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Properties for the spectral parameters of intermolecular vibrations
obtained using Raman scattering of light in dilute aqueous solutions
of hydrogen peroxide and in the water
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The spectra of Raman scattering (in the region 4—350 cm~!) of dilute aqueous solutions of hydrogen peroxide in
a wide range of concentrations (from 3 to 0.024%), were measured. The spectral parameters of the high-frequency
band of intermolecular (longitudinal) vibrations, obtained using the previously proposed approximating function,
were analyzed. To do this, the spectral parameters of the band (for each experiment) were plotted on a diagram in
which the abscissa axis is the square of the band width, and the ordinate axis is the square of the band frequency.
Previously, it was shown that in such coordinates the water points are located in two regions separated by an
inclined strip, in which spectral points (frequency gap) are practically absent. For points of hydrogen peroxide
solutions with a concentration from 3 to 0.33%, all points are grouped near the straight line approximating them
and are located below this frequency gap. For a series with extended range of peroxide concentrations from 3
to 0.024%, the scatter of points from the approximating straight line increases, but also most of the points are
located below the gap. Of the rest of points, several points are near the edge of the gap, some of them are inside
the gap, but the gap remains. It has been suggested that the presence of this gap is due to the fact that in the liquid
phase some of the water molecules are bound to four neighbors, while the remaining molecules are bound to a

smaller number of neighbors.
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inhomogeneous distribution, frequency gap, destruction of high-frequency states.
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1. Introduction

In this paper, we continue to study the properties of
the spectral parameters of low-frequency (LF) spectra of
Raman scattering (RS) for dilute aqueous solutions of
hydrogen peroxide (HP) based on the ideas developed in
the papers [1-8§].

The spectra of intermolecular vibrations of water are
determined by the properties and structure of hydrogen
bonds between water molecules. The importance of the
study of intermolecular vibrations for the study of liquids
was realized almost immediately after the discovery of
RS [9]. For more details on the structure of water and
the history of the development of ideas of ideas about
its structure, see [10,11], on the properties of bands of
intermolecular vibrations of dilute aqueous solutions see
in [2-8,10].

Note the following important points for understanding
the features of the study of dilute aqueous solutions. In
condensed phases, water molecules are bound by hydrogen
bonding. Water molecule can have from one to four
hydrogen bonds. In the works [11,12] it is considered that
about half of the molecules are connected with 4 neighbors.
Of the remaining ones, the vast majority is associated with
3 neighbors. Each of the classes forms a network that covers

the entire space. These networks are nested within each
other. These bonds are unstable in the liquid phase. They
are constantly tearing and re-emerging. Their lifetime is on
the order of picoseconds. The vibrations of these bonds are
reflected in the IR absorption spectrum in the form of two
broad bands with frequencies: high-frequency (HF) with
a maximum of about 180cm~! and low-frequency (LF)
with a maximum of about 50cm~'. It is important for
what follows, that there is some system with elastic bonds,
the spectrum of which has two groups of lines forming
two broad bands. The presence of other molecules in the
solution leads to disruption of the grid of hydrogen networks
of water molecules, which is reflected on in the observed
spectrum.

In the literature, the shape of the RS bands in solutions,
the positions of the maxima of these bands, and their
widths under various conditions have been quite extensively
studying. Based on the results of these studies, various
aspects of the characteristics for liquids were elucidated.
Among them are the inhomogeneity of the lines of inter-
molecular vibrations of water [13], the effect of acetone
on the structure of water [14], the effect of temperature
on the spectral parameters of water for various isotopes of
oxygen and hydrogen [15]. As a rule, studies in solutions
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were performed mainly for high concentrations of dissolved
substances (from 0 to several mol/l), when strong distortions
in the spectrum of intermolecular vibrations, and these
changes were used to draw conclusions about the structural
structure of the liquid [14,15], were observed.

1.1. On the LF spectrum of intermolecular
vibrations of water

The LF RS is located in the region 0—350cm~! and
is quite well known [2,6]. The intensity of the opti-
cal spectrum |(v) is a central maximum, monotonically
decreasing to high frequencies, with some features in
the region 100—200cm~! in the form of a low-intensity
pedestal. This spectrum reflects both the properties of
matter and the properties of scattering. To pass to the
spectral characteristics of intermolecular vibrations of the
solution, the optical spectrum |(v) is transformed by
multiplying by the reducing function, as a result, the reduced
spectrum y”(v) is obtained, which is called as the dynamic
susceptibility (DS) [13,15]. It is associated with the density
of states in the spectrum of vibrations.

In the DS spectrum, two clearly defined wide and par-
tially overlapping bands are observed with lower frequencies
of maxima than the IR absorption bands: about 45cm™!
(LF band) and about 170 cm~! (HF band). In [16-18] the
interpretation of these two humps is given. At a maximum
of about 170cm™! is the hydrogen bond stretching mode,
at a maximum of 45cm~! is the bending mode of this
bond, for which the break on the LF slope is associated
with relaxation rotational motions of the molecule in the
field of neighbors. It is conventionally to describe a spectral
vibrational band in a form of Lorentz function with three
spectral parameters: intensity, position of the maximum,
and band width. In some papers, a more complex structure
of these bands and other interpretations of the observed
pattern are considered [6-8]. The explanation of the lower
frequencies of the maxima of the bands at RS as compared
with IR absorption given in Sec. 1 is described in our
work [7] on the basis of the properties of a classical damped
oscillator.

1.2. Function approximating the spectrum of
intermolecular vibrations

To determine the spectral parameters of the bands, one
used the approximating function for DS x”(v) presented
in [2,5-8], which has 9 fitting parameters. Of these, 6 refer
to two Lorentzians describing 2 vibrational bands. These
nine spectral parameters were determining by the least
squares method by fitting the approximating function to the
DS spectrum x”(v) in the frequency range 4—320cm™!.
This function with the obtained parameters approximates
well the spectrum [2,5-8]. It was found [3,5-8] that
in addition to ,regular“ changes in parameters, significant
random changes in all spectral parameters are observed
when the concentration of HP in water changes.

1.3. Display of the frequency parameters of the
bands of the spectrum of intermolecular
vibrations in frequency coordinates

As a rule, when studying the properties of solutions,
the dependences (concentration, temperature) of each of
the parameters were studied individually. In a series of
the works [2-8,19,20] the LF of RS spectra for water and
dilute aqueous solutions of HP were studied. In [3,5,6]
the concentration dependences of all spectral parameters
(each separately) were used to estimate the effective size
(diameter) of the perturbation region of the hydrogen bond
network near the HP molecule, which amounted to 6—7.5
of the average distances between water molecules (taking
into account the correction of these distances). Note that
instead of concentration, we used the average distance
between the molecules of the solute N,, measured in
average intermolecular distances of the solvent [3].

When analyzing the received materials, 3 important
points were identified. First, all obtained DS spectra
looked the same, with no visible differences. Secondly, all
spectral parameters of both water and aqueous solutions
of HP fluctuate. Third, the pairwise interdependences
of the parameters showed that for both vibrations, the
corresponding band widths and their positions of maxima
are strongly correlated (hereinafter, we will call them as
the frequencies or the observed frequencies and vibration
band widths). Prior to the works [4-6], this issue was not
considered in the literature. This is appeared in coordinates:
observed bandwidth — observed band frequency [4-7]. Due
to the properties of this dependence, which are explained
below, it is more convenient to consider it in coordinates:
width squared — frequency squared [7], which we call as
frequency coordinates. In this coordinate system, each band
is displayed as a point.

A few words of overview character about the results
obtained earlier for water and HP solution to the formu-
lation of the problem in this work. Detailed discussion of
the problem is given below in the analysis of the results.
In [7] the dynamic characteristics of the oscillators from
the interdependence of the observed band frequencies and
their widths are obtained. These are eigenfrequencies of
oscillations and degrees of inhomogeneous broadening of
the bands for water and HP. In this case, a small number
of spectra (7spectra) were recorded for water. For HP,
solutions with a sufficiently high concentration of solutions
(0.3—3%) were measured. In this case, for both objects,
the points for both water and HP were localized relatively
close to the straight line approximating them. In [8] it was
shown that a significant increase in the number of spectra
under consideration (51 spectrum) leads to the fact that the
region occupied by points in frequency coordinates, first,
greatly increases, and second, the points are clearly divided
into two sub-regions, separated by a fairly wide strip, in
which no points practically presented ,i.e. they separated by
a sort of frequency gap. In this regard, the question arises:
if we expand the range of concentrations and increase the
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number of spectra under consideration, where will the new
spectral points fall and how will they correlate with water
points?

The purpose of this work is to study the effect of
dissolved HP in a larger range of concentrations on the
parameters of the high-frequency band of intermolecular
vibrations of water and to study the spectral demonstration
of this effect.

2. Recording of spectra

See [2,5,6] for details on recording of spectra. The spectra
were recorded on a U-1000 spectrometer by Jobin—-Yvon
(France) in 90° geometry. The depolarized spectrum was
recorded. The spectra were normalized to the maximum
intensity of a very wide band of stretching vibrations located
in the region 2500—4000cm™!, which was used as an
internal intensity standard.

3. Substances under investigation

Sealed ampoule with water for injection was used to
record water spectra. To obtain of HP solution, the initial
material was a medical 3% solution of HP. The solution was
prepared immediately before recording. The concentration
was controlled by the intensity of the characteristic line of
HP 875.5cm™! for each recording. When approximating
its shape, the Lorentz function [3,5,6] was used. All points
of the dependence of the concentration measured from the
intensity spectrum on the planned concentration during the
preparation of the solution have fallen on proportional de-
pendence with angular coefficient of 1.005 and a confidence
interval of 0.007 [5]. Two series of HP solution spectra were
recorded. The first series (series 1) contains 25 spectra
recorded in a wide range of concentrations from 3 to
0.024%. In the second series (series 2), 17 spectra were
recorded with a smaller concentration range: from 3 to
0.325%.

In the present work, one compare the spectral parameters
of the HF band of the intermolecular spectra of HP solutions
with the parameters of water. These spectral parameters
were partly used in [7,8]. In [7,8] a small set of water
spectra (7 spectra) is presented, in [8] a large set of water
spectra (51 spectrum) is analyzed in detail.

4. Dilute solutions and vibration spectra

In terms of chemical composition and structural elements,
the HP molecule is closest to the water molecule and also
forms hydrogen bonds, however, the geometry of the HP
molecule differs from the geometry of water molecules.
Therefore, in an aqueous solution around the HP molecule
in a certain region of finite size, the network of bonds of
the nearest water molecules will be distorted, which should
be reflected in the dynamic characteristics of water in the
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vicinity of the HP molecule (for example, the elasticity
constants of bonds and their orientation, bond length,
vibration frequencies of water molecules and the width
bands) and, consequently, on the spectra of intermolecular
vibrations of water. In the absence of solute associates
at a very low concentration, these regions around each
molecule will practically not intersect with each other, and
the total volume of regions with a distorted bond network
will be proportional to the number of dissolved molecules.
As the concentration increases, the number of regions and
their total volume will increase, and, finally, the undistorted
structure will disappear. If the dynamic properties of water
in the distorted regions are changed markedly, we can see
changes in the spectrum. This makes it interesting to study
the concentration properties of the spectral properties of
dilute solutions

5. Results obtained for HP

Following [8], we also consider the properties of only the
HF band of water oscillations.

Series 1 spectra of HP solutions (25 spectra) was
recorded in a wide concentration range from 3 to 0.024%,
which corresponds to intermolecular distances from 4
to 16.7. These data fluctuate strongly from spectrum to
spectrum, so a series of 2 of 17 spectra was recorded for
a smaller concentration range: from 3 to 0.325%, which
corresponds to distances between HP molecules from 4
to 8.35.

It was shown in [4,5] that in coordinates of observed
frequency — observed bandwidth, the points representing
the spectrum are strongly correlated. In the figure, the
circles show the points of series 2 of HP [4,5,7]. The values
of the square of the observed Lorentzian width are plotted
along the abscissa axis, and the squared frequency is plotted
along the ordinate axis. The reasons for using the quadric
values are explained below. Straight crosses denote data for
a small set of water spectra (7 spectra) [7].

An explanation for this was given in [7] based on the
concept of a classical oscillator, which is characterized by
its eigenfrequency (EF) vo and damping §. It was also
shown there that the observed maxima of the band in the
DS [Bspectrum, its width T', and the EF are related by the
formula

v§ = vi 4 0.5I% /K. (1)

Here, the constant value K is the ratio of the observed
width ' to the homogeneous width y determined by
the oscillation damping. The quantity K is called as
the inhomogeneous broadening coefficient (inhomogeneity
coefficient). From the linear dependence (1), approximating
the interdependence of the squares of the observed widths
and positions of the band maxima, on the slope of this
straight line, the inhomogeneity coefficient K is determined
as

K? = —0.5(av2/ar?)~ 1. (2)
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For the small set of water spectra with the angular
coefficient of —0.18, the inhomogeneity coefficient is 1.67.
In (1) one can see that the free term of such a straight
line is the square of EF. Whence the EF is 184.6cm™!,
which is close to the known data on the IR absorption of
water (183.4cm™~! [7]). In our opinion, this is the main
and most convincing confirmation of the correctness of the
ideas developed in [7]. Knowing the coefficient K, one can
obtain a homogeneous line width and, consequently, the
decay time of vibrations [8]. It can be seen from (1) that
the observed position of the spectrum maximum is always
smaller than the EF vibrations and the shift is determined
by the homogeneous width of the band of vibrations.

In [8] a substantially large set of spectra for water
(51 spectrum) was considered in detail. The points in
frequency coordinates occupy a much larger region there
than the seven points considered above occupy. This can
also be seen in the figure, b, where the points of the large
set for water are indicated by blackened circles, and the
small set for water (7 points) are indicated by straight
crosses. The effective parameters of the set of 51 water
points are [8]: the inhomogeneity coefficient K = 1.65
and the effective EF vy = 184.3cm™!, which is close to
effective parameters of the set of 7 points given above.
Nevertheless, in frequency coordinates (the square of the
observed width —the square of the observed frequency) for
the straight lines approximating both sets of water points at a
squared width of 30000 cm~2 (near the center of the region
occupied by the points), the difference between the squares
of the frequencies is 205cm™2, ie. they are noticeably
separated.

In addition, the large set of water points [8] is divided,
firstly, into two sub-regions, which are separated by a region
containing practically no points, which can also be seen
in the figure,b. Secondly, these two subdomains are in
turn divided into several families of points approximated by
straight lines, similar to those considered above (8], with
their own approximating straight lines. Note that for HP
solutions, when compared with the points of series 1, one of
the points of series 2 can clearly be assigned to series 1. As
a result, the straight line approximating the points of series 2
(figure, a, curve 4 — long dashes) has parameters slightly
different from [7] . The angular coefficient for this straight
line is @ = —0.165, the free term is v3 = 33107 cm 2,
whence, by (3), the effective inhomogeneity coefficient
K =1.74 and effective EF vy = 181.95¢cm~!. For the
entire complex of HP points (series 1 and 2 together:
points with oblique crosses in the figure,a) the scatter
of distances from the straight line approximating them
(figure, a, curve 3 — short dashes) more than for series 2.
In this case, this straight line practically merges with the
approximating straight line of series 2 (figure,a). The
parameters of the line for the entire complex of points of
the HP: the angular coefficient of the line « = —0.167, the
free term v3 = 33188 cm~2. This gives K = 1.73 for the
effective inhomogeneity coefficient, vo = 182.18 cm~! for
the effective EF, which differs slightly from the series 2
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Dependences of the square of the observed frequency of a high-
frequency oscillation on the square of its observed width: (o) —
points of the series 2 for HP, are approximated by a dashed line 4
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set of seven water points, (e) — 51 big set water point [8], which
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parameters. In frequency coordinates for the straight line
approximating the entire complex of HP points and the
straight line approximating the points of series 2, with the
same value of the squared width 30000 cm~2, the difference
between the frequency squares is 21 cm~2, ie.by an order
of magnitude less than for two sets of water.

In the figure,b to compare solutions of HP and water,
the above seven points for water (4), points of series 2 of
HP (o) and series 1 (x) are superimposed 51 water points
from data [8] (e). In [8] it was noted that for a large set of
water points (51 points) in frequency coordinates, the empty
region has the form of a strip with which are almost parallel
sides, almost parallel to the straight line approximating the
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entire set of points (a kind of frequency gap). The lower
edge of the empty region is close to this line and lies just
above it. Above the empty region is almost 30% of all
water points. In fact, this means that water, when recording
these spectra at the same bandwidth, had a higher observed
frequency of intermolecular vibrations. Based on [12], one
can assume that this may correspond to states with a more
rigid structure of the bond network, for example, with
a larger average number of bonds per molecule due to
an increase in the number of molecules associated with
4 neighbors. Note that the seven points of the small set
of water presented above also lie near both boundaries
of the empty region and actually form by themself the
boundaries of the gap separating them. However, the points
of this set, located near the upper boundary of the region
free from the points of the large set, are noticeably distant
from the upper boundary of this region. Thus, the empty
region common to both sets was preserved, but narrowed.
In [8] it was shown that the probability of distribution of
points in frequency coordinates is non-uniform over the
space of this coordinate system. Apparently, the boundaries
of the empty region have the maximum probability of
hitting points that correspond to the most probable water
states. Therefore, in a set of 7 points, the spectra of more
probable states were recorded, and all its points are located
on both sides of the frequency gap near its boundaries.
Moreover, this set itself consists of two sub-sets obtained
at different times, and in each of these sub-sets the points
were also located on both sides of the frequency gap near
its boundaries.

In the figure, b, when comparing solutions of HP
and water, a number of facts are clearly visible. First,
only two points of series 2 are closely adjacent to the
straight line approximating the entire set of 51 water points
(empty circles 4), all the rest are much lower, ie., at an
HP concentration of 0.33% or more, the states of water
with HF are destroyed; it is possible that the average
number of bonds of water molecules is reduced in these
solutions. These concentrations correspond to average
molecular distances between HP molecules of 8.35 the size
of a water molecule and less.

Second, the observable empty region represented in [8] is
preserved. Above the straight line approximating the entire
set of 51 water points, there are 10 points of the series 1
of HP (oblique crosses 3). The main part of the points of
series 1 of HP did not fall into the frequency gap of the
large sets of water, although six points of the series 1 are
located directly near its upper and lower boundaries. Of
these, several points also, although they fell inside the gap
of a large set, are located near its boundaries approximately
in the same places as the points of the water set of
7 points, so that the gap for the complex of all the points
obtained has been preserved, although it has undergone
some deformation. It is possible that the reason for falling
points for the 7 spectra of water is the presence of a large
amount of impurities in the samples during their recording.
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Thus, we can assume that the probability that the points
of the HP solution fall into the frequency gap in the
distribution of water points (into the empty region) remains
extremely low.

As a result of a comparison of the distribution of points
of large sets of spectra of water and HP solutions in
frequency coordinates, it can be unambiguously stated that
the introduction of HP within the indicated limits reduces
the observed frequencies of intermolecular vibrations of
water in HP solutions.

6. Conclusion

It is shown that the approximating straight lines both for
the points of series 2 of HP solutions with the absence of
low concentrations (< 0.35%) and for the entire complex
of points for the HP solution with a large range of
concentrations in frequency coordinates, the square of the
observed width — the square of the observed frequency
practically coincide, due to which practically coincide with
their effective coefficients of inhomogeneity and effective EF
practically coincide.

It is shown that the points representing the spectral
parameters of the HF band of intermolecular vibrations of
molecules in frequency coordinates for all the HP solutions
studied by us do not fill the previously discovered empty
region in the distribution of points representing the spectral
parameters of pure water. The points representing the
spectral parameters of the HF band for HP solutions with a
concentration of more than 0.33% (the distance between
HP molecules is 8.3 molecular distances and less) are
almost all located below this empty region. Based on
this, we can conclude that HP solutions with concentrations
above 0.33% do not contain states with higher frequencies.
Thus, we can conclude that the addition of HP reduces the
observed frequencies of intermolecular vibrations of water
in HP solutions.

Based on the existence of an empty region in the
distribution of points for water in frequency coordinates,
an assumption was previously made about a more rigid
structure of the water network for states that are displayed
as points above the empty region, due to an increase in
the average number of bonds per molecule. The location
of the points for HP then means that the presence of HP
with a concentration of 0.33% or more reduces the average
number of bonds of a water molecule in solution.

Conflict of interest

The authors declare that they have no conflict of interest.

References

[1] A.V. Kraysky, N.N. Melnik, A.G. Sokolsky. In the coll. Spek-
troskopiya kombinatsionnogo rasseyaniya sveta i fotolyu-
minestsentsii vodnykh rastvorov, aktivirovannykh plazmoy.



1242

A.V. Kraiski, N.N. Melnik, A.A. Kraiski

Sb. trudov 6-y Mezhd. konf. EKOLOGIYA CHELOVEKA
I PRIRODA", Rossiya, Moskva—Ples, 5.07—11.07.04, IvGU,
Ivanovo, p. 52. (in Russian).

AV. Kraysky, N.N. Melnik. Kratkie soobshcheniya po
fizike FIAN,Ne 12, 26 (2005) (in Russian). [A.V. Kraiski,
N.N. Mel'nik. Bulletin of the Lebedev Physics Institute,
32(12), 21 (2005)].

AV. Kraysky, N.N. Melnik. Kratkie soobshcheniya po
fizike FIAN,Ne 1, 42 (2006) (in Russian). [A.V. Kraiski,
N.N. Mel'nik. Bulletin of the Lebedev Physics Institute,
33 (1), 30 (2006)].

AV. Kraysky, N.N. Melnik. Kratkie soobshcheniya po
fizike FIAN,Ne 1, 49 (2006) (in Russian). [A.V. Kraiski,
N.N. Mel’nik. Bulletin of the Lebedev Physics Institute,
33(1), 41 (2006)].

AV. Kraysky, N.N. Melnik. In the coll. Kombinatsionnoye
rasseyaniye — 80 let issledovaniy: Multi-authored mono-
graph, ed. VS. Gorelik (Lebedev Physical Institute, of RAS,,
Moscow, 2008), 339—351 (in Russian).

A.V. Kraysky, NN. Melnik. Biofizika, 57 (6), 965 (2012) (in
Russian). [A.V. Kraiski, N.N. Mel’nik. Biophysics, 57 (6), 750
(2012). DOLI: 10.1134/S0006350912060073].

AV. Kraysky, N.N. Melnik. Opt. i spektr, 124(5), 628
(2018) (in Russian). DOL 10.21883/0S.2018.05.45943.300-
17 [A.V. Kraiski, N.N. Mel'nik. Opt. Spectrosc., 124 (5), 660
(2018). DOL: 10.1134/S0030400X18050120].

AV. Kraisky, N.N. Melnik, A.A. Kraisky. Opt. i spektr,
128 (2), 195 (2020) (in Russian).

DOL 10.21883/0S.2020.02.48960.339-18  [A.V. Kraiskii,
N.N. Mel'nik, A.A. Kraiskii. Opt. Spectrosc., 128 (2), 191
(2020). DOL: 10.1134/S0030400X20020125].

G.S. Landsberg. Uspekhi khimii 1 (4), 464 (1932). (in
Russian)

D. Eyzenberg, V. Kautsman. Struktura i svoystva vody
(Gidrometeoizdat, L., 1975) (in Russian). [D. Eisenberg,
W. Kauzmann. The Structure and Properties of Water
(Oxford University Press, New York, 1969)].

G.G. Malenkov. Zhurn. strukturnoy khimii, 47 (in Russian).
Appendix, 5 (2006). [G.G. Malenkov. J. Struct. Chem., 47.
Supplement, S1-S31 (2006)].

G.G. Malenkov. Zhurn. strukturnoy khimii, 48 (4), 772 (2007)
(in Russian). DOL: 10.1007/s10947-007-0110-0/

G.E. Walrafen, Y.C. Chu, H.R. Carlon. In: Proton transfer in
hydrogen-bonded systems, ed. by T. Bountis (Plenum Press,
New York, 1992).

A. Idrissi, S. Longelin, F. Sokolic. J. Phys. Chem. B, 105, 6004
(2001).

Yuko Amo, Yasunori Tominaga. Physica A, 276, 401 (2000).
G.E. Walrafen, M.R. Fisher, M.S. Hokmabadi, W.-H. Yang.
J. Chem. Phys., 85, 6970 (1986).

G.E. Walrafen. J. Phys. Chem., 94, 2237 (1990).

18] G.E. Walrafen, Y.C. Chu, G.J. Piermarini. J. Phys. Chem., 100,

10363 (1996).

A.V. Kraisky, N.N. Melnik, A.A. Kraisky. In the coll..Sbornik
trudov vtoroy vserossiyskoy konferentsii JFizika vodnykh
rastvorov®, (Prezidium RAN, Moskva, 17—18 oktyabrya
2019 g.), p. 48 (in Russian).

DOL: 10.24411/9999-012A-2019-10019 [Electronic resource].
URL: https://cyberleninka.ru/article/n/ svoystva-spektrov-
kombinatsionnogo-rasseyaniya-mezhmolekulyarnyh-
kolebaniy-v-slabyh-vodnyh-rastvorah-peroksida-vodoroda-
i-hlorida (01.12.2019)

[20] AV. Kraisky,

N.N. Melnik, AA. Kraisky. In the
coll..Shornik tezisov dokladov tretyey vserossiyskoy konfer-
entsii JFizika vodnykh rastvorov‘ (Moskva, Prezidium RAN,
14—15dekabrya 2020g.) (in Russian).

Optics and Spectroscopy, 2022, Vol. 130, No. 10



