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Transformation of the valence Si−O vibrations of smectite under effect of

adsorbed CaSO4 and H2O molecules
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This work deals with experimental and theoretical investigation of the spectral properties of smectite, and its

mixture with alabaster (building gypsum) at low moistures. The position and intensity of infrared spectrum bands

at wave numbers in the range of 800−1250 cm−1 coming from Si−O vibrations are investigated. In order to

interpret the experimental spectra obtained by frustrated total internal reflection method, theoretical models based

on DFT with XLYP-correlation potential are used, with cluster approximation for the smectite surface. This allowed

determining optimal positions of the atoms of CaSO4 and H2O molecules near the basal surface. Positions and

intensities of components of the IR spectra of clusters are calculated. The profile of water valence bands was

calculated as superposition of Gaussian curves with the widths estimated from the experiment. Theoretical studies

explained the observed transformations of spectral bands (variation of positions and intensities) resulting from the

modification of the surface properties of smectite particles, and from changes in samples moisture. The agreement

achieved in the positions and profiles of experimental and theoretical spectral bands justifies the adequacy of the

theoretical description of modification of smectite properties, and the effect of hydration

Keywords: Infrared spectrum, DFT method, basal surface modification, cluster method, electron and spatial

structure.
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Introduction

Soft clays have low strength and high compressibility,

which results in significant settlements and failures of soils

under application of mechanical loads [1–5]. Improvement

of the soft clay properties appears to be a quite relevant task

for many construction and transport objectives[6–9].

The solution to this problem may be related to the

application, for example, of vacuumizing, thermal treatment,

complexing etc. [10], which results in change of the

microscopic properties of soils (shape and size of clayey

particles, pore volume etc.), improves strength properties

and reliability of earth structures.

Another method to modify the properties of soft clays

is the mechanism of changing the properties of basal

surfaces of clayey minerals by adsorption of chemical

compounds with the wide spectrum of properties: fly ash,

sand, basalt fiber [11] or cement [12]. The properties of

modified surfaces are currently studied by experimental and

theoretical methods of IR spectroscopy. The method of

IR spectroscopy makes it possible to study both electronic

and spatial structures of hydrated minerals, and to perform

the quantitative analysis of the mineral composition of

soils [13,14]. The results of the study of the IR spectra

of the clayey soils make it possible to calculate a wide

spectrum of mechanical properties, including the properties

of plasticity and characteristics of shrinkage and ductil-

ity [15–17]. Experimental research of the IR spectra of

the moistened montmorillonite STx-1b was performed in

refs. [18,19] by the method of attenuated total reflectance

(ATR). This method has proven itself well when solving

the problems of qualitative and quantitative analysis [20].

The performed research made it possible to numerically

evaluate the spectral features reflecting the formation of

the water molecule layers on clayey particles. In particular,

the abnormal position of the maximum and the value of

the bandwidth of the valent oscillations of water were

discovered at low moistures related to variation of the spatial

structure due to the formation of the chemical bonding with

the atoms of basal surfaces. Generalization of the research

results made in ref. [21] made it possible to conclude that

in the case of interaction of the clayey minerals with water

molecules the ion-dipole and hydrogen bonds are formed.

Active centers of adsorption may be formed due to the

presence of the exchange ions near the surfaces of the clayey

particles [22,23]. If there are no exchange ions, the points of

adsorption are inside the rings made of six oxygen atoms.

Among the theoretical methods for calculation of interac-

tion of individual molecules with clayey particles, Hartree-

Fock methods [24] and methods based on the density

functional theory (DFT) are usually used [25]. Simulation of

hydration of the clayey particles with the basal surfaces of

non-ideal shape and under the conditions of high moisture

content is usually performed by the methods of molecular

dynamics [26].
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The purpose of this paper consists in the studying, using

methods of experimental IR spectroscopy and quantum

chemistry, the features of adsorption of molecules CaSO4

and H2O by basal surfaces of smectite, and in investigating

the effect of the modification of the properties of basal

surfaces on the formation of the IR spectrum bands in the

wave number range of 800−1250 cm−1. The interval of low

moisture values is analyzed, with the upper limit of less

than 20%. This made it possible to investigate, using the

theoretical ab initio methods, the experimentally registered

transformation of bands upon variation of moisture and

additional adsorption of CaSO4 molecules.

The selected range of wave numbers reflects valent

oscillations Si−O which may characterize the properties of

the smectite surfaces upon their modification. The results

obtained in the paper will make it possible to expand

the assortment of components that enable stabilization or

modification of the physical and mechanical characteristics

of soil materials, to improve the technology for preparation

of modified soils and to monitor its quality. The results

of the studies may be useful for making changes and

additions to the regulatory documentation in the field of

industrial and transport construction. At the same time the

results of experimental research may serve as the basis for

further theoretical studies of the interaction between the

soil-forming minerals and alabaster.

Materials

Experimental studies

As a clayey material for research, bentonite of grade

”
Kutch“ was chosen. This material was produced at the

commercial deposit located in the Kutch region, West India.

The studies of the chemical composition of bentonite of

grade
”
Kutch“ were performed in refs. [27–29]. Con-

centrations of the most significant chemical compounds

in bentonite of grade
”
Kutch“ are given in the ref. [30].

It is noted in [31] that the considered bentonite may

contain up to 80% smectite in the form of montmorillonite

(Kutch BF 04) and beideliite (Kutch BF 08). The main

difference of these clays is observed in the capacity of

the cation exchange. The choice of this clayey material

is related to high content of montmorillonite and wide

sphere of its application [32–34]. The properties of

the clayey particles surfaces were modified by alabaster

(CaSO4 · 0.5H2O) [35,36]. This material was obtained as a

result of thermal treatment of a natural gypsum dihydrate

CaSO4 · 2H2O at temperature 150− 180◦C in the units

open to atmosphere. For experimental research, the samples

are used which were produced by mixing bentonite and

alabaster that were first dried to constant mass according

to [37] and ground in a ball mill. The mass of the dry mix

of bentonite and alabaster is determined by the relation

M = m + mB = 1.3mB, (1)

where M is the mass of dry mix, m is the mass of alabaster

equal to 30% of the bentonite mass (mB).
For experimental research, the moistened samples of

bentonite and alabaster mix were used with moisture

content W . The moistened samples were prepared by adding

distilled water, the mass of which is determined by the

relation

mH2O = W M/100, (2)

where mH2O is the mass of added water, W is the necessary

moisture content of the sample in percent, M is the mass of

dry mix.

Theoretical studies

The crystalline structure of smectite is initially

built based on the experimental data provided

at http://rruff.geo.arizona.edu/AMS/amcsd.php

(American Mineralogist Crustal Structure Database,

database code amcsd 0012237). The siloxane basal surface

of smectite was simulated in cluster approximation. The

cluster of the basal surface contained silicon atoms and

surrounding oxygen tetrahedrons. The chemical bonds of

atoms broken when building the clusters were closed with

hydrogen atoms. Use of this cluster model for qualitative

interpretation of the spectra is justified in the ref. [24],
where the IR spectrum transformation is interpreted in case

of kaolinite moisture variation using ab initio simulation.

As alabaster (CaSO4 · 0.5H2O) and water molecules,

molecules CaSO4 and H2O were used in the calculations.

Methods

Study of infrared spectra

The infrared spectra of samples were studied at temper-

ature 23◦C using the method of attenuated total reflectance

(ATR) with application of IR Fourier spectrometer Alpha

(Bruker Optik GmbH, Ettlingen, Germany).
Infrared spectra are measured in the middle infrared

range from 500 to 4000 cm−1 using software OPUS (Bruker
Optics GmbH, Ettlingen, Germany). Spectra were measured

using the module Alpha-E. Registering mode: averaging

over 50 scans, resolution — 2 cm−1. The natural surface

of the sample placed on the surface of ZnSe crystal was

studied.

Calculation of the spatial position of atoms

To simulate the atomic structure of clusters, the DFT

method was used [38–40]. To calculate the electronic states

and correlations in the clusters, the triply
”
degenerated“

McLean-Chandler basis set was used supplemented with

polarization functions: two functions of p-symmetry and

one function of d-symmetry [41]. Optimization of atoms

positions and calculations of the cluster properties are made

using the suite Firefly v.8.2.0 [42], which is partially based

on the source code GAMESS [43]. The calculations used
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the exchange-correlation functional XLYP, used previously

in the ref. [44] as the optimal when calculating the spectral

characteristics in the objects of similar atom composition.

Upon implementation of the numerical procedure, the

convergence limits of the electron density and energy of

the self-consistent field were chosen to be 0.00001. Upon

optimization of the spatial positions, the iterations stopped

when the change in the values of the energy gradient vector

components became less than 0.000003. At such degree of

optimization, the error in determination of wave numbers

is usually below 10 cm−1. The structure of the clusters is

visualized using software suite MacMolPlt v 7.7 [45].

Calculation of wave numbers and intensities of

oscillations

Wave numbers and intensities of oscillations in IR spectra

of clusters were calculated in harmonic approximation. The

choice of approximation is related to a good agreement of

theoretical values of the wave numbers in the spectrum

of the H2O molecule with the experiment and to minor

variation of the accuracy of calculated values upon transition

to the anharmonic approximation. In particular, for molecule

H2O the theoretical values of the wave numbers of valent

and deformation oscillations differ from the experimental

ones by less than 0.3%. The transition to the anharmonic

approximation changes the values of the wave numbers

by less than 0.2%, and intensities — by less than 10%.

The transition from the harmonic approximation to the

anharmonic approximation in the process of calculating the

wave numbers and intensities of oscillations in the molecule

CaSO4, consisting of heavier atoms, results in the change of

these values by 1 and 5%, accordingly. These values may be

assumed the estimates of harmonic approximation accuracy

when researching the oscillations Si−O in bentonite.

Formation of the shape of valent bands of water in

the spectra of moistened samples

When simulating the shapes of the oscillation bands in

the studied clusters, it is assumed that individual oscilatory

states appear in the IR spectra in the form of Gaussian-

shaped profiles. The profiles of the clusters spectra

bands are calculated by summing the Gaussian components

in respective spectral regions. The widths of Gaussian

components are taken to be identical — they were evaluated

experimentally and made 35 cm−1 [35].

Study results

Infrared spectra

Fig. 1 shows normalized spectra of dry samples of ben-

tonite, alabaster, and the mix of bentonite and alabaster. The

spectra are normalized in accordance with SNV (standard
normal variate) algorithms.
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Figure 1. Infrared absorption spectra of dry samples: bentonite

Kutch (blue), alabaster (black) and the mix of bentonite and

alabaster (red).

The infrared spectrum of bentonite (Kutch) indicates

that montmorillonite is a dominant mineral phase in this

clay [46]. The bands 3628 and 1625 cm−1 are due to valent

and deformation oscillations of the OH-groups of montmo-

rillonite [46,47]. Low intensity of these bands is due to the

fact that the samples are dried to constant mass. However,

in the spectrum they are present due to the availability of

small residues of free and bound water. The bands 914

and 875 cm−1 comply with the deformation oscillations of

montmorillonite groups: Al-Al-OH, Al-Fe-OH [46,48–55].
The intensive band 800 cm−1 can be attributed to the

lamellar form of disordered tridymite [48,51,54], and the

band 692 cm−1 — to the presence of quartz in the sam-

ple [48,49,54]. Valent oscillations Si-O of smectite produce

a complex wide band 1150−1000 cm−1 [46,48,51,53–55].
Ref. [56] relate the absorption in the spectrum area below

550 cm−1 with the planar oscillations of octahedral ions

and adjacent oxygen layers. Therefore, the split band in

the spectrum near 518 cm−1 may be observed as a result

of combined oscillations that may be related to symmetric

valent oscillations Me-O or deformation oscillations Si-O

with the same probability. Thus, the works [46,54] relate

the band 518 cm−1 to deformation oscillations Si-O-Al. At

the same time, the work [55], referring to [56], suggests that
the absorption band 518 cm−1 and the closely lying band

494 cm−1 arise as a result of deformation oscillations Si-O-Si

and translational modes of octahedral ions and adjacent

oxygen layers.

In the spectrum of dry alabaster it is possible to identify

the most intense bands 1152, 1110 cm−1, which reflect the

antisymmetric modes of valent oscillations of tetrahedrons

SO4 [57–62]. At the same time, the mode of symmetric

valent oscillations ν1 (SO4) is compliant with a very weak

band 1015 cm−1 [57,59,60]. In the case of a fully symmetric

octahedron such oscillations may not show themselves in

the IR spectrum since they do not cause formation of a
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Figure 2. Infrared absorption spectra of moistened samples:

bentonite Kutch (grey — moisture 16%, red — moisture 9%),
mix of bentonite and alabaster (blue — moisture 16%, green —
moisture 6%).

dipole moment. Availability of a weak-intensity band at

1015 cm−1, therefore, indicates a certain distortion of the

SO4 octahedron geometry in alabaster.

Also characteristic os alabaster are the bands with wave

numbers 667, 632 and 591 cm−1 which comply with

the modes of antisymmetric deformation oscillations of

SO4 [57–61]. The presence of residual water in the

dry alabaster may be detected and characterized by the

bands in the spectral regions of around 3600−3500 and

1600 cm−1 [57,58,60,61]. Band intensities in these regions

are low and significantly noisy. The presence of residual

water in the dried sample indicates poor quality of sample

preparation.

The spectrum of the bentonite and alabaster mix sample

contains the bands of main oscillations of bentonite, and

normal oscillations of CaSO4 molecules — the main

component of alabaster.

To study the spectral region corresponding to the trans-

formation of valent Si−O oscillations of smectite when

under effect of adsorbed molecules CaSO4 and H2O, the

corresponding IR measurements are made in the moistened

samples. Their spectra are shown in Fig. 2.

A more detailed analysis of respective intervals of IR

spectra is provided below.

Calculation results

Calculations of optimal position of atoms in the clusters

containing fragments of siloxane basal surface included

definition of the position of six atoms of silicon and twelve

surface atoms of oxygen belonging to central tetrahedrons,

as well as of atoms within molecules CaSO4 and H2O.

Coordinates of other atoms of the clusters remained the

same. Positions of the hydrogen atoms closing the chemical

Total energies and binding energies of molecules and clusters

studied in this paper

Clusters Total Binding Binding

energy, a.u. energy, eV energy

of water, eV

Ca −677.728

SO4 −699.245

CaSO4 −1377.206 6.34

H2O −76.487

Cluster A −6202.105

(fragment of basal

surface

of smectite, Fig. 3, a)

Ca+Cluster A −6879.838 0.15

SO4+Cluster A −6901.395 1.24

CaSO4+Cluster A −7579.407 2.68

H2O+Cluster A −6278.599 0.22

H2O+CaSO4+Cluster A −7655.939 3.93 1.23

bonds broken when building the cluster of the smectite

surface were frozen after optimization of atoms in the

surface cluster.

The results of calculation of spatial positions of atoms in

clusters is shown in Fig. 3.

In Fig. 3, b it is seen that in absence of the exchange ions

near the surface of smectite (Fig. 3, a) the adsorption points

of the molecule H2O are in the rings of six atoms of oxygen,

which is compliant with the data of [16]. In Fig. 3, c it is

seen that the atom Ca of the molecule CaSO4 is placed in

the center of the hexagon formed by tetrahedrons made of

oxygen atoms. At the same time, due to the tendency of

the group of atoms SO4 to be arranged near the tetrahedron,

the water molecule is pushed off. It should be noted that

in areas of localization of CaSO4 there is no formation of

a water layer directly interacting with the basal surface of

smectite (Fig. 3, d).

The table shows energy characteristics of atoms,

molecules and clusters obtained as a result of optimization

of spatial positions of atoms. The given values of total

energies of multi-atom systems are used to calculate the

energies of bonding between the molecules CaSO4 and H2O

and separately the energy of bonding of the molecule H2O

on the basal surface of smectite.

Comparison of the results of experimental and

theoretical studies

Fig. 4 compares theoretical and experimental bands of

IR absorption spectra of smectite with various moistures.

Optics and Spectroscopy, 2024, Vol. 132, No. 2
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Figure 3. Optimal position of the atoms included in molecules H2O (b), CaSO4 (c), CaSO4 and H2O (d) near the fragment of the basal

surface of smectite (a).

Theoretical spectral bands are calculated for the clusters

shown in Fig. 3, a and 3, b.

Fig. 5 compares theoretical and experimental bands of

IR absorption spectra of smectite and alabaster mix with

various moistures. Theoretical spectral bands are calculated

for the cluster shown in Fig. 3, d.

Discussion of the results

The data given in the table make it possible to conclude

that the binding energy energy of the molecule CaSO4 in the

free state is 6.34 eV. With optimal placement of the molecule

near the basal surface of smectite, the binding energy

reduces down to 2.68 eV, which gives reason to assume the

preservation of the molecular structure during adsorption of

CaSO4. Indeed, the placement of atom Ca and SO4 group

near the basal surface of smectite reduces the bond energy

down to 1.39 eV. At the same time the molecule stretches

along the direction of the chemical bond between Ca and S,

and the distance between the atoms increases from 2.857 to

2.893A. Hence it appears that in the spectroscopic studies

it is first of all necessary to optimize the position of the

molecule CaSO4 near the smectite surface, not considering

separately the optimization of the positions of Ca and SO4.

However, the objective of separate optimization of positions

of Ca and SO4 may arise in cases of high moisture of

samples, when dissociation of CaSO4 near the basal surface

of smectite may be related to formation of solvation shells.

Special calculation demonstrated that the addition of one

molecule H2O increases the distance between Ca and S

from 2.893 to 2.9837 A.

The binding energy of water molecule (0.22 eV), calcu-
lated in the absence of the exchange ions and given in the

table, is well matched to the value 0.26 eV from [22]. The

binding energy of water molecules increases significantly af-

ter the modification of surface properties during adsorption

of CaSO4. In this case the binding energy increases up to

1.23 eV. This is due to the formation of a chemical bond

between molecules CaSO4 and H2O, as shown in Fig. 3, d.

Bands in the range of wave numbers

800−1250 cm−1

Let us consider the behavior of two bands with wave

numbers near 1000 and 1110 cm−1 shown in Fig. 4. As the

moisture of the bentonite samples reduces, the intensity of

these bands decreases, and the peak intensity of the first of

them exceeds the peak intensity of the second one in the

entire range of used moistures. The noted pattern may be

explained by the reduction of water molecule concentration

Optics and Spectroscopy, 2024, Vol. 132, No. 2
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Figure 4. Theoretical (solid curves) and experimental (dashed
curves) bands of IR absorption spectra of smectite with various

moistures: 9% — black curves, 16% — blue curves.

1250 1200 1100 1050 10001150

I
, 
ar

b
. 
u
n
it

s
n
te

n
si

ty

0

2

3

4

950 800

Wavenumber, cm–1

1002

1110 914

875

Bentonite (Kutch) + 30% alabaster, 6% moisture
Bentonite (Kutch) + 30% alabaster, 16% moisture
Bentonite (Kutch) + 30% alabaster, 16% moisture
Bentonite (Kutch) + 30% alabaster, 6% moisture

900 850

5

1

1021

Figure 5. Theoretical (solid curves) and experimental (dashed
curves) bands of IR absorption spectra of smectite and alabaster

mix with various moistures: 6% — black curves, 16% — blue

curves.

near the surface of clayey particles affecting the valent

oscillations of Si−O.

The spectra displayed in Fig. 5 show that the reduction

of moisture in the mixes of bentonite and alabaster also

results in simultaneous reduction in the intensity of these

bands, however, in this case the band with the wave

number 1110 cm−1 becomes more intense, compared to

that in bentonite without additional admixtures. Increased

intensity of the band at 1110 cm−1 may be due to the

manifestation of valent oscillations of molecules CaSO4 —
the main component of alabaster. The wave numbers of

these oscillations are calculated in [35] and are equal to

1053 and 1184 cm−1, and in the measured spectra of dry

alabaster given in Fig. 1, they are noted at wave numbers

1152, 1110, 1015 cm−1. At low moistures, the peak

intensity of the band 1110 cm−1 exceeds the peak intensity

of the band 1021 cm−1. Besides, as the moisture increases,

a complex wide band forms in the wave number region near

1002 cm−1, which may be explained by modification of the

properties of smectite basal surfaces due to adsorption of

CaSO4 and additional adsorption of water molecules by the

CaSO4 molecules.

Comparison of the profiles and positions of theoretical

and experimental bands of smectite of various moisture

given in Fig. 4, makes it possible to note that the

theory reproduces the main features of the experiment.

In particular, two experimental bands with wave numbers

875 and 914 cm−1 appear in the calculation in the form

of a single wide band. The experimental band with wave

number 1110 cm−1 appears in the theory in the form of

a bulge on the band with the wave number 1021 cm−1.

The main disadvantage of the theory may be the insufficient

intensity of the theoretical spectrum in the range of wave

numbers 800−1000 cm−1. This deviation, however, may

be related to inaccuracy of background subtraction when

processing the experimental spectra.

Comparison of the profiles and positions of theoretical

and experimental bands of smectite modified by alabaster

as given in Fig. 5 makes it possible to note their good

agreement for the considered moistures of samples. As in

the case of smectite, two experimental bands with wave

numbers 875 and 914 cm−1 appear in the calculation in the

form of a single wide band. The theory reproduces well the

advanced growth of the intensity of the band with the wave

number of around 1000 cm−1 at the growth of moisture and

the ratio of peak intensities of bands with the wave numbers

1000 and 1110 cm−1.

Conclusions

Adsorption of water and alabaster molecules on the

basal surfaces of clayey particles of smectite results in

simultaneous changes in the electronic and spatial structure

of the interacting objects. To study them, this paper used

the cluster approximation in simulation of the basal surfaces

of smectite and molecules adsorbed on it. Calculations

of the optimal position of cluster atoms are made in the

DFT approximation using McLean-Chandler (MC) basic

set supplemented with polarization functions: two functions

of p-symmetry and one of d-symmetry. Besides, it was

obtained that upon the adsorption of the molecule of

CaSO4 on the smectite surface the binding energy of Ca

and SO4 fragments reduces more than 4 times, and the

distance between Ca and S atoms increases. Addition of

one molecule H2O in the cluster results in increase of

this distance, which makes it possible to assume possible

dissociation of the CaSO4 molecule upon formation of

solvation shells at high moistures.
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Modification of the smectite surface properties related

to the adsorption of CaSO4 and H2O is reflected in the

transformation of the IR spectra bands. The performed

theoretical studies of the profiles of the bands with wave

numbers 1000 and 1110 cm−1 in the smectite-water and

smectite-alabaster systems made it possible to interpret

experimentally observed reduction of peak intensities of the

bands in the first case and inversion of peak intensities in

the second one.
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[33] D. Toksöz Hozatlıoğlu, I. Yılmaz. Engineering Geology, 280,

105931 (2021). DOI: 10.1016/j.enggeo.2020.105931
[34] Ahmed Usama H. Issa. Soils and Foundations, 54 (3),

405−416 (2014). DOI: 10.1016/j.sandf.2014.04.009
[35] A.V. Morozov, D.V. Olkhovatov, V.L. Shapovalov,

A.G. Kochur, V.A. Yavna. Izv. Sarat. Univ. Novaya Seriya.

(in Russian). Seriya: Fizika, 23 (3), 221−237 (2023). (in

Russian)
DOI: 10.18500/1817-3020-2023-23-3-221-237

[36] A. Morozov, V. Shapovalov, Y. Popov, A. Kochur, V. Yavna.

Vibrational Spectroscopy, 128, 103582 (2023).
DOI: 10.1016/j.vibspec.2023.103582

[37] GOST 5180-2015. Grunty. Metody laboratornogo opre-

deleniya fizicheskikh kharakteristik (Standartinform, M.,

2016). (in Russian)
[38] E.K.U. Gross, R.M. Dreizler. Density Functional Theory: An

Approach to the Quantum Many-Body Problem (Springer
US, 2013). DOI: 10.1007/978-1-4757-9975-0

[39] N. Bork, L. Du, H. Reiman, T. Kurtén, H.G. Kjaergaard.

J. Physical Chemistry A, 118 (28), 5316−5322 (2014).
DOI: 10.1021/jp5037537

[40] A.G. Shklovsky, A.V. Beregovoy. Teoriya funktsionala elek-

tronnoy plotnosti dlya atomov i prostykh molekul (ID

”
Belgorod“ NIU

”
BelGU“, Belgorod, 2014). (in Russian)

[41] E. Magnusson. J. Computational Chemistry, 14 (1),
54−66 (1993). DOI: 10.1002/jcc.540140110

[42] A.A. Granovsky. Firefly. version 8 [Electronic source].
http://classic.chem.msu.su/gran/firefly/index.html

[43] M.W. Schmidt, K.K. Baldridge, J.A. Boatz, S.T. Elbert,

M.S. Gordon, J.H. Jensen, S. Koseki, N. Matsunaga,

K.A. Nguyen, S. Su, T.L. Windus, M. Dupuis, J.A. Mont-

gomery. J. Computational Chemistry, 14 (11), 1347−1363

(1993). DOI: 10.1002/jcc.540141112
[44] Morozov, T. Nazdracheva, A. Kochur, V. Yavna. Spectrochim-

ica Acta Part A, 287 (2), 122119 (2023).

DOI: 10.1016/j.saa.2022.122119

[45] B.M. Bode, M.S. Gordon. J. Molecular Graphics and Mod-

elling, 16 (3), 133−138 (1998).
DOI: 10.1016/S1093-3263(99)00002-9
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