionisation energy (eV) of the valine molecule

Experiment Calculation
Electronic shock Photons G3MP2 OVGF
Our data [25] [26] [15] [16] [16] [27] [28]
8.66% 0.20 8.71 9.86 8.91+0.05 8.9 8.89 9.54 9.50




Conclusions

Experimentally, the mass spectra of the valine molecule
were investigated according to the mass spectrometry
method in the range of mass numbers 0-120 Da within
evaporation temperatures of the initial substance at 300-
440 K. A detailed analysis of the processes of formation of
ions-fragments of valine molecules by electron shock-was
carried out. It was shown that the difference in the struc-
tural forms of valine enantiomers is reflected in the mass
spectra as a redistribution of the relative intensity values
of daughter ions. Information on the relative mass inten-
sities of the L-, DL-, and D-form valine molecules obtained
in various laboratories provides a more complete picture
of the processes of ion fragment formation.
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cross-section of the ionisation of the valine molecule by
electrons in the energy range of 5-60 eV and the approx-
imated threshold section of the energy dependence of
the cross-section, the ionisation energy of the valine mol-
ecule was determined, which turned out to be equal to:
E =8.66+0.22 eV. This ionisation potential is compared
with the available experimental and theoretical data, which
showed a satisfactory agreement of the results obtained by
the authors with the compared data. In conclusion, mass
spectrometric studies of amino acids by electron shock in
the gas phase provide rich information about their unique
properties, allow determining the degree of fragmentation
in the process of interaction with electrons, and evaluate

As a result of measurements of the total relative  the parameters of intermolecular bonds.
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Mac-cneKTpoMeTpUYHi JOCTiIKeHHA MOJIEKYJI BAJIiHY
eJIEKTPOHHUM yZlapoM B ra3oBiii ¢asi

Asnna IropiBHa BysnrakoBa

[HCcTHTYT enexTpoHHOi disvku HAH Ykpainu
88017, Bys1. YHiBepcuTeTChKa, 21, M. YKropoz, Ykpaina

AHoTaria

AxTyanbHicTb. BasiH € ofHi€l0 3 BOCBMHU aMiHOKMCIOT HECHTE30BAHUX JIFOACHKUM OPTaHisMOM, HeOOXiZHOO s
CHHTE3Y i pOCTY TKaHWH Tijla, M>S30B0Oi KOOP/JMHALIl; pEry/II0BaHHS HEPBOBUX IIPOIIECIB, a30THOI'0 0O6MiHYy, cTabimizarrii
ropMOHaIbHOTO GOHY. OCKITbKY A-aMiHOKHUCIOTH MiCTSTh aCUMETPUYHUE aTOM BYTJIEI[IO, TO BOHU MOXYTh iCHYBaTH
y BUIVIAZi ONITUYHUX i30MepiB (A3epKaTbHUX aHTHUIIOAIB), SIKi BiZIirpaloTh BayKJIMBY POJIb B IIpoliecax 6iocHTe3y Oiika.
CTpYKTypy pe10oBUHHU Ta Gi3vyHi [IPOIIeCH, AKi Bil0yBatOThCSA B Hil IOCTIIKYIOTh 3@ IOIIOMOTO0 METO/Y Mac-CIIEKTPOMETPil
i crleKTpasIbHOTO aHauti3y. [0 CBiAYUTh PO aKTyalbHICTh 3a/1adi, AKa JOCTI/PKyBaiacs v 11iil poOOTi.

MeTa. Mac-crieKTpoMeTpUYHi AOCTiKeHHA yTBOPEHHA i0OHHUX IIPOAYKTIB OAHOKPATHOI Ta AUCOLiaTUBHOI ioHi3arlii
mostexyu Baniny (C;H, NO, elexTpoHaMu METOAOM Iy4KiB, IO [IEPETHHAIOThCA B Alaa3oHi eHepriit 6ombapayonx
eJIeKTpOoHiB 6—70 eV. PO3IIAHyTH MeXaHi3MM yTBOPEHHS HAMiHTEHCUBHIIINX iOHiB-QparMeHTiB IpU AMCOIiaTUBHIN

ioHi3allii eleKTPOHHUM Y/IapOM.

Mertoau. ExcriepuMeHT IPOBOAMBCA Ha YCTAHOBI 3 MOHOIIOIBHHUM Mac-CIeKTpoOMeTpoM Tuiy MX-7304A, axuii
BiJHOCUTBCA L0 KIacy AUHAMIYHUX aHa/li3aTOPiB Mac 3 ioHi3alli€lo eJleKTPOHHUM yapoM Y Jialla30Hi MacoOBUX YHCe
0-120 Da. Mac-cneKTpu MOJIEKYJI JOCTiZPXKEHO 3a Pi3HUX TeMIlepaTyp JsKepesa MoyeKyJ1 B AianasoHi 300—-600 K.

PesynbTaTu. [IpoBe/ieHO MTOPIiBHAHHA OTPUMAaHUX Pe3yJbTaTiB 3 Mac-criekTpamu D-, L- Ta DL-eHaHTioMepHUX dopMm
MOJIEKy/IH BasiHy 3 ZanuMmu 6a3 NIST Tta SDBS. /leTasbHO MpoaHaTi30BaHO 0COOJIMBOCTI MIPOIIECiB YTBOPEHHS 10HIB-
¢dparMeHTiB MOJIEKyJl BaliHy €JIeKTPOHHHUM yZapoM, a TaKOX JOCI[KEHO AMHAMIiKy BUXOJY iOHiB-GpparMeHTIB B
iHTepBaJi TemIlepaTyp BUIIApPOBYBaHHA BUXigHOI pedoBuHU 300—-440 K. Bysno mpoBeZieHO BUMipIOBAaHHS ITOBHOT'O
BiZTHOCHOTO Ilepepi3y ioHi3allii ZoCIiKyBaHOi MOJTEKY/IN Mac-CIEKTPOMETPUYHUM MeTO/OM 3 €HEpTi€lo i0Hi3yIounx
eleKTpoHiB 5-60 eV. 3a pe3ysibTaTaMH eKCIIepUMEHTAJIbHUX JOCT/)KEHb BU3HAUEHO Ta HaBEeJEHO B JaHill poboTi
TTOPOTOBY AIUITHKY 3aJIe?KHOCTI ITOBHOT'O Bi/JHOCHOTO TTepepi3y ioHi3allii BaiHy.

BucHOBKH. /leTasbHUH aHai3 IPOIIECiB yTBOPEHHS i0HIB-pparMeHTiB y Mac-CIIeKTpax Z03BOJIAE IIOKA3aTH BIUIMB
CTPYKTYpHUX GOPM eHaHTIOMEPiB BaJIiHY Ha ITEPEPO3MOALT BiJHOCHUX iIHTEHCUBHOCTEH i0HIB-TIPOJYKTIB.

Ki1r040Bi cj10Ba: eleKTpOH, Mac-CIIEKTPOMETPist, i0Hi3allist, aMiHOKHUCIOTa



