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Abstract—In this work, the concentration dependences of IR spectra were studied for aqueous LiCl, NaCl,
RbCl, and CsCl solutions within the range from 4 to 0.2 M and an aqueous KCl solution within the range
from 3 to 0.2 M at a temperature of –3.5°C in the middle IR region. The wavenumbers of the absorption band
maxima were determined for stretching (ν1, ν3), combined (ν2 + νL), and bending ν2 vibrations at these con-
centrations. The established trends of the shift in the considered absorption bands provided a basis to make
several conclusions about the structural transformations of the studied solutions with a decrease in concen-
tration within the studied range. The calculations demonstrated an increase in the energy of hydrogen bonds
between water molecules and their reduction in length with decreasing concentration for all of the studied
solutions.
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INTRODUCTION

The interest in the study of aqueous salt solutions is
caused by their application for medical purposes and
the presence of salts in sea and oceanic water. The
addition of a salt to water leads to the transformation
of its structure. Moreover, the dissolution of a salt in
water decreases its freezing temperature. In this case,
the higher the concentration of a solution is, the more
its crystallization temperature decreases. After the
temperature of an aqueous solution of alkali metal
halides decreases below 0°C, their structure experi-
ences transformations. Using X-ray diffraction, it has
been established that the overcooling of these solu-
tions decreases the coordination number of cations
and increases the coordination number of anions. This
is due to the fact that the overcooling of these solutions
initiates the structural strengthening of water, the res-
toration of hydrogen bonds, and the involvement of
unbonded water molecules in the network of hydrogen
bonds [1]. The study of aqueous solutions at negative
temperatures is of interest due to a great number of
abnormal properties exhibited by water in the over-
cooled region. The study of solutions of alkali metal
halides at negative temperatures is important for cryo-
biology [2].

Previous studies [3−8] of the concentration depen-
dences of IR spectra for aqueous solutions of alkali
metal halides were performed only at positive tem-
peratures. However, it is of interest to study the region
of negative temperatures due to the above-described
issues. In this work, the concentration dependences of
IR spectra were studied for the first time for aqueous
LiCl, NaCl, RbCl, and CsCl solutions within a range
from 4 to 0.2 M and an aqueous KCl solution within a
range from 3 to 0.2 M at a negative temperature of –
3.5°C. All the studied solutions remained in the liquid
phase at this temperature. These studies allowed con-
clusions about the structural transformations that
occur in these solutions with decreasing concentra-
tion.

MATERIALS AND METHODS
Our experimental setup was described in [9, 10].

The IR spectra of solutions were recorded by the
attenuated total reflection (ATR) method on a
MIDAC M4000 IR Fourier-transform spectrometer
(MIDAC Corporation, United States). This ATR
method uses multiple reflection of radiation (ten
times). This method uses a special HATR device and a
cell (Pike Technologies, United States) for the studied
388
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Fig. 1. The concentration dependence of the IR spectra of an aqueous LiCl solution for the absorption bands of (a) stretching (ν1,
ν3), (b) combined (ν2 + νL), and (c) bending (ν2) vibrations.
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samples. A cell with a Ge crystal, for which the work-
ing region of this spectrometer lies within 780–
4000 cm–1, was used. The spectra were recorded with
a resolution of 8 cm–1. A temperature controlling
metallic block was used to cool the solutions to the
temperature of –3.5°C. It was cooled by a cold heat-
transfer f luid that passed through it from a KRIO-VT-
01 liquid low-temperature thermostat (Thermex, Rus-
sia). This block was installed on the cell designed for a
sample. The temperature of the samples was measured
using a Kelvin-IKS contactless IR thermometer
(Evromiks, Russia) with a precision of 0.5°C. The
solutions were prepared using distilled water obtained
on a DE-4 distiller (Elekrtomedoborudovanie Plant,
Russia). The salts were of chemically pure grade
(Labtekh, Russia).

RESULTS AND DISCUSSION

In this work, the concentration dependences of IR
spectra were studied for aqueous LiCl, NaCl, RbCl,
and CsCl solutions within a range from 4 to 0.2 M and
an aqueous KCl solution within a range from 3 to
0.2 M at a temperature of –3.5°C. The regularities of
the shift with a change in concentration were deter-
mined for the absorption bands of bending ν2, com-
bined ν2 + νL, and stretching (ν1 and ν3) vibrations.
For all the absorption bands, the wavenumbers of their
maxima were determined at each concentration using
created software [11, 12] with high precision. This
software was also used to calculate the derivatives of all
the bands. The wavenumber of an absorption band
maximum was determined from the point of intersec-
tion between the derivative and the wavenumber axis.
The precision for each wavenumber was ±2 cm–1. The
precision for the concentration was ±0.01 M.
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Dissolution of a salt in water leads to weakening
and destruction of the hydrogen bonds between water
molecules due to the presence of salt ions. In this case,
a shift of absorption bands occurs. The wavenumber of
the stretching (ν1, ν3) absorption band maximum for
alkali metal chloride solutions increases in compari-
son with the IR spectrum of pure water, the wavenum-
ber of the combined (ν2 + νL) absorption band maxi-
mum decreases, and the wavenumber of the bending
ν2 absorption band maximum shifts slightly towards
lower wavenumbers.

When the concentration of alkali metal chloride
solutions is reduced within the studied range at a tem-
perature of –3.5°C, the wavenumbers of the absorp-
tion band maxima are shifted in the same direction as
in the case of a decrease in the temperature of these
solutions of the same concentration [12] (Fig. 1).

When the concentration is reduced, the wavenum-
ber of the stretching absorption band maximum
decreases, the wavenumber of the combined absorp-
tion band maximum grows, and the wavenumber of
the bending absorption band maximum increases
slightly. The concentration dependences of their wav-
enumbers were fitted with linear functions found by
the least-squares technique (Figs. 2–4).

The obtained dependences reflect the fact that a
decrease in concentration leads to the strengthening of
hydrogen bonds between water molecules (as well as a
decrease in temperature) and reduces the number of
cations and anions that destroy hydrogen bonds and
the number of H2O molecules involved in the coordi-
nation spheres of ions. The wavenumber of the
stretching absorption band maximum for an LiCl
solution (for each concentration) is lower than for the
other alkali metal chloride solutions. The maximum
decrease in the wavenumber of the stretching band
maximum among all the studied solutions was
 No. 4  2018
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Fig. 2. The concentration dependence of the wavenumber of a stretching vibration-band maximum for an aqueous solution of
(a) lithium chloride, (b) sodium chloride, (c) potassium chloride, (d) rubidium chloride, and (e) cesium chloride.

5
Concentration, M Concentration, M

Concentration, M Concentration, M

Concentration, M

43

y = 20.7x+ 3293.5
a = 20.7 � 2.4
b = 3293.5 � 5.0

210

3380 (a) (b)

(c) (d)

(e)

Wavenumber, cm�1

3370
LiCl solution

y = 19.8x+ 3320.2
a = 19.8 � 4.9
b = 3320.2 � 10.3

Wavenumber, cm�1

NaCl solution

y = 19.2x+ 3323.9
a = 19.2 � 7.3
b = 3323.9 � 11.3

Wavenumber, cm�1

KCl solution

y = 16.7x+ 3325.1
a = 16.7 � 4.6
b = 3325.1 � 9.5

Wavenumber, cm�1

RbCl solution

y = 18.0x+ 3318.1
a = 18.0 � 5.0
b = 3318.1 � 10.3

Wavenumber, cm�1

CsCl solution

3360
3350
3340
3330
3320
3310
3300
3290
3280

543210

3400

3380

3360

3340

3320

3300

3280

43210

3400

3380

3360

3340

3320

3300

3280
543210

3390

3370

3350

3330

3310

3290

3270

543210

3390

3370

3350

3330

3310

3290
observed for the LiCl solution (3294 cm–1) at a con-
centration of 0.2 M. This may be explained by the fact
that the strength of hydrogen bonds in a lithium chlo-
ride solution is higher than in the other alkali metal
chloride solutions. Since the lithium ion radius is
smaller than the radii of the other alkali metal ions, it
promotes the destruction of hydrogen bonds to a lesser
degree. Moreover, the lithium ion is a kosmotrope,
i.e., an ion that orders the structure of water, for which
a greater strength of hydrogen bonds between water
molecules in a solution is observed as a whole [13].
The wavenumber of the bending absorption band
maximum for a LiCl solution is constant with a change
in concentration within the studied range (1643 cm–1).
MOSCOW UNIV
This is due to the small radius of the lithium ion in
comparison with the other alkali metal ions. For this
reason, it destroys hydrogen bonds less readily, which
has an effect on bending vibrations; a change in con-
centration almost does not lead to changes.

For each of the studied alkali metal chloride solu-
tions, the energies and lengths of hydrogen bonds
between water molecules were calculated at a decreas-
ing concentration using the Johanssen formulas

Δν− =
+ Δν

18 ,
720HE

−= − 0.22.44( ) ,H HR E
ERSITY PHYSICS BULLETIN  Vol. 73  No. 4  2018
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Fig. 3. The concentration dependence of the wavenumber of a combined vibration-band maximum for an aqueous solution of
(a) lithium chloride, (b) sodium chloride, (c) potassium chloride, (d) rubidium chloride, and (e) cesium chloride.
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where Δν = ν0 – ν, ν is the frequency of bonded OH
group vibrations, ν0 is the frequency of free OH group
vibrations [14], and ν0 = 3600 cm–1 [15].

As can be seen from Fig. 5, the energy of hydrogen
bonds increases for all the studied solutions, while
their length decreases with decreasing concentration.

CONCLUSIONS
A change in the concentration of aqueous LiCl,

NaCl, RbCl, and CsCl from 4 to 0.2 M and an aque-
ous KCl solution from 3 to 0.2 M at a temperature of –
3.5°C led to a shift in the wavenumbers of the absorp-
MOSCOW UNIVERSITY PHYSICS BULLETIN  Vol. 73 
tion band maxima in an IR spectrum. The trend
towards a shift in the wavenumbers of absorption band
maxima with decreasing concentration is the same as
in the case of a decrease in the temperature of these
solutions with the same concentration. When the con-
centration is reduced, the wavenumber of the stretch-
ing (ν1, ν3) vibration band maximum shifts towards
lower values, while the wavenumber of the combined
(ν2 + νL) vibration band maximum shifts towards
higher values. The wavenumber of the bending (ν2)
vibration band maximum grows slightly. Such a trend
in the changes in the wavenumbers of absorption band
maxima is caused by the strengthening of hydrogen
 No. 4  2018
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Fig. 4. The concentration dependence of the wavenumber of a bending vibration band maximum for an aqueous solution of
(a) lithium chloride, (b) sodium chloride, (c) potassium chloride, (d) rubidium chloride, and (e) cesium chloride.
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Fig. 5. (a) The energy of hydrogen bonds and (b) the length of hydrogen bonds between water molecules in alkali metal chloride
solutions versus concentration at a temperature of –3.5°C.
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bonds between water molecules with a decrease in the
concentration of a solution.
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