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Abstract. Excitation of L-valine molecules was studied by optical spectroscopy. Optical emission spectra
of the L-valine molecule and optical excitation functions of molecular bands and the Hβ spectral line were
measured in the gas phase using electron impact. In the spectra of optical emission in the wavelength
range of 250–500 nm, intense emission bands were found at energies of incident electrons of 30, 50 and
70 eV. Analysis of structural features of the valine molecule suggested a fragmentation scheme with the
formation of excited particles in collisions with electrons. A notable feature of the presented optical exci-
tation functions is a different growth dynamics with an increase in the energy of exciting electrons and
the presence of a number of features and kinks, which are especially pronounced for λ = 305 nm and λ

= 311 nm. The excitation thresholds were determined from the initial sections of the excitation functions
of the most intense spectral lines by the least-squares method. The photoluminescence spectra of L-valine
were measured for the first time on a Shimadzu RF-6000 spectrofluorophotometer in the spectral range of
400–800 nm for excitation wavelengths of 250, 275, 333, 351, and 380 nm.

1 Introduction

Excitation of atoms, ions and molecules by electron
impact is a key elementary process that determines the
basic properties of matter in the gas and plasma phases.
It is the process of particle excitation in collisions with
electrons that determine the features of photon emis-
sion in the form of molecular bands and spectral lines.
Excitation of molecules into repulsive states leads to
dissociation, which determines the concentration of var-
ious atomic particles. In addition, collisions of elec-
trons with molecules are accompanied by vibrational
and rotational excitations of molecular energy levels.
Similar processes occur when molecules are excited by
photons, and photodissociation is the main accompa-
nying process. The energies of photons of visible and
ultraviolet radiation are sufficient both to break a chem-
ical bond and to change the structure of an excited
molecule. In this case, the processes of molecular exci-
tation are accompanied by transitions of one or more
electrons to higher electronic states, followed by emis-
sion in a wide range of wavelengths from infrared to
ultraviolet. Investigation of the processes of excitation
by electron and photon impact can be carried out by
different methods, the most effective one is the optical
method.
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Processes occurring in polyatomic organic molecules
at their interaction with slow electrons are of consider-
able interest not only for quantum theory of scattering
and theory of electronic structure of molecules but also
for solving a number of applied problems [1–3]. One
of the most important elementary processes occurring
in molecules when they interact with slow electrons is
the process of excitation, which leads to the emission of
spectral bands by both the whole molecules and their
fragments. The study of molecules in the gas phase
makes it possible to exclude solvation effects that can
affect conformational stability of molecules and redistri-
bution of vibrational excitations in real biological sys-
tems. Among the elementary processes occurring at the
interaction of low-energy electrons with molecules, the
processes of elastic scattering, excitation and ionization
are the most effective [4, 5].

Studies of various processes of interaction of low-
energy (slow) electrons with molecules that are part
of DNA and RNA are of particular interest. These
processes are a subject of intensive research [6–10].
It should be noted that secondary electron emission,
which is the result of the primary interaction of elec-
trons with a molecule, plays an important role in the
mechanism of radiation damage to DNA. The destruc-
tive role of these secondary electrons is the further ion-
ization of the peptide components of DNA, initiating
an avalanche effect, leading to damage to the genome.
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Therefore, first of all, attention is paid to the elucida-
tion of mechanisms of processes that damage the struc-
ture of these molecules, which lead to the death of indi-
vidual cells and the organism as a whole. The prob-
lem with the basic components of DNA and RNA often
requires solutions, since an accurate understanding of
the processes occurring at the molecular level is consid-
ered an important step towards describing more com-
plex phenomena occurring at the cellular level. Accord-
ing to the prevailing concepts [11], it is slow electrons
that are related to the main part of destructive changes
at the molecular level of biostructures, with the main
target being genetic macromolecules [12]. The latter
is important, in particular, for studying mechanisms
of mutations in biological objects during a viral pan-
demic. The relevance of studying these processes by
various methods, especially in the case of biomolecules,
has acquired particular importance at the present time
in relation to the COVID-19 pandemic [13, 14].

The range of low energies of the exciting electrons
includes characteristic values of the binding energies
of atoms in organic molecules, excitation energies, and
ionization potentials of atoms and molecules them-
selves, which makes it possible to study the elementary
processes of excitation, ionization, and dissociation.
Consequently, information about processes at atomic
and molecular levels can be considered the first stage
in the study of the general mechanisms of functioning
of a living cell. An applied aspect of this problem is
the possibility of a directed change in the parameters
of such biostructures, which will lead to the creation of
new bioorganic materials.

Application of monoenergetic electron beams with
scanning of their energy to excite complex molecules
in the gas phase enables one to obtain information on
the position and structure of energy levels, as well as
to estimate the relative probability of their excitation.
Investigation of emission of photons and energy depen-
dences of the excitation of electronic-vibrational states
provides information on the efficiency of conversion of
internal energy of complex molecules into the light.

Despite a definite importance of studying the main
mechanisms of structural changes in amino acid
molecules under the action of low-energy electrons,
there are few data of this kind and they belong to
two areas of research. The first one is related to mass
spectrometric experiments, in which electrons with an
energy of 70–100 eV are used to ionize bioorganic
molecules. Among such works on the determination of
the mass spectra of molecules that make up amino acids
should be mentioned: thymine [15], adenine [16–18],
cytosine [18], uracil [19], guanine [20], valine [21], and
glutamine and glutamic acid [22]. Another line of
research is the study of elementary processes of exci-
tation, dissociation and ionization of such molecules
under the impact of electrons and photons [22–26].

We also point out the importance of processes with
the formation of molecular negative ions (FNI), in the
energy range 0–5 eV. Their formation occurs according
to resonance mechanisms and is described in terms of
the energies and symmetry of vacant molecular orbitals.

The decay of negative ions is possible or by the auto
detachment of an electron, or dissociation into frag-
ments. It is determined by the fundamental charac-
teristics of the target molecule and depends on the
number of vibrational degrees of freedom, spatial struc-
ture, vibrational state, and electron affinity. A number
of interesting works [22–26] are devoted to these pro-
cesses; the most complete review of the current state
and prospects of the spectroscopy of dissociative elec-
tron capture was performed in [22]. For biomolecules,
for example, in [23], total dissociative electron capture
cross-sections for thymine, cytosine, and adenine and
for three compounds used as surrogates for the ribose
were investigated. It was shown that cross-sections are
roughly comparable magnitudes.

It was shown in [24] that slow electrons (less than
3 eV) effectively decompose uracil (U) in the gas phase,
forming the (U-H) anion, which is explained by the
high electron affinity to the (U-H) radical. This process
has important implications for the radiation damage.
In [25–27], the formation of negative ions of cytosine
and thymine molecules was investigated in the process
of dissociative ionization and their total cross-sections
were measured. Another line of research is the study
of elementary processes of excitation, dissociation and
ionization of such molecules by electrons and photons
impact [28–33].

This paper presents the results of the first experi-
ments to study the optical spectra of valine molecules
excited by electron impact. Valine is important as a
radioprotector in radiation therapy [27, 28], and it also
takes part in the synthesis of nucleic acids and enzymes
that carry out energy redox reactions at the cellular
level. We investigated the emission spectra of L-valine
molecules in the gas phase upon excitation by low-
energy electrons, measured the optical excitation func-
tions (OEF) of individual emission bands, and identi-
fied the mechanisms of their excitation. An experimen-
tal study of the photoluminescence spectra of L-valine
in the solid phase under excitation by photons is also
performed.

2 Features of the structure of the molecule
of valine

When electrons collide with molecules, electronic (E e),
vibrational (Ek) and rotational (Ev) levels of molecules
can be excited, in accordance with the relationship E e

¿ Ek ¿ Ev.
It should be noted that the excitation of molecules

by electron impact in the energy range from 0 to
20 eV, where are located the lower singlet and triplet
excited levels and ionization potentials of the parent
and daughter components of the molecule, can lead
in some cases to dissociative excitation. In this case,
several components of the molecule are simultaneously
excited due to the internal redistribution of the energy
of the incident electrons.
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Dissociation occurs as a result of the concentration of
vibrational energy on the weakest bond. In polyatomic
molecules and radicals, a change in the rotational struc-
ture in the emission spectrum is possible as a result
of predissociation due to a nonradiative transition of
an excited molecule from a stable electronic state to
an unstable one with the same energy at which disso-
ciation occurs. For complex molecules, predissociation
is very difficult to observe because of numerous vibra-
tional degrees of freedom. However, it is precisely for
such molecules that the role of predissociation in their
decay upon excitation of energy levels lying above the
dissociation limits is important.

In polyatomic molecules and radicals, the identifica-
tion of the rotational structure in the emission spectrum
due to predissociation is very difficult. From the break
in the molecular structure, it is impossible to conclude
that the predissociation limit allows one to determine
the dissociation limit of excitation. However, the lower
predissociated level gives an exact upper limit for one
of the dissociation energies of the HNO radical ¡ 2.14 eV
[34].

Amino acids are biologically important organic com-
pounds that are the building blocks of proteins and
contain amine (-NH2) and carboxyl (-COOH) groups.
Amino acids, after water, are the most abundant com-
ponents of tissue cells in living organisms. Most proteins
consist of a combination of nineteen so-called ”primary”
amino acids, that is, containing a primary amino group,
and one ”secondary” amino acid proline or imino acid
(contains a secondary amino group), which are called
standard or proteinogenic amino acids [5]. Amino acid
molecules exist in various conformers. The carboxyl
group can rotate, and the hydrogen atom can be ori-
ented both in the direction of nitrogen and in the oppo-
site direction. Depending on which carbon atom of the
molecule the amino group is attached to, amino acids
are divided into α-, β-, γ-, etc., the α-atom is the car-
bon atom connected to the carboxyl group. In addition,
the conformational variability of molecules contributes
to the reorientation of the flexible -COOH and amine
-NH2 groups, forming various intramolecular hydrogen
bonds, and their residue, called the R-group or side
chain, may also contain other elements. For example,
it’s possible to link an unseparated pair of nitrogen
atoms with the hydrogen of the hydroxyl group (N . . .
HO), or establish a bond between the hydrogen atom of
the amine group and the oxygen atom of the carbonyl
(NH . . . O = C) and hydroxyl (NH . . . OH) groups.

It is obvious that the interaction of hydrogen bonds
plays an important role in the conformational energy
and frequencies of harmonic vibrations. It should be
noted that the structure of isolated valine molecules
has not been experimentally established; apparently,
this is due to the high conformational lability of valine,
which has four intramolecular rotational degrees of free-
dom. There are a number of theoretical works on the
calculation of the structure of the conformers of the
valine molecule. In [30, 31], a method was developed
for determining the structure (conformational compo-
sition) of molecules in an isolated state, which included

a direct comparison of the experimental method of
low-temperature matrix IR spectroscopy with quan-
tum mechanical calculations. This made it possible,
based on the analysis of multidimensional potential
energy surfaces, to determine all possible conforma-
tional states. Work [32] is devoted to the study of the
conformational properties and vibrational spectra of
the L-enantiomeric structures Val, Leu, and Ile. For the
valine molecule, the energies for the 12 lowest-energy
conformers were calculated. It has been shown that the
relative stability of such conformers depends mainly on
the interaction of the H-bond and the orientation of the
side chain. The strength of a hydrogen bond depends
on the type of hydrogen bonding, as well as the torsion
of NH2 and the COOH group.

Figure 1 shows the structural 3D, lines and D-
valine, and L-valine formulas of the valine molecule
C5H11NO2, as well as the structure of the most stable
neutral conformations of L-valine molecules. Note that
the asymmetric carbon atom (Cα-atom) in α-amino
acids leads to the appearance of optical isomers (mir-
ror antipodes), which play an important role in the
processes of protein biosynthesis. In addition, aliphatic
amino acids can be considered as model systems that
imitate the process of interaction of ionizing radiation
with large biomolecular complexes (proteins, peptides).
It is known [11] that when exposed to ionizing radiation,
secondary particles arise, such as radicals or electrons
with energies below 20 eV, which play an important
role in the generation of defects in a biological system.
The energy of secondary electrons is sufficient to cause
excitation, dissociation, electron capture and/or elec-
tron ionization of the molecules, initiating additional
structural damage.

As follows from Fig. 1 in the structure of the valine
molecule a carbon atom is bonded to 4 substituents, one
of them is a hydrogen atom, the second one is the car-
boxyl group COOH, the third one is the amino group
NH2 capable of attaching a hydrogen ion, the fourth
one is an alkyl side chain of Cα atoms, the composi-
tion of which determines the basic properties of this
amino acid. The enantiomer L-valine should have the
same energy characteristics: heats of formation, excita-
tion and ionization potentials, activation energy [11].

Elucidation of physical principles of formation of the
unique structure of biomacromolecules and mechanisms
of their functioning has been considered an urgent prob-
lem in molecular biophysics for decades. It is so natural
to count the pictures of symmetry and violations of
symmetry by a fundamental factor in consideration of
physical bases of the structure of the living systems,
their origin and evolution. Thermodynamics disequilib-
rium, non-linearity, hierarchy, synergism, combination
of phases, conjugation of quantum, and macroscopic
structures and processes, show up, for example, as a
cellular structure of all living, as an exchange of mat-
ters, as excitability, as enzymatic catalysis, as vertical
division of managing and performance functions. Chi-
rality is the property of a molecule not to be combined
in space with the mirror image [35]. Figure 1b illus-
trates the chirality of a valine molecule. Chiral duality
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Fig. 1 Structural 3D and lines formulas of the valine molecule a; the difference between the structure of D-valine and L-
valine b; structure of the most stable neutral conformations of L-valine molecules and comparison of the molecular energy
relative to the conformation, the energy of which is -402.44 kcal/mol is taken as 0 c [31]

becomes the natural tool for combinatorics of structural
correlations in these subsystems at all levels of struc-
tural organization. The phenomenon of chiral dualism
can be examined as a unique physical tool of molecu-
lar biology, related to a phenomenon of symmetry vio-
lation and enabling hierarchical structures of proteins
and nucleic acids to be formed. Proteins are composed
of L-forms of optically active amino acids. There is no
unambiguous connection between the configuration of
the structure and the sign of rotation: similar struc-
tures with the same sign of rotation can have oppo-
site configurations. We began studying L-valine photon
emission, hoping afterward to find out the influence of
other molecular structural forms of both at an electron
impact and at the study of luminescence.

3 Experimental setups

3.1 Installation for excitation by electrons

The block diagram of the experiment is shown in
Fig. 2. The measurements were carried out by the
optical method using a vapor-filled cell (3), in which
the required concentration of valine molecules was cre-
ated in the zone of their interaction with electrons [36,
37]. The container with the studied molecules (2) was
located in close proximity (˜ 3 cm) to the cell and had
independent heating. The container temperature was
maintained in the range of 123–126 °C. To prevent the
condensation of vapor on the structural elements of the
electron gun (1), their temperature was by 20–30° C
higher than the container temperature. A heater was
also installed in front of the output quartz window

on the side surface in the vacuum part of the cham-
ber to prevent film deposition on the window surface.
The residual gas pressure in the vacuum chamber under
operating conditions did not exceed 1.3·10–4 Pa.

A collimated electron beam with a diameter of 2 mm
and a current of ˜ 10 μA in the energy range of
1–120 eV crosses the vapor-filled cell and is detected by
a Faraday cup. The instability of the current of elec-
trons passing through the collision chamber did not
exceed 3%. The monoenergetic of the electron beam
(full width at half maximum) was not worse than ˜
0.25 eV (see Fig. 2a) and was determined automatically
before each measurement by differentiating the cur-
rent–voltage (I–V) characteristic. The energy of elec-
trons during the measurements of optical excitation
functions in a given energy range was scanned by a
measurement system (2) with a step in the range of
100–400 meV.

Photon emission analyzed by an MDR-2 diffraction
monochromator (6) was detected by a photomultiplier
tube (7). The system for automatic control of parame-
ters and registration of the useful signal (5) made it pos-
sible to pre-amplify and shape single-photon electronic
pulses from the photomultiplier with a broadband dis-
criminator amplifier and send them for processing and
recording to a personal computer. Accumulation of the
useful signal to ensure the required measurement accu-
racy was continued until the statistical spread in the
number of pulses did not exceed 100–200 impulses/s,
and the exposure at each point was within 10 ÷ 40 s.

Optical emission spectra in the wavelength range λ
= 250–500 nm were measured with a step of 0.814 nm,
and the entrance slit of the monochromator of 1 mm
provided the transmission of the spectral interval λ =
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Fig. 2 The basic block diagram of the experimental setup: 1—cathode and electrodes of the electron gun; 2—modular
power supply and control units; 3—vapor-filled cell; 4—container with the investigated molecules; 5—system for auto-
matic control of parameters, registration of the useful signal and control of the experiment; 6—MDR-2 monochromator;
7—Photomultiplier tube with power supply. Insert: a – I–V characteristics; b—function of the electron energy distribution
obtained by differentiating the initial section of the I-V characteristic of the electron gun; c– the initial section of the
excitation function of the spectral band of the nitrogen molecule λ = 337.1 nm (C3Pu → B3Pg) used for calibration

2 nm. To exclude the influence of the background illu-
mination on the value of the useful signal, the electron
beam was modulated and subtracted from the total sig-
nal.

An important factor for correct analysis of the mea-
surement data is the calibration of the energy scale of
the exciting electron beam. We calibrated it by two
methods: (1) by the shift of the I–V characteristic of
the electron current to the collector, and (2) by the
known optical excitation function (OEF) of the spec-
tral lines of the mercury atom and nitrogen molecule.
The excitation threshold of the Hg I 253.7 nm reso-
nance line is 4.885 eV, which made it possible to fix
the initial point of the energy scale. The second point
was determined from the position of a sharp maximum
of the OEF of the spectral band of the second pos-
itive system of the nitrogen molecule λ = 337.1 nm
(C3Pu → B3Pg). The difference between the energy
position of the indicated maximum (E = 14.2 eV) in the
excitation cross-section of the nitrogen molecule with
what we measured made it possible to determine the
contact potential difference, which coincided with an

accuracy of ± 50 meV, with the value determined by
the methods indicated above. Thus, the relative uncer-
tainty of the electron energy scale which we deter-
mined when measuring the OEF was not worse than
± 0.1 eV.

3.2 Setup for excitation by photons

To study the luminescence spectra of L-valine powder
(Sigma Aldrich, assay ≥ 99.5% (NT)), tablets 25 mm
in diameter and 1-mm thick were prepared by press-
ing. Figure 3 shows a schematic diagram of an experi-
ment to study the processes of excitation by photons. A
xenon lamp or a laser were used as a source of photons
(1), the radiation passed through a UV filter (2) and
was directed to a sample located on a special holder of
the device (3) strictly vertically. Luminescence radia-
tion through a filter (4) was directed to the entrance
slit of the monochromator (5) and recorded by a detec-
tor (6). The signal from the detector was processed and
sent to the A/D conversion (7 ), and a USB-port of a
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Fig. 3 Schematic of an experiment to study the processes
of excitation by photons: 1—excitation light, 2—UV filter,
3—sample holder, 4—excitation filter, 5—monochromator,
6—detector, 7—A/D conversion circuit, 8—computer

computer (8). The experiment was controlled automat-
ically by a personal computer. Measurements, control,
processing of the useful signal is carried out automati-
cally using the intuitive LabSolutions RF software and
allows you to work in the following modes [38]:

• spectral—registration of excitation and emission
spectra with the possibility of subsequent processing
of spectra (determination of the position of maxima
and minima, determination of the measured value at
selected points, calculation of the area, subtraction of
spectra, derivatives of 1–4 orders, smoothing, arith-
metic operations and logarithmization)

• 3D scanning mode (high speed): registration
of excitation, emission and synchronization spectra,
presentation of the obtained data in the form of a
3-D spectrum

• quantitative—building a calibration dependence
and calculating an equation of 1–3 orders of magni-
tude, averaging measurements, determining the con-
centration of impurities in unknown samples

• photometric—measurement of fluorescence inten-
sity at one or more wavelengths

• time—registration of signal changes in time.

The RF-6000 Photofluophotometer has a high sensi-
tivity and a wide dynamic range, which makes it pos-
sible to measure the spectra of fluorescence, biolumi-
nescence, chemiluminescence, and electroluminescence
of various samples: liquid or solid. The combination of
an automatic mode of searching for the optimal exci-
tation/emission wavelength of the luminescence and a
high scanning speed enables fast measurements and pre-
vents photo destruction of samples, which is very impor-
tant for studies of biological molecules.

Light from the xenon lamp 1 through a U-340 fil-
ter (2) (transmission band 200 ÷ 400 nm, coefficient
of transmittance—45% at the wavelength 275 nm) falls
on the surface of L-valine (3). Before the entrance slit

Table 1 Binding energies and excitation wavelength range

Bond Binding
energy,
eV

Range of
excitation
wavelength, nm

Photon energy
interval, eV

H–O – 247.5 ÷ 252.5 4.91 ÷ 5.01

H–O 4.52
272.5 ÷ 277.5 4.47 ÷ 4.55

H-C 4.2

H-N 3.83
300.5 ÷ 335.5 3.7 ÷ 3.75

C–C 3.61

C-O 3.31 348.5 ÷ 353.5 3.51 ÷ 3.56

C-N 2.89 377.5 ÷ 382.5 3.242 ÷ 3.284

N–O 1.7 – –

of the detection system we put an L-42 optical filter
4 (transmission ≥ 400 nm, coefficient of transmittance
more than 92%). At the initial stage, the experiment to
study luminescence was carried out by irradiating the
sample at an angle of 45° to the surface (see Fig. 3). It
turned out that the number of reflected and scattered
photons in some cases exceeds the useful signal from the
luminescence. To change the angle of incidence of pho-
tons (to reduce the number of reflected and scattered
photons), a special sample holder was made that allows
one to change the angle of incidence and determine the
optimal angle of incidence for the signal/background
ratio. The results presented here were performed at an
angle of incidence of exciting photons at the surface
equal to 15° and the observation angle of the lumines-
cence radiation of 75°.

The experimental technique consisted of the exci-
tation of luminescence by five different wavelengths.
Before the start of luminescence measurements, a back-
ground signal from the black surface was recorded for
each exciting light wavelength, which was subsequently
subtracted. When measuring the background, a black
plate was placed in the place of the valine sample. Ini-
tially, at an exciting light wavelength λ = 275 ± 2.5 nm
(photon energy E = 4.52 eV), which corresponds to
the binding energy of free an OH radical, the lumines-
cence spectrum was measured. Having determined the
position of the maximum λ = 503 nm, the excitation
spectra in the short wavelength region of 200 – 400 nm
was measured at this wavelength. This spectrum shows
several peculiarities at different wavelengths.

We used five excitation wavelengths (see Table 1)
with the photon energies corresponding to the bind-
ing energies of different diatomic molecules. One of the
wavelengths λ = 250 ± 2.5 nm corresponds to the
photon energy higher than any binding energy in the
L-valine molecule. We did not use the wavelength for
the excitation of the N–O bond (1.7 eV) because λ =
729 nm is out of the excitation range of 200 ÷ 400 nm.
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Fig. 4 Optical emission spectra of the L-valine molecule by
electron impact

4 Results and discussion

4.1 Optical spectra under electron impact

We measured the emission spectra during the bom-
bardment of valine molecules by electrons in the energy
range 30–70 eV [36, 39]. The measurement procedure
included two stages: at the first stage, the emission
spectra of valine molecules at different electron energies
were recorded, and at the second stage, the OEF of the
most intense molecular bands and atomic spectral lines
were measured.

Figure 4 shows optical emission spectra of L-valine
molecule at the bombarding electrons energies of 30,
50, and 70 eV. As can be seen, the spectra obtained

depend significantly on the energy of the bombarding
electrons. While at an electron energy of 30 eV only
one intense emission band at 300–320 nm and a weak
one at 270–290 nm are revealed at electron energies of
50 eV and 70 eV, a number of separate narrow bands
additionally in the long-wavelength region is observed.

In the investigated wavelength range, presumably
at the given electron energies, there can be spectral
lines and molecular bands emitted by excited neutral
fragments of the valine molecule—atomic H, C, N, O,
molecular diatomic H2, OH, CO, and polyatomic NH2,
CH3, COOH (see the structure in Fig. 1). It can also be
expected that at electron energies up to 100 eV in the
gas phase of molecules, the formation of excited posi-
tive molecular fragment-ions is possible. As a rule, the
emission of photons by excited C, N, O atoms is by sev-
eral orders of magnitude less efficient than the emission
of H atoms. Similarly, the emission of molecular bands
by excited NH2, CH3, COOH fragments is insignificant
in comparison with OH and CO molecules.

Identification of emitters of molecular bands is diffi-
cult both due to the formation of different fragments
of the valine molecule due to electron impact and due
to the coincidence of the emission wavelengths of differ-
ent emitters. Analyzing the structural diagrams of the
valine molecule (see Fig. 1), one can be assumed that
its fragmentation with the formation of excited parti-
cles in collisions with electrons can occur according to
the following schemes:

C5H11NO2 + e− →

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

C5H10NO2 +H∗ + e− (a)

C5H10NO+OH∗ + e− (b)

C4H10N+OH∗ +CO∗ + e− (c)

C4H10N+OH∗ +CO+ e− (d)

C4H10N+OH+CO∗ + e− (e)

(1)

The realization of channel (a) is confirmed by obser-
vation of the spectral lines of the hydrogen atom Balmer
series—Hβ 486.13 nm in the wavelength range under
investigation (electron energy 30 eV) [36]. At the elec-
tron energy of 50 and 70 eV, we can also observe a weak
emission of Hγ 434.05 and Hδ 410.17 nm spectral lines.
We note that the same process occurs during the study
of acetic acid (CH3COOH) fluorescence [40] and studies
of fragmentation, fluorescence, and ionization of formic
acid (CHOOH) [41].

Analysis of data available in the literature [41]
enables one to identify unambiguously only part of the
molecular bands. At an electron energy of 30 eV, the
main contribution to the emission of a rather wide
band at 307 nm is made by an excited OH radical (the
A2

∑
+–X2Pi (0–0) transition, whose radiation wave-

lengths are split into 306.5 + 306.8 and 309.2 nm). The
emission from this system with vibrational levels 1–1
is manifested at 312.5 + 314.5 nm, and with vibra-
tional levels 2–2, it is effectively manifested at 318.5,
321, 323 nm, which is observed in the spectrum. Frag-
mentation channels (b) and (d) from Eq. (1) are imple-
mented, with the contribution of channel (b) dominat-
ing. Comparison with the emission spectrum of the OH
radical [4, 41] enables one to identify transitions of the
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same system with vibrational levels 1–0, which leads to
the appearance of bands at 281.2 and 283 nm and the
most intense one at 284 nm. It can also be argued that
a band of the B2

∑
+–A2

∑
+ system at a wavelength

of 278.04 nm is observed as an insignificant maximum.
This ratio of the radiation intensities of molecular bands
is in agreement with the populations of the excited lev-
els of the radical since the minimum excitation energy
of the A2

∑
+ level is 4.052 eV, and for B2

∑
+ it is

8.65 eV.
For the comparing the intensities of the emission

bands of the OH molecule with the vibrational levels
1–0 (283 nm) and 0–0 (307–309 nm) with other exci-
tation methods [33], we calculated the ratio between
them, and it is about 0.37. In our case, at an electron
energy of 30 eV, this ratio is 0.67, at 50 eV it is—1.28,
and at 70 eV it is—1.58. This means that even at the
minimum electron energy, an additional emitter con-
tributes to the emission of the band at 283 nm, and it
can be assumed that this is a CO* molecule (band 3
of the positive group, the b3

∑
+—a3P transition with

vibrational levels 0–0 and the wavelength of 283 nm).
Both OH* and CO* excited molecules are fragments
formed as a result of an electron impact. An increase in
the energy of the bombarding electrons from 30 to 70 eV
leads to a redistribution of the fractions of these frag-
ments, which manifests itself as a non-uniform change
of corresponding molecular emission intensities.

Thus, it can be concluded that when electrons collide
with valine molecules, various channels of its fragmen-
tation are realized with the formation of neutral parti-
cles. The most probable of them are the detachment of
one of the hydrogen atoms, the OH radical or the car-
boxyl group COOH, followed by dissociation into OH
and CO molecules in the excited state and optical emis-
sion. It should be noted that in a study [7] devoted to
the formation of various positive ions as a result of elec-
tron impact on the valine molecule by mass spectrome-
try, alternative (apart from the removal of the carboxyl
group) valine fragmentation channels are considered. It
can be concluded that electron bombardment of valine
molecules in the gas phase in the energy range up to
100 eV can form both neutral and positively charged
fragments.

4.2 Electron impact excitation functions

The technique for measuring the excitation functions
(EFs) of molecular emissions of valine under electron
impact consisted in fixing the monochromator (Fig. 2)
at a certain wavelength and measuring the radiation
intensity depending on the energy of the incident elec-
trons. In this case, the most important thing is the
calibration of the energy scale of the exciting electron
beam and the calibration of the spectral instrument
scale. The monochromator wavelength scale was cali-
brated using a mercury lamp with an accuracy of ±
0.5 nm. The relative uncertainty of the electron energy
scale when measuring the OEF was not worse than ±
0.1 eV. The threshold energy of excitation (E ext) of a

molecule by electron impact corresponds to the energy
of the appearance of a nonzero value of the cross-section
in the energy dependence of the EFs. The determina-
tion of this energy depends on the following parameters:

The rate of growth of the section at the threshold of
the excitation process;
Monoenergeticity (ΔE ) of the exciting electron beam;
The accuracy of the calibration of the electron energy
scale.

The behavior of the energy dependence of the EFs at
the threshold of the collision of electrons with atoms or
molecules can be described by the function:

S(E) = k

∞∫

0

σ(E − E
′
)f(E

′
)dE

′
, (2)

where k is the detection constant, E is the electron
energy provided by the accelerating electrode, E ’ is the
electron energy in the beam, σ is the effective cross-
section of the process, f (E ’) is the electron distribution
function (Gaussian distribution).

To determine Eext, one can use the well-known pro-
cedure for processing the initial (threshold) part of the
energy dependence by the least-squares method using
the Marquardt–Levenberg algorithm proposed in Ref.
[42]. The threshold section of the experimental excita-
tion function is approximated by the function

F (E) =
{

b , E < Eext

b + c · (E − Eext)n , E > Eext
(3)

where b is the magnitude of the background signal, E ext

is the energy of the appearance of an excited fragment,
c is the coefficient of proportionality, n is the power
index in the Wannier threshold law for the energy of
the appearance of a fragment ion. The fitting algorithm
is implemented using a special computer program that
allows one to obtain all four parameters in a large num-
ber of iterations, taking into account the value of their
standard deviations.

The proposed procedure for determining E ext was
verified for the initial part of the excitation function of
the spectral band λ = 337.1 nm (C3Pu → B3Pg) of the
nitrogen molecule (see Fig. 5). It gave a good agreement
between the value of E ext and the experimental value
of the excitation energy. The threshold energy E ext of
an electron, at which one excited fragment is formed
due to a breakdown of one bond (see reaction (a) in
Eq. (1)), is Eext = E1 + ED. In the case of the forma-
tion of two excited fragments or three fragments with
one excited (see (c) and (d), (e) reactions in Eq. (1)),
the threshold energies E ext are Eext = E1 +E2 +ED or
Eext = E1 +ED1 +ED2. Here E 1, E 2, E 3 are the ener-
gies of excitation of fragments, ED, ED1, ED2 are the
energies of bond breaking (dissociation). Hence, we see
that the energy E ext is always greater than the energy
(energies) of excitation Ek of the line (lines) by the
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Fig. 5 Threshold part of OEF for N2 molecule:
points—experiment, line—approximation by Eq. (3)

amount of energy (energies) of dissociation. The onset
of the excitation channel of a new line or another frag-
mentation channel should affect the OEF behavior.

Using the described method of least squares, the exci-
tation thresholds presented in Table 2 were determined
from the excitation functions of the most intense spec-
tral lines. Figure 6 shows the OEF for the most intense
molecular emissions. A notable feature of the presented
OEFs is a different growth dynamics with an increase
in the energy of the exciting electrons and the presence
of a number of features.

As can be seen from the figure, the excitation thresh-
olds of these emissions are close to each other, at about
11 eV. According to the OEF behavior, they can be
attributed to two groups of lines: (1) lines at 284, 335,
353, and even 386 nm and (2) lines at 305, 311 nm. In

the first group of lines, there is a broad post thresh-
old maximum, which is rather well pronounced for the
353 nm line with a maximum at 15 eV. In the second
group, there is a wide ( − 15 eV) plateau, which for the
305 nm line begins near 25 eV. If we extend the upper
part of the curves of the 305 and 311 nm lines to the E
axis, they will intercept it at about 25 eV. Apparently,
for both lines, at energies from 15 eV, this is the emis-
sion of fragments that are separated with some dissoci-
ation energies at low electron energies. With increasing
the energy of electrons, these fragments emit lines, 305
or 311 nm, but already at high dissociation energies. As
a result, the OEF of each of these lines is the sum of
their emissions from two identical fragments, which are
detached from the valine molecule at low and high elec-
tron energies. In the second group, there is a threshold
maximum at the beginning, at − 23 eV, of the same
plateau for the 311 nm line. Perhaps the maximum
is associated with the formation of a negative ion of
the valine molecule and its subsequent multi-fragment
breakup with excitation of the fragment that gives the
311 nm line.

The excitation functions of the hydrogen lines Hβ

486.13 nm and Hγ 434.05 nm are somewhat differ-
ent: the excitation thresholds of these lines are some-
what lower, at about 10.9 eV (see Table 2). Then, with
increasing energy of the incident electrons, a gradual
increase in the radiation intensity and a number of
features are observed similarly to Ref. [29]. Manifes-
tation of these features can be related to a gradual
introduction of a-e channels of Eq. (1). Taking into
account the low thresholds of OEF for hydrogen lines,
the formation of negative ions at low electron ener-
gies plays a significant role in the fragmentation of
valine.

As shown [23], the formation of negative ions during
the interaction of electrons with biological molecules
plays an important role in the energy range up to 10 eV.

Table 2 Threshold energies and possible identification of the emitters

Wavelength, nm Excitation thresholds,
eV (our data)

Identification of observed emissions

Molecule or
atom

Transition [33, 44, 48, 49] Energy of upper level, eV
[44, 46–48]

284 ± 1 11.30 ± 0.2 OH A2∑+—X2Pi

1–0
4.05

284 ± 1 11.30 ± 0.2 CO b3∑+—a3P
0–0

10.39

305 ± 1 15.42 ± 0.25 OH A2∑+—X2Pi

0–0
4.05

311 ± 1 15.27 ± 0.25 OH A2∑+—X2Pi

1–1
4.05

323 ± 1 11.45 ± 0.2 OH A2∑+—X2Pi

2–2
4.05

434.04 10.24 ± 0.2 Hγ 5d-2p 13.055

486 ± 1 10.86 ± 0.2 Hβ 4d-2p 12.75
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Fig. 6 Optical excitation functions of molecular bands and Hβ spectral line

It should be noted that it was shown [50] that for L-
valine negative ions are formed at low electron energies
(5.0–9.0 eV). This leads to the formation of at least 7
fragments of anions: CN, OH, (Val-H), (Val-OH), (Val-
COOH), C3H6N, C3H4O, COOH. The appearance of
these negative ions is the result of decay of the π* res-
onance of the COOH group.

The excitation function of the λ = 284 nm band
exhibits a slow growth at the threshold with a small
flat maximum at − 17 eV, a rather rapid increase
from − 19 eV, a step at − 32 eV, a small break at −
58 eV, and then an almost linear increase in intensity
with increasing electron energy. This is evidence that
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Fig. 7 Luminescence spectra of L-valine measured at 250,
275, 333, 351, and 380 nm excitation wavelengths

there is a competition between (b), (c) and (e) chan-
nels of Eq. (1).

The OEFs of the bands with λ = 305 nm and λ
= 311 nm behave differently, which in our opinion are
emitted by excited OH* radicals. First, the thresholds
for the appearance of these emissions exceed 15 eV.
With increasing electron energy to 22–23 eV, a faster
increase in the radiation intensity is observed than for
other bands and lines, after which the increase in inten-
sity practically stops. Most likely, we observe the pro-
cess of direct knocking out of the excited OH* frag-
ment. The increase in the radiation intensity resumes
with an increase in the electron energy above 40 eV.
At the energy of − 58 eV, both OEFs have a kink
with a change, decreasing their growth in intensity.
In our opinion, this behavior of the OEF of the OH*
radical in the electron energy range of 20 ÷ 40 eV
may be related to the onset of competition between
the process of direct knockout of the radical from the
valine molecule and a separation of the carboxyl group
COOH followed by its dissociation into CO* and OH*
fragments. The presence of features in the OEF band
λ = 284 nm also testifies in favor of this assump-
tion.

The process of electron bombardment of a valine
molecule in the region of low electron energies is as
follows. In the energy range up to 7 eV, an electron
is captured by the valine molecule and the fragmenta-
tion begins, as evidenced by the appearance of neg-
ative ions in the mass spectra [23]. In the range of
electron energies above 8 eV, the thresholds for the
appearance of positive ions of molecular fragments are
observed [21]. And only after an increase in the electron
energy above 10.5 eV, as shown in this work, neutral
excited fragments appear in the form of excited atoms
and molecules.

In conclusion, we note that the direct knocking out of
a hydrogen atom and other fragmentation mechanisms
with the formation of excited neutral molecules may
indicate that the valine molecule decays at the moment

of interaction with an electron of an appropriate energy.
A more detailed analysis of the features we found in
the OEF of the investigated emissions requires a special
theoretical study as well as elucidation of the important
role of the formation of negative valine ions at electron
energies below 7 eV. A capture of an electron precedes
and stimulates fragmentation processes.

4.3 Photoluminescence spectra

There are no data in the literature on the luminescence
spectra of valine molecules. We measured the lumines-
cence spectrum of powdered L-valine in the spectral
range of 400–800 nm. Figure 7 shows a spectrum mea-
sured under excitation with five different wavelengths.
All spectra have different shapes and intensities of lumi-
nescence.

The most intense luminescence is obtained at λ =
454 nm during irradiation of L-valine by

λ = 351 ± 2.5 nm excitation wavelength. This spec-
trum also exhibits a second maximum at λ = 505 nm.
The same shape of the spectrum is observed upon exci-
tation of luminescence by photons with a wavelength λ
= 333 ± 2.5 nm. The difference lies in approximately
the same luminescence intensity at λ = 454 nm and λ
= 505 nm.

Noteworthy is the fact that the luminescence spectra
measured for λ = 275 ± 2.5 nm and.

λ = 380 ± 2.5 nm have different positions of the
maxima on 511 and 474 nm, respectively. Moreover, the
luminescence intensity in the case of λ = 275 ± 2.5 nm
is 30% higher. In the spectrum measured at.

λ = 250 ± 2.5 nm, the lowest radiation intensity was
observed, and the spectrum itself has a shape with one
flat maximum in the long-wavelength region of the spec-
trum. If the main role in the luminescence spectra of
valine is played by molecular excitations, then it can be
assumed that the use of exciting photons with energies
exceeding the bond energies of most atoms in the valine
molecule leads to the lowest quantum yield of lumines-
cence because of the competition between channels of
dissociation.

Since the highest luminescence intensity is observed
when the excitation wavelengths

λ = 351 ± 2.5 nm and λ = 333 ± 2.5 nm are used,
it can be assumed that the excitation of C-O and C–C
bonds is dominant (see Table 1). Using the wavelength
λ = 380 ± 2.5 nm, effectively excites the C-N and C-O
bonds. An increase in the photon energy for λ = 275
± 2.5 nm makes it possible to excite the H–O and H-C
bonds. Most likely, this is the reason for the different
positions of the maxima in these spectra.

Probably, the observation of a broad emission band
with a maximum at λ = 474 nm and λ = 505 nm in the
luminescence spectra of L-valine is related to excitation
processes in the carboxyl group COOH, which plays
a special role in the structure of the valine molecule
(Fig. 1). Excitation processes related to this molecule
are manifested primarily both when interacting with
electrons (which leads to the formation of both excited
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molecules and positively charged ions) and with pho-
tons.

5 Conclusions

Our experimental studies of the interaction of electrons
and photons with the L-valine molecule allow us to draw
the following conclusions:

1. When colliding with electrons, a direct detachment
of a hydrogen atom and other mechanisms of fragmen-
tation with the formation of excited neutral molecules
occur, which indicates the decay of a valine molecule at
the moment of interaction with an electron with corre-
sponding energy.

2. Excitation of valine molecules by electrons in the
gas phase leads to the appearance in the emission spec-
trum of both OH*, CO* molecular bands and spec-
tral lines of the hydrogen atoms. In the electron energy
range 30–70 eV, the distribution of radiation intensities
between individual bands changes significantly and new
molecular emissions appear.

3. A significant part of the processes of fragmentation
of L-valine during electron impact occurs with the par-
ticipation of the carboxyl group COOH, the excitation
of which also occurs when interacting with photons.

4. In the luminescence spectrum of L-valine in the
wavelength range of 400–800 nm upon excitation with
different wavelength we observed emission bands with
maxima at λ = 474 nm and λ = 505 nm which related
to excitation in the carboxyl group COOH, which plays
the main role in the structure of the valine molecule,
especially in the processes of inelastic interactions of
photons and electrons with aliphatic amino acids.

5. Thresholds of the appearance of excited hydrogen
atoms and excited molecules are different and its possi-
ble influence of the formation of the negative ions states
as a whole molecule of valine as well as fragments of its
dissociation.
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