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Abstract: The purpose of this work is to determine the role of hydrogen bonds in the crystallization of alanine, which
includes carbooxyl COOH and amino NH, groups, and the manifestation of these intermolecular interactions in the Raman
spectra. FT-Raman spectra were analyzed and ab initio calculations by the RHF and B3LYP methods were performed in order
to consider in more detail the possibility of the formation of aggregated intermolecular complexes in the crystalline state of a-
alanine. The intra-molecular and inter-molecular interactions, the dynamics of molecular groups and structural changes of a-
alanine have been studied by the method of Raman light scattering and ab initio calculations. Ab initio calculations have
shown that the change in the Raman spectra is explained by the formation of several types of hydrogen bonds. These hydrogen
bonds play a special role in the formation of the crystal structure of a-alanine. In Raman spectra, the presence of a hydrogen
bond between molecules is manifested in the form of asymmetry and splitting of vibrational bands. An analysis of the Raman
spectra of alanine with water shows that with an increase in the strength of the hydrogen bond leads to increase in the bond
energy in the OH group. The hydrogen atom in the N-H group of the alanine molecule is actively involved in the formation of
a hydrogen bond. It was shown by ab initio calculations that dimeric, trimeric and other chain molecular complexes exist in
alanine. The complexes formed due to the hydrogen NH2 bond are weaker than those formed due to the OH bond. Upon the
formation of a complex of alanine with water, the O-H vibration band shifts to the low-frequency side by 320 cm™ and 415 cm’
! respectively. It was shown that an intramolecular hydrogen bond is formed between the NH and CO groups. It was found
that in the Raman spectra of O-H and N-H, the alanine bands in the region of 2900-3050 cm’' are complex and consist of
several bands. The structure and connectivity of the bands is explained by the fact that the spectrum of the O-H bond consists
of a symmetric valence band of vibrations and overtones of bending vibrations.

Keywords: Amino Acids, Alanine, Hydrogen Bonding, Raman Spectra, Molecular Aggregation, Aggregate Structure,
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Currently, more and more attention is attracted by aqueous
solutions of amino acids, which are constituent components
of proteins and play an important role in various biological
and biochemical processes [1]. In addition, they are
convenient model systems for studying the processes of
intermolecular interaction. In this case, Raman spectra
provide more complete information about the molecular
structure for understanding more complex amino acid
molecules [2, 3].

Amino acids are carboxylic acids in which the hydrogen
atom in the radical is replaced by an amino group - (NH,)-
(CH-R)-COOH. In this case, the amino acid residue R

1. Introduction

The hydrogen bond among specific interactions is of
particular interest due to the fact that it underlies the most
subtle phenomena of life and plays an essential role in the
functioning of molecules [1]. Studies of bonds of this type
have been going on for many decades, and the development
of the theory of hydrogen bonds was largely facilitated by the
study of the vibrational spectra of compounds with hydrogen
bonds. However, the nature and mechanisms of its formation
have not been finally clarified [2].
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determines the structure of a particular amino acid, if R-H we
obtaine  alanine, which is  NH,-CH(CH;)-COOH
(2aminopropanoic acid). Depending on the amino acid
residue, alanine molecules can exist in the form of two
mirror-symmetric (left and right) isomers [4].

In addition, alanine exists in two forms: a-alanine is a
structural element of proteins, B-alanine is a part of many
biological compounds. Alanine has two centers that can form
a hydrogen bond through the hydroxyl group as a proton
donor and through the NH, group as a proton acceptor.
Alanin is of interest not only for fundamental research, but
has extremely high practical significance.

Studies of the vibrational spectra of amino acids using
Raman spectroscopy show that the formation of molecular
complexes through intermolecular hydrogen bonds leads to a
change in the spectral parameters of interacting molecules [4,
5]. In these spectral studies much attention is paid to the
region of intramolecular interactions, in which the vibrational
degrees of freedom of amino acid residues are manifested, as
well as the vibrations of the C—H and N-H groups [3].

Literature data show that it is not reliably determined
whether the regularities in frequency shifts, broadening,
change in the integral intensity during the formation of
hydrogen bonds are observed in vibrational spectra [1]. In
this regard, the determination of the role of hydrogen bonds
in the formation of molecular complexes, using the example
of a-alanine and the manifestation of these intermolecular
interactions in the Raman spectra is very important.

An analysis of a number of experimental data shows that
the Raman spectrum of the amino acid exhibits a line with a
frequency of 1650 cm ™' characteristic of the carboxyl group
and intense lines with a frequency of 3380 cm ', and for the
amino group NH, vibrations with a frequency of 3340 cm .

In this work, ab initio calculations were carried out in
order to consider in more detail the possibility of the
formation of aggregated intermolecular complexes in the
liquid crystalline state of a-alanine. To confirm the earlier
assumptions [6-8] regarding the spectral manifestations of
the existence of monomers and intermolecular complexes
(dimer, trimer, tetramer, pentamer, etc.), ab initio quantum-
chemical calculations of normal vibration spectra, band
depolarization ratios and Raman activity were performed.
Such calculations should complement the spectroscopic data
and help to create a more complete picture of the structure of
a-alanine aggregates in the liquid and crystalline state.

3. Experimental Technique

The Raman spectra of alanine crystals were recorded on a
Thermo Nicolet 6700 FTIR/FT-Raman spectrometer with a
Raman attachment and OMNIC software. The spectra were
taken at two excitation wavelengths A=514 nm and A=488 nm
and are identical. Ranges were 525+4500 cm™ with MCT-A
detector (LN2 cooled), and 375+4500 cm™ with DTGS TEC
(RT) detector. The initial luminous flux in this case is
characterized by high power and narrow directivity, which
makes it possible to obtain a spectrum using 1-10 mg of the

substance. The sample can be injected either as a clear liquid
or solution, or as a solid powder.

Ab initio calculations of the optimized structure of the a-
alanine molecule and its complex were carried out using the
RHF, B3LYP, MP methods using the 6-31G ++ (d, p)
Gaussian function basis for the monomer and other high
molecular weight isolated clusters of alanine molecules [9].

Energy optimization was carried out for all internal
coordinates of the objects under study. The calculation of the
frequencies of normal vibrations is carried out by the
software by analytical calculation of the second derivatives
of the total energy by coordinates.

2. Results and Discussion

Figure 1 shows the Raman spectrum of a-alanine in the
region 004000 cm™ is. It follows from the figure that the
Raman spectrum of a-alanine is a complex band. Analysis of
the band complexity in the region 28003200 cm™ allows
understanding the mechanism of molecular complex
formation. As can be seen from the figure, this complex band
refers to symmetric and antisymmetric O-H and N-H
vibrations of alanine molecules. There are various
assumptions regarding the composition of this complex band
[4, 10-12].

Analysis of the band shape in the 28003200 cm™ region
shows that the features of the observed O-H and N-H band of
alanine vibrations can be easily explained if we assume that
the observed band consists of several bands with different
values of the depolarization ratio, which is in satisfactory
agreement with the data [4, 5]. It is known that the process of
vibration and translational motion of individual parts of
alanine molecules is accompanied by the appearance of
dipole moments of molecules [5].
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Figure 1. Raman spectra of a-alanine crystals.

Polarized Raman spectra of single crystals of L-alanine
and N-deuterated L-alanine were studied [12]. The results of
experimental studies are given that a band is observed at
2926 cm ' in IR and at 2923 cm' in Raman spectra, and this
phenomenon is explained by the stretching of the CH group
towards the CHj; group [13]. The corresponding theoretical
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values are 2955 cm™ and 2830 cm™. The other two bands
related to CH vibrations with a frequency of 2882 c¢cm™ and
2768 cm’' appear only in the Raman spectra. The band with a
frequency of 2604 cm™ is observed in the IR spectrum and
refers to the NH; vibrations and this band is observed in the
Raman spectra of alanine molecules.

For the case of alanine, the difference between the maxima
of the O-H and N-H vibrations is about 50 cm™. If we isolate
it from the general band, then the bands of O-H and N-H
vibrations of alanine will consist of symmetric and
asymmetric vibrations with different depolarization ratios
(Figure 2).

In Figure 2 it can be seen that the bands of O-H and N-H
vibrations are complex, they consist of several bands in the
region of 2800-3200 cm™. In Raman spectra of alanine, as a
rule, the scattering cross section of symmetric bands is larger
than that of antisymmetric ones. The degrees of
depolarization ratios of these bands in the Raman spectra are
different: the high-frequency band (antisymmetric vibration)
is depolarized, the low-frequency band (symmetric vibration)
is polarized. The difference in band frequencies is about 100
em™. It should be noted that this value is significantly
(almost two times) less than the difference in the frequencies
of the components of the complex band.
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Figure 2. Raman spectrum of the band related to O-H and N-H vibrations of

o-alanine crystals.

In our studies [14, 15] it was shown that the free O-H
vibration refers to the line with a frequency of 3455 cm™.
During transitions in a condensed medium with respect to the
hydrogen bond, this band shifts to the low-frequency sides
and broadening (600 cm') of the bands is observed. The
Raman spectra of these stretching vibrations are not
symmetric and their shape strongly depends on temperature.
Based on this, we can conclude that the structure and
connectivity of this band is explained by the fact that the
Raman spectrum of O-H vibrations consists of a symmetric
stretching vibration v; and an overtone of bending vibrations
2V2.

If we assume (Figure 2) that the broad band with a

frequency of 3075.9 cm™ belongs, respectively, to O-H
vibrations (stretching and bending vibrations, then a wide
band with a frequency of 2953.1 cm™) and antisymmetric
(bending) vibrations of the NH, group. It is known from the
literature [16] that O-H vibrations correspond to a band with
a frequency of 3600 cm ™' and N—H vibrations correspond to a
band with a frequency of 3300 cm .

In our case, with the appearance of a strong hydrogen bond,
the O-H vibration band shifts by 524.1 cm™ and the N-H
vibration band shifts by 346.9 cm™ to the low-frequency side
and, accordingly, the half-width of these bands changes. As a
result in the spectra of Raman scattering in this region there is
a complex band consisting of four closely spaced bands.

It follows from this that alanine contains complex, long-
lived molecular complexes. The presence of such a change is
evidenced by spectroscopic data. The entire complex band in
the range of 2800 - 3300 cm™ in the spectrum is due to the
superposition of several bands corresponding to “symmetric”
(weakly depolarized component) and “antisymmetric”
(depolarized component) vibrations. The concepts of
“symmetric” and “antisymmetric” vibrations refer to a single
molecule of alanine, with the aggregation of molecules these
concepts lose their meaning, but vibrations of this type
should remain, the definition of the concept in the future
should be understood with this remark in mind.

In this work, we carried out ab initio quantum-chemical
calculations, optimization of the density functional theory
method for a-alanine molecules in order to further simulate
complex aggregate states, provided that sufficiently accurate
results are obtained in the shortest time.

In [13], a normal coordinate analysis was carried out for
optically active intra- and inter-molecular vibrations of the L-
alanine crystal. Large splits of factor groups observed for
asymmetric deformation of CH; and torsional modes of CHj
were well defined using a potential. Good agreement was
obtained between the observed and calculated frequencies of
lattice vibrations when adding terms due to stretching of the
hydrogen bond and long-range Coulomb interaction with an
intermolecular potential.

Raman spectra of all standard amino acids, analysis of
various possible oscillations and their comparison under
different conditions with changes in temperature or pressure
are given in [17].

In [18, 19], the Raman study of the NH;" torsion regime in
the amino acid L-alanine was carried out. The temperature
dependence of this mode was observed in the temperature
range 110-350 K. One of the hydrogen bonds, oriented along
the axis of the crystal cell, is insensitive to a decrease in
temperature, while the other two are enhanced [19].

The Raman spectra of 13 amino acids, including L-alanine,
were obtained in the open air using portable Raman
spectrometers with laser excitation at 785 nm [20].

The observed changes in the intensity are interpreted as
due to the additional contribution of the charge transfer of the
electronic excited state arising from the formation of
hydrogen bonds. With a change in polarizations and
temperature, the spectral bandwidth changes, respectively,
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the relaxation time fits with the change in the movement of
molecules with hydrogen bonds.

We have analyzed the literature data in order to be
convinced that the above assumption is indeed true. For
example, vibrational spectra were calculated using several
calculation methods. Shown are infrared and Raman spectra
with corresponding depolarization coefficients [21].

Intramolecular transfer of a proton from oxygen to nitrogen
atoms in the amino acid alanine was studied by the methods
HF/6-31G*, B3LYP/6-31++G** and MP2//6-31++G**.
Calculations show that the barrier height associated with the
conformational change in alanine is greater than the proton
transfer process [22]. For the alanine chain of the formed three
and six molecular complexes, the potential energy of surfaces
was investigated, and stable molecular clusters were
determined [23]. An experimental measurement of the IR and
Raman spectra of BSA was carried out and the vibrational
spectra of the zwitterionic forms of 20 amino acids and their
dipeptides were calculated [24]. The influence of
anharmonicity and intermolecular interactions (IMI) on the
vibrational spectra of amino acids is considered. The energy
and frequencies of bond vibrations were calculated, a decrease
in the frequency of the stretching vibration of the bond and an
increase in the intensity of the Raman line were observed, for
the stretching and deformation vibrations of the polar groups
COO - and NHj in the case of ion-ion and ion-dipole IMW, a
frequency shift is observed, which is ~5-80 ¢cm™, and the
intensity changes by a factor of ~3—10 [24].

Various molecular forms of a-alanine have been studied at
the B3LYP/6-31""G*x level calculation using SCRF. In this
case, the intramolecular proton transfer from oxygen to
nitrogen atoms of o-alanine and the vibrational spectrum
were analyzed in various solvents [25].

It was shown that the hydrogen bond in amino acids is
very important, but it is difficult to experimentally determine
the energy of the intramolecular hydrogen bond. Because in
amino acids there are 13 types of conformers for neutral
alanine. Alanine exists in zwitterionic form in solid form.
However, experimental studies have shown that there is only
a neutral form of alanine in the gas phase [26].

The structure and intramolecular proton transfer of alanine
radicals were studied; it was shown that the energy barrier in
the process of proton transfer is about 6 kcal / mol [27].
Using ab initio calculations for a-alanine, exact geometric
structures and relative energies were obtained for different
structures of molecular aggregates [28].

In the calculations it was observed that L-alanine is the
stable form among all other forms of alanines in solid form.
The obtained vibrational frequencies in the calculations
correspond to the experimental values, in addition, the energy
of formation calculated by various methods is given [29]. For
the concept of the structure and function of proteins and other
biomolecules, the property of amino acid complexes in the
gas phase and aqueous solution is considered [30]. A
comparative analysis of calculation methods for describing
the structure, energy and vibrational properties is carried out.
The Raman spectrum and the Raman scattering intensity

were modeled [30]. A complete understanding of the
conformational equilibria of proteogenic amino acids is the
first step towards understanding the three-dimensional
structures of peptides and proteins. Therefore, using ab initio
calculations, the electronic structure and energy dependence
of the conformational equilibrium in the gas phase of alanine
were studied. 12 structures with different torsion angles were
analyzed. A correlation was found between the CO bond
length of alanine conformers and their relative energies, and
two groups of conformers (low and high energy) were
identified. The importance of an accurate and systematic
quantum-chemical description of the intramolecular
hydrogen bond in gaseous (free) alanine is discussed.
Benchmarks are provided for other (simpler) modern
methods of quantum chemistry (e.g., dispersion-corrected
density functional theory or DFT-D) [31].

In order to estimate the relative changes in the Raman
spectra corresponding to “symmetric” and “antisymmetric”
vibrations, to calculate the degrees of depolarization of the
bands that appear as a result of the aggregation of alanine
molecules into clusters, we performed ab initio calculations.

Based on the above published data, alanine was
investigated using the RHF, B3LYP, MP methods using the
basis of Gaussian functions 6-31G ++ (d, p) for the monomer
and other molecular isolated clusters of alanine molecules.

Alanine clusters were studied using wave function,
geometric optimization and molecular dynamics to find the
optimal value and the most suitable potential. In addition, the
energies of intermolecular hydrogen bonds were calculated
and to determine their geometric parameters, we carried out
ab initio calculations of up to 5 molecules of alanine. After
optimization of the geometry of the clusters, their geometric
parameters were determined.

In the case of isolated molecules (monomer) of alanine in
the Raman spectra, we observe (Figure 3) a band of OH
vibrations (3754.7 cm™), a band related to symmetric (3506.3
em™) and antisymmetric (3590.1 cm™) vibrations of the NH,
group. The calculation results show that in the monomers
there exist within a molecular hydrogen bond, the length of
which is 2.4 A, formed by a group of COHN molecules.

~
1
30246

Intensity

I G

T T T T T T 1
2600 2800 3000 3200 3400 3600 3800 4000

Wavenumber, cm

Figure 3. Raman spectra of OH and NH vibrations and the structure of an
isolated alanine molecules.
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The optimized structure of isolated dimeric alanine
aggregates is observed in two forms, which can be
conventionally called closed and open forms. In the first form
of the dimeric aggregate, two intermolecular (OHO) and two
intramolecular (NHO) hydrogen bonds are observed (Figure
4). Calculations show that the length of the intermolecular
hydrogen bond is 1.68 A, for the intramolecular hydrogen
bond this distance is 2.37 A, respectively, the energy of
formation is 35 kcal / mol.

In the Raman spectra of dimers of alanine molecules we
observe a shift of the OH vibration bands, which is 617 cm’
due to the strong hydrogen bond. No significant changes are
observed in the NH band. This can be explained by the
existence within the molecular hydrogen bond forming with
the help of the NH, group.

Alanine molecules can form a dimeric aggregate through a
non-classical (weak) hydrogen bond (Figure 5). In this case,
the intermolecular bond is formed with the help of the COH
group and the N molecules of the second molecule. The
length of this bond is 1.74 A; the energy of formation of this
cluster is 12 kcal / mol. These two types of aggregates are the
main material for the crystalline structure of alanine.
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Figure 4. Raman spectra of OH and NH vibrations and the structure of an
isolated dimeric (closed) aggregate of alanine molecules.
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Figure 5. Raman spectra of OH and NH vibrations and the structure of an
isolated dimeric (open) aggregate of alanine molecules.

The band participating in the intermolecular OH bond
shifts towards low frequencies by 804.6 cm™, which confirms
the above assumption.

Three alanine molecules form a chain aggregate using the
intermolecular hydrogen bond of the COH group (Figure 6).
The length of the intermolecular hydrogen bond is 1.87 and
1.88 A, respectively, the energy of formation of such an
aggregate is 2.51 kcal / mol.

For this aggregate, the band of interacting OH vibrations is
shifted towards low frequencies by 191.2 cm™ and 225.6 cm™
(3562.3 and 3529.1), respectively. For the band
corresponding to NH vibrations, no significant changes are
observed.

For tetrameric aggregation of alanine molecules, we
observe 3 intermolecular and 3 intramolecular hydrogen
bonds (Figure 7). The length of the intermolecular hydrogen
bond in all 3 cases is 1.73 A, the energy of each
intermolecular hydrogen bond is 2.51 kcal / mol.
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Figure 6. Raman spectra of OH and NH vibrations and the structure of an
isolated trimeric (open) aggregate of alanine molecules.

In the case of a tetrameric molecular complex, the
formation of chain aggregates is also observed. Analysis of
the calculated Raman spectra of alanine up to four molecular
clusters (Figure 7) shows that the Raman spectra are shifted
towards low frequencies.

According to our assumptions, in the first case, due to the
strong hydrogen bond, the O-H bond band is shifted by 956
cm’ (from 3754.7 cm™ to 2798.2 cm) towards the low-
frequency side. When the number of molecules in a cluster is
dragged away, the band shifts toward lower frequencies than
the previous cluster.

From our calculations, it can be seen that alanine
molecules form aggregates of different types, while due to
the O-H hydrogen bond, the band is shifted from ~3550 cm™
to ~2950 cm™. In this case, the half-width and intensity
increase.

In addition, the C=0 vibration band also shifts to the low-
frequency side by 40+50 cm™. With an increase in the
number of molecules in a cluster, the energy of
intermolecular interaction per hydrogen bond is saturated.
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Figure 7. Raman spectra of OH and NH vibrations and the structure of an
isolated tetrameric aggregate of alanine molecules.

Raman spectra allow us to consider the change in the
vibration frequency with an increase in interconnected
molecules (Figure 8).

The bands of NH and OH vibrations lie in the high-
frequency side, since the molecules turned out to be bound,
then each vibration split into several vibrations, namely in the
region of bending vibrations and in the region of stretching
vibrations with depolarization coefficients, respectively.

Above, we showed that with an increase in the number of
molecules in clusters, the bands shift to the low-frequency
side, which means that there are stable molecular clusters in
alanine.

The hydrogen atom in the N-H group of the alanine
molecule is actively involved in the formation of a hydrogen
bond. The results of experimental studies and ab initio
calculations show that dimeric, trimeric and other chain
molecular complexes exist in alanine.

The complexes formed due to the hydrogen NH2 bond are
weaker than those formed due to the OH bond, which is in
satisfactory agreement with the works [32, 33].
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Figure 8. Calculated spectra of C-H, O-H and N-H vibrations of a-alanine
Raman scattering for various aggregated formations: a) monomer, b) dimer,
c) trimer, d) tetramer.

Currently, more and more attention is attracted by aqueous
solutions of amino acids, which are constituent components
of proteins and play an important role in the life of organisms.
For this purpose, we performed calculations of the complexes
of a-alanine with water (Figure 9).

a)
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Figure 9. The structure of aggregates of a-alanine with water a) alanine with one water molecule, b) alanine with two water molecules, ¢) alanine with three

water molecules.

The calculation results show that the energy of formation
of the first complex is 12.4 kcal / mol, and the second
complex is 24.9 kcal / mol. In this work, the role of hydrogen
bonds in the crystallization of alanine, which includes the
carboxy COOH and amino NH, groups, and the
manifestation of these intermolecular interactions in the
Raman spectra are determined. The structures and binding
energies of molecular aggregates of a-alanine were studied
using modern density functional methods, the processes of
vibrational and translational movements of individual parts
of amino acid molecules. Intramolecular hydrogen bond is
formed in proteins between the NH and CO groups of
adjacent helix turns, thereby ensuring the stability of the

secondary structure of the protein. The calculation results for
alanine and its complexes are shown in Table 1.

In the crystal structure of alanine, a common structure-
forming element can be distinguished - head-to-tail chains.
These endless chains in alanine molecules form spiral layered
crystal structures.

The spectral composition of alanine molecules is formed
due to fluctuations of anisotropy, which change with the
collective and individual movement of molecules.

The change in the Raman spectra is explained by the
formation of several types of hydrogen bonds. These
hydrogen bonds play a special role in the formation of the
crystal structure of a-alanine.
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Table 1. Results of ab initio calculations for a-alanine and its complexes.

CHO...OCH,
B e M0 ColN ooy 5 bmwn S
**COH...OH, ()
1. Monomer 2,4 - 3755,9 0,23 2,23 - -
2. Dimer (close) 2,3 1,6 3137,5 0,28 2,92 14,6 7,2
. 2954.8 0,33
3. Dimer (open) 2.4 *1,7 3758.7 0.25 2,995 10,4 5,2
. 3529,8 0,14
4, Trimer 23 1,9 3740.1 021 4,361 93 4,6
2298,3 0,33
2798,2 0,33
5. Terramer 23 *2,0 3756.5 0.26 4,15 27,5 6,9
3758,6 0,25
. 3396,6 0,23
6. ﬁgr;‘;elz xa;e\;;?e“r'; 24 ;*01 8 3658.4 0,16 0,30 8,1 4,05
? 3887,1 0,29
o 31519 0,21
Alanine+water (two 1,7 S 15
7. i T ) 2,4 1’8 3561,5 0,33 1,44 17,8 5,9
? 3884,6 0,28
3887,6 0,21
3121,0 0,20
16 3363,6 0,12
Alanine+water (three 1’7 A b
8. i T ) 2,4 1’7 3582,6 0,34 0,49 25,6 6.4
1’8 3882,5 0,74
? 3883,6 0,09
3888,8 0,24

4. Conclusions

When a complex of alanine with water is formed, the O-H
vibration band shifts to the low-frequency side by 320 cm™
and 415 cm™', respectively. It is shown that with an increase
in the strength of the hydrogen bond, the bond energy of the
OH group increases.

It was found that in the Raman spectra of O-H and N-H the
bands of o-alanine in the region of 2900-3050 cm™ are
complex and consist of several bands. The structure and
connectivity of the bands is explained by the fact that the
spectrum of the O-H bond consists of a symmetric valence
band of vibrations v; and overtones of bending vibrations 2v..

It was shown that a-alanine contains complex long-lived
molecular complexes. The half-width and intensity of the O-
H band increases and shifts from ~3550 cm™ to ~2950 cm'l,
and the C=0 band by 4050 cm™”. Ab initio calculations
show that o-alanine molecules form closed C=O-H+--0O=C
and open N-H+---O=C dimeric complexes.

The change in the Raman spectra is explained by the
formation of several types of hydrogen bonds.

These results can be used to further study the
intermolecular interactions and the structure of the formation
of molecular clusters of various amino acids.
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