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The nature of the chemical bond in 31 oxyanionic crystals was analyzed using ab initio calculations and
quantum theory of atoms in molecules (QTAIM). The QTAIM topological analysis of the calculated
electron densities in oxyanionic crystals revealed that some of the metal-oxygen, metal---metal, metal—
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1. Introduction

Oxyanionic crystals such as nitrates, chlorates and perchlo-
rates are used as energetic oxidizers in propellants and
explosive and pyrotechnic systems, and as sources of oxygen in
respiratory apparatus.’™ Lithium perchlorate is also applied as
a component of electrolytes for solid-state lithium batteries,’
with sodium chlorate as a nonlinear optic material,® and some
nitrates are used in lasers.” Besides, nitrates and perchlorates
are promising candidates for being used as NLC (negative
linear compressibility) materials in ultrasensitive pressure
detectors, shock resistant materials, artificial muscles, body
armor, and pressure switches.*'* It is interesting to note that
perchlorates were detected on Mars and they can be useful for
future studies.'™'*> At Martian surface conditions, the mono-
and di-hydrate sodium perchlorates are the most relevant
phases.”®* The application of metal sulfates is extensive and
various, such as road bases and airfield pavement construc-
tion, and they are a component of fire-resistant compounds
and can be used in electrochemical industry for battery
manufacturing,'* as a radiopaque and catalytic material,’® in
pyrotechnics and ceramics,'® and as a solid lubricant in molds
and engines."” Gypsum is used in construction and in medi-
cine, in the pulp and paper industry and as a refractory
material. Sulfates were found in sulfate sediments on Mars
and in meteorites.'" Nitrates and sulfates are mineral
components of coal.>***
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with cationic radii. There are weak anion---anion interactions.

Crystal structures of oxyanionic crystals were studied both
experimentally and using first-principles calculations. The
findings of ab initio structural studies compared to the existing
X-ray and neutron diffraction data are presented in ref. 9 and
22-26. Volumes per formula units, metal-oxygen distances and
intra-anionic bond lengths tend to increase with an increasing
radius of metal cation, and in most cases almost linearly. The
presence of nonequivalent oxygen and hydrogen atoms is
typical for oxyanionic crystals. The results of theoretical studies
of electron, elastic, vibrational and thermal properties (based
on density functional theory) of oxyanionic crystals compared to
the existing experimental data were reported in ref. 9, 10 and
22-28. Band gap decreases with increasing cation and central
atom electronegativity. Cationic states notably affect the
formation of density spectra of valence and unoccupied states
of oxyanionic crystals with polyatomic cations and metal
cations with high electronegativity. Substantial hybridization of
anionic and cationic states can occur. There are bands of mixed
(anion-water) nature in the density of states spectrum of oxy-
anionic hydrates. A characteristic feature of many oxyanionic
crystals is compressibility anisotropy, and some crystals are
even characterized by such a rare phenomenon as negative
linear compressibility.>'® Compressibility of intra-ionic bonds
is substantially smaller than that of interionic bonds. Elastic
bulk modulus, shear modulus, Young modulus and hardness
tend to increase with decreasing radius of metal cation. External
lattice vibrations and high-frequency internal vibrations of
molecular structural units both determine vibrational spectrum
of oxyanionic crystals. Intramolecular modes have noticeably
smaller values of the Griineisen parameter, than most external
vibrational modes. Combined (mixed) vibrations of anions and
water molecules are possible.”* Temperature dependency of
heat capacity at 7 > 200 K is mainly determined by

This journal is © The Royal Society of Chemistry 2019
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intramolecular vibrations and the Dulong-Petit law fails at
room temperature.”” Recently synthesized energetic 3,3'-dia-
mino-4,4"-azo-1,2,4-triazole nitrate and perchlorate have good
detonation properties.>

The macroscopic behavior of the materials is eventually
controlled by their microscopic properties, such as interatomic
interactions.®® The condition for formation of the chemical
bond is the presence of bond critical point (BCP).*** According
to Bader's quantum theory of atoms in molecules (QTAIM),*"**
the chemical bonds can be quantified in terms of features of the
BCPs in electron density. The analysis of electron density
properties at BCPs provides information on the nature of
atomic interactions. Difference or deformation electron densi-
ties and also the Laplacian of electron density at BCP (Ap.),
which describe concentration of electron density in the bonding
region, are used to distinguish between non-covalent closed
shell interaction (ionic, etc.) and covalent one.**** However,
these characteristics are insufficient to identify weak covalent
bonds.*** When such bonds are formed, the electron density
flows out of the internuclear region, however, the residual
density is sufficient for covalent bonding to form due to
increase in the absolute value (magnitude) of the potential
energy.**** Therefore, apart from deformation density and the
Laplacian Ap,, the energy density H,. is used.** H. = G, + V. =
0.25Ap. — G, where G. and V, are the kinetic and potential
energy densities at the BCP, respectively.®® Kinetic energy
density G, relates to electron density and the Laplacian at the
BCP.***” The condition H, > 0 (p. is destabilizing) corresponds to
non-covalent closed shell interaction, while at H. < 0 (p. is
stabilizing) the bond has a covalent component.***® So, the
bond with covalent component is characterized by predomi-
nance of local potential energy at the BCP. Therefore, both
electrostatic (Hellmann-Feynman) and energetic description of
chemical bond is needed.****

The atomic interactions can be classified®®*° as shared
interactions (Ap. < 0, H. < 0), transit (intermediate) interac-
tions (Ap. > 0, H, < 0) and closed shell interactions (Ap. > 0, H, >
0). Shared interactions are covalent and polar covalent
bonds.*>** Intermediate interactions are partially covalent
interactions which include coordination (dative) bonds, strong
hydrogen bonds, metallic bond, etc.***"** Closed shell interac-
tions include ionic bond and weak intermolecular interactions
(weak and medium hydrogen bonds, van der Waals interac-
tions, etc.).*>** It should be noted that Ap. > 0, H. < 0 (relatively
high H.) and relatively high p. value correspond to polar cova-
lent bond.*"** For the record, the strongest coordination and
hydrogen bonds have the characteristics of covalent bonds.*
Additionally, atomic interactions can be classified by the bond
degree parameter BD = H./p. (the total energy per electron at
BCP).*®** For non-covalent closed shell interactions the BD
parameter is positive and indicates a softening degree (SD): the
weaker and more closed shell in nature is the interaction, the
greater is the SD magnitude. The BD parameter is negative and
indicates the covalence degree (CD) of interactions for shared
and intermediate (partially covalent) interactions: the stronger
and more covalent the interactions are, the greater the CD
magnitudes are.
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The value of electron density at BCP is an important char-
acteristic.**?> Electron density at bond critical points (p.) for
typical ionic crystals LiF, NaF, NaCl and MgO does not exceed
0.04 a.u.** On the other hand, partially covalent (intermediate)
Mn-F bond in fluoride KMnF; is characterized by p. ~0.07 a.u.*
Partial covalence for strong H-bonds (dy;...0 < 1.65 A) of some
molecular crystals corresponds to 0.05 < p. < 0.12 a.u.*®* The
closed shell (electrostatic) H---O hydrogen bonds for amide
dimers are characterized by p. < 0.035 a.u., while partially
covalent (H, < 0) bonds comply with 0.035 < p. < 0.11 a.u.** The
covalent interactions exhibit p. > 0.14 a.u.*

Experimental QTAIM studies of topological electron density
properties were performed for oxyanionic crystals such as urea
nitrate, sodium chlorate and potassium perchlorate.***®
However, experimental determination of charge density pres-
ents certain difficulty due to the experimental problem of
deconvolution of thermal motion and electron density even at
low temperature.”®*® The abilities of multipole model to
describe the experimental electron density Laplacian for the
bonds having a covalent component are restricted.*>** So, the
main origin of topological discrepancies between experimental
and theoretical crystal charge densities is attributed to the
nature of radial functions in the experimental multipole
model.* The theoretical total and difference electron density
maps of oxyanionic crystals and chemical bond analysis were
reported in ref. 10, 22, 23, 25 and 53-57. However, as it was
mentioned above, QTAIM topological analysis is needed for
adequate study of the nature of chemical bond. As we know,
theoretical study of QTAIM topological properties of electron
density at BCP has been performed only for potassium
perchlorate.*®

Thus, the chemical bond of oxyanionic crystals has not been
studied sufficiently. There is no systematic investigation of
chemical bond in oxyanionic crystals based on QTAIM topo-
logical analysis. The purpose of this work is a systematic ab
initio study of the nature of chemical bond in oxyanionic crys-
tals on the basis of QTAIM topological analysis of electron
densities.

2. Computational details

Density Functional Theory (DFT) is an effective tool for model-
ling and predicting of physical and chemical properties of
a wide range of materials.”® In most cases the results obtained
via DFT calculations are in reasonable agreement with the
experimental data. Due to theoretical calculation it is possible
to predict physical and chemical properties of solids at the
microscopic level. We used CRYSTAL software® and PBE func-
tional® to perform calculations in the present work. We used
dispersion correction scheme of Grimme (DFT-D2),** integrated
in the standard DFT description in order to include the long-
range intermolecular interactions. The correction to DFT
takes into account the dispersive interactions based on damped
atomic pairwise potentials. Recently, DFT-D2 method was
successfully applied to describe properties of various
Crystals‘4,9,10,22725,62766
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The experimental determination of the exact atomic posi-
tions and bond lengths, especially for hydrogen-containing
compounds, is a well-known problem.®7° Even neutron-
diffraction measurements are not sufficient to receive reliable
structural information because of the thermal libration effect
(bond shortening).”>”> A more detailed atomic structure can be
obtained due to first-principles calculations.” We used opti-
mized (by calculations) crystal structures and basis sets of
atomic orbitals according to ref. 9 and 22-26. Energy conver-
gence was better than at 10~ ° a.u. Visualization of crystal
structures was performed using CrystalExplorer software.”

The topological analysis of the electron density, within the
framework of the QTAIM, has become a powerful tool for
chemical bond study.” The TOPOND code’® integrated in the
CRYSTAL program used for QTAIM topological analysis of the
electron density. Energies of interatomic and intermolecular
interactions (closed shell and intermediate), hydrogen bonds in
particular, can be estimated as Ej, = —0.5V..”””® This correla-
tion between bond energy and potential energy density at BCP
(V.) is valid for medium and strong hydrogen bonds, coordinate
bonds, weak intermolecular and interionic interactions.””®" It is
proved by the good agreement between the sublimation
enthalpy obtained by summation of all the Ej, for crystals and
thermochemical data.”® We used this relation in our calcula-
tions of interaction energies. It should be noted that along with
QTAIM analysis there are crystal orbital overlap population
(COOP) and crystal orbital Hamiltonian population (COHP)
ones as tools for studying chemical bonds in solids.***
However, the COOP as well as COHP are basis set dependent
quantities and therefore are not an absolute bonding indica-
tors.** One of the advantages of Bader QTAIM approach is the
possibility to detect even the weakest bonding interatomic
interactions and estimate their energies.®***

3. Results and discussion

The crystals with metal cations are ones of the most well-known
among oxyanionic crystals. Fig. 1 shows optimized structures of
nitrates, chlorates, perchlorates and metal sulfates. The struc-
tures of ambient (II) and higher pressure (IV, at P ~ 0.3 GPa)
phases are given for KNOjs. Isosurfaces of electron density (p =
0.03 a.u.) for oxyanionic crystals are also shown in Fig. 1.

First of all we considered the chemical bond in oxyanionic
crystals with alkali metal cations. Table 1 presents electron
density p., the Laplacian of electron density Ap. and energy
density H, calculated at critical points for the shortest metal-
oxygen and intraanionic bonds of oxyanionic crystals with alkali
metal cations. Atomic numbering is in accordance with Fig. 1.
The negative value of the Laplacian Ap, reveals concentration of
electron density between the pair of interacting atoms. There is
depletion of electron density for positive values of Ap.. Electron
density at BCPs for M-O bonds does not exceed 0.02 a.u. (Table
1), Ap. > 0 and H. > 0, that prove closed shell (ionic) character of
interactions between alkali metals and oxygens. On the other
hand, the p. values for N-O and CI-O bonds are significantly
higher, the Laplacian and energy density are negative, which
indicates the shared (covalent) nature of intra-anionic bonds.
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The calculated electron densities of perchlorates p. are in good
agreement with the experimental values, which are ~0.36 and
0.01 a.u. for CI-O and K-O bonds of potassium perchlorate,
respectively.*® Besides, our calculations are in reasonable
agreement with experimental p, (ref. 46) for CI-O bonds (0.355
a.u.) and Na-O bonds (0.013 a.u.) of sodium chlorate. It should
be noted that B3LYP hybrid functional leads to results which are
similar to PBE ones. So, the differences between B3LYP and PBE
values of p., Ap. and H, are smaller than 10%.

Atomic charges for NaNO; (Qna = +0.912, Qn = +0.747, Qo =
—0.553e), calculated in the present work by integration of
electron density over topological atomic basins (Bader AIM
charges), are in good agreement with the charges (Qna = +1.0,
Qn = 10.639, Qo = —0.546¢), used in empirical fitted poten-
tials.®® Obtained from theoretical and experimental (in paren-
theses, ref. 46) electron density AIM charges for sodium,
chlorine and oxygen atoms in NaClO; are +0.899 (0.91), +1.536
(1.36), —0.812 (—0.76)e, respectively. As to KClO,, calculated in
the present work and reported in ref. 48 (in parentheses) AIM
charges are Qg = +0.95 (+1.0), Q¢ = +2.037 (+2.3), (Qo) =
—0.749 (—0.8)e. Thus, the charges of the central atom (chlorine)
for chlorate and perchlorate anions are considerably higher
than the charge of the central atom (nitrogen) for nitrate anion.
As the charges of the central atom (nitrogen, chlorine) and
oxygen are opposite, intra-anionic bond is polar covalent. The
cationic charges are near 0.9¢ that indicate ionic bond between
alkali metals and anions.

It is interesting to note that there are weak bonding anion---
anion interactions in oxyanionic crystals (Table 2). So, as for
sodium chlorate, ClO;---ClO; anionic interactions occur
through weak interactions between chlorine and oxygen atoms
with the opposite charge sign (Cl---O) and between oxygen
atoms (O---O). Herewith, the electron density and its Laplacian
at BCP for Cl---O interactions (p. = 0.009, Ap. = 0.033 a.u.)
calculated in our work are in good agreement with experimental
values (p. = 0.010, Ap, = 0.042 a.u.) reported in ref. 46. Smaller
topological properties at BCP (p. = 0.005, Ap. = 0.017 a.u.)
correspond to O---O interactions. Positive Ap. indicate the
closed shell (electrostatic and dispersion) character of bonding
anion---anion interactions. The energies of O---O and Cl---O
interactions are 2.96 and 6.54 k] mol ", respectively.

Similarly to NaClOj3, there are Cl---O and O---O weak anion---
anion interactions in potassium chlorate. Only O---O weak
interactions can be detected in LiNO3;, NaNO; and alkali metal
perchlorates. Weak O---O interactions have been also detected
in other crystals.*®®" It is interesting to note that interactions
between central atoms of anions (N---N, Cl---Cl) occur in
potassium nitrate and potassium chlorate. It can be seen that
the energies of anion---anion interactions for oxyanionic salts
with lithium and sodium cations are higher than those for
potassium salts. The nature of anion-anion interactions was
previously discussed in ref. 80. Bonding anion-anion interac-
tions, most likely, have electrostatic (dipole-dipole) and
dispersion nature. A certain role is played by the orbital overlap,
as well as the polarization effects.** Cation-anion interactions
also partially compensate for Coulomb repulsion between
anions.*

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Optimized structures and isosurfaces (p = 0.03 a.u.) of electron density for oxyanionic crystals with metal cations.

Moreover, we considered the chemical bond in oxyanionic
crystals with divalent metal cations. Tables S1 and S27
present electron density p., the Laplacian of electron density
Ap. and energy density H, calculated at critical points for the
shortest metal-oxygen and intraanionic bonds of oxyanionic
crystals with divalent metal cations. Fig. 2 shows electron
density distributions p for alkali-earth metal and zinc
nitrates and sulfates. The intervals between isodensity curves
are 0.01 a.u.

This journal is © The Royal Society of Chemistry 2019

It is clearly seen that there is a substantial covalent bond
inside nitrate and sulfate anions. Anion atoms have a large
number of common contours, typical of covalent bonds. At the
same time the our calculated electron densities p. for critical
points of N-O bonds in divalent metal nitrates are relatively
high (~0.44 a.u.), Ap. <0 (~—0.7 a.u.) and H. < 0 (~—0.79 a.u.),
which indicate covalent bond inside nitrate anions. As for
sulfates S-O bonds, the electron densities p. calculated in our
work are relatively high (~0.25 a.u.), H. < 0 (~—0.22 a.u.).

RSC Adv., 2019, 9, 12020-12033 | 12023
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Table1 Topological properties of electron density calculated at BCPs
for metal-oxygen and intra-anionic bonds
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Table 2 The topological properties at BCPs and interaction energies
for weak anion---anion interactions

Crystal Bonds pe (a.u.) Apc (a.u.) H.(au) Crystal BondsA-B pc(au) Ap(au) H(au) Ei (k] mol )
LiNO; N-O 0.435 —0.818 —0.785 LiNO; O---0 0.011 0.044 0.0021 8.91
Li-O 0.015 0.103 0.0060 NaNO3; O---O 0.006 0.023 0.0013 4.01
NaNO; N-O 0.434 —0.803 —0.781 KNO; N---N 0.005 0.025 0.0017 3.84
Na-O 0.015 0.094 0.0052 01---01 0.003 0.010 0.0007 1.56
KNO; N-O1 0.429 —0.760 —0.764 02:--02 0.004 0.016 0.0010 2.51
N-02 0.429 —0.763 —0.764  NaClo; CI---O 0.009 0.033 0.0016  6.54
K-O1 0.011 0.052 0.0028 O---0 0.005 0.017 0.0010 2.96
K-02 0.013 0.057 0.0027  KClO; Cl---01 0.006 0.020 0.0011 3.68
NaClO; Cl-0 0.287 —0.400 —0.392 Cl---02 0.003 0.010 0.0007 1.56
Na-O 0.014 0.082 0.0045 01---01 0.003 0.011 0.0007  1.67
KCIO; Cl-01 0.288 —0.404 —0.394 02:--02 0.004 0.016 0.0010 2.51
Cl-02 0.291 —0.418 —0.402 Cl---Cl 0.003 0.010 0.0007 1.56
K-0O1 0.013 0.054 0.0024 LiCclo, O1---02 0.011 0.042 0.0019 8.70
K-02 0.012 0.053 0.0026 01:--03 0.012 0.047 0.0021 9.88
LiClO,4 Cl-01 0.311 —0.564 —0.457 02---:02 0.010 0.041 0.0021 7.98
Cl-02 0.327 —0.682 —0.503 02---03 0.008 0.029 0.0015  5.58
Cl-03 0.318 —0.594 —0.475 NaClo, O1---01 0.008 0.035 0.0020 6.24
Li-O1 0.015 0.104 0.0060 01---02 0.007 0.029 0.0017 5.10
Li-02 0.016 0.121 0.0072  KClO, 01---01 0.005 0.018 0.0011 3.07
Li-03 0.009 0.058 0.0037 01---02 0.005 0.019 0.0012 3.18
NaClO, Cl-01 0.322 —0.632 —0.487 02---03 0.006 0.022 0.0013 3.90
Cl-02 0.320 —0.605 —0.480 03---03 0.006 0.021 0.0012 3.79
Na-O1 0.012 0.073 0.0043
Na-02 0.011 0.065 0.0039
KClO, Cl-01 0.325 —0.650 —0.495
Cl-02 0.320 —0.604 —0.480  Ap.,*"* quite small for these bonds (0.075-0.120 a.u.). It
Cl-03 0.317 —0.584 —0.472  gshould be noted that calculations with B3LYP hybrid func-
K-01 0.007 0.036 00023 +isnal also reveal negative values of energy densities for M-O
K-02 0.010 0.045 0.0024 . . . ..
K-03 0.012 0.053 0.0026 Ponds of zinc and lead nitrates and sulfates. Thus, interionic

However, Ap. are positive (~0.8 a.u.). Therefore, intra-anionic
bonds are polar covalent in sulfates.

Five common contours for anions and cations are visible in
zinc nitrate and zinc sulfate, therefore, electron densities at
BCPs for Zn-O bonds are more than 0.05 a.u. As cation elec-
tronegativity decreases, the number of common contours
decreases as well. Thus, there are three common contours for
magnesium nitrate, while there are only two for calcium
nitrate and strontium nitrate (Fig. 2). Nevertheless, electron
density at Ca-O BCP in Ca(NOs3), is considerably higher (1.6
times) than electron density at Na-O BCP in NaNO;. There are
almost four common contours for magnesium sulfate, three
for calcium sulfate, and only two for strontium sulfate (Fig. 2).
Therefore, p. in magnesium, calcium and strontium nitrates
and sulfates for M-O bonds does not exceed 0.04 a.u. (0.020-
0.039 a.u.). At the same time Ap. > 0 (0.082-0.264 a.u.) and H,. >
0 (0.003-0.009 a.u.), which indicates the ionic character of
anion-cation bond in these compounds. It is interesting to
note that energy densities for M-O bonds of zinc and lead
nitrates and sulfates at BCPs are negative (—0.005 < H, <
—0.0003 a.u.), which indicates partially covalent nature of Zn-
O and Pb-O bonds. However, the energy density H. for Pb-O
bonds of lead nitrate and sulfate is negative even at relatively
small p. (0.026-0.035 a.u.). It is due to the fact that H. relates
not only to the electron density p., but also to the Laplacian

12024 | RSC Adv., 2019, 9, 12020-12033

bond in oxyanionic crystals with metal cations with high
electronegativity is of both electrostatic and covalent nature
(mixed electrostatic-covalent character).

As for oxyanionic crystals, we found out that the distances
between cationic nuclei and the bond critical points (R.)
correlate with cationic radii Ry.*® The computed parameters of
the linear approximation R. = a + bRy are given in Table 3. The
scatterplots for the linear correlations listed in Table 3 are
presented in the ESI (Fig. S1t). There is a good correlation
between R, and Ry (R* > 0.99). Thus, R, can be used to estimate
cationic radii and vice versa. A good correlation between R, and
R\ agrees well with the fact that the anion-cationic bond for
most of oxyanionic crystals has predominantly electrostatic
character. Some difference between R, and Ry can be due to the
fact that cationic charges are smaller than cationic valence
(ionicity degree is not 100%). On the other hand, distances
between the nuclei of central atoms (nitrogen, chlorine, sulfur)
and the bond critical points in anions for isoanionic series
remain practically the same. As for metal nitrates, chlorates,
perchlorates and sulfates, they are ~0.62 (0.71), 0.76 (1.02), 0.72
(1.02) and 0.68 (1.05), respectively (covalent radii®” of central
atoms are given in parentheses). The differences between
covalent radii and BCPs distances for central atoms indicate the
polarity of intra-anionic bonds.

It is appealing to summarize the results of the study of
chemical bond nature and establish some criteria for covalence.
The dependencies between bond degree (H./p.), electron

density p., overlap population Py, and cationic

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Electron density distributions for oxyanionic crystals with divalent metal cations.

Table 3 The parameters of the cationic dependencies R. = a + bRy
(with R? correlations) for oxyanionic crystals with metal cations

Crystals a(A) b R?

Alkali metal nitrates 0.278 0.875 0.997
Divalent metal nitrates 0.328 0.943 0.991
Alkali metal chlorates 0.247 0.905 1.000
Alkali metal perchlorates 0.275 0.916 0.999
Divalent metal sulfates 0.364 0.877 0.995

electronegativities xy for M-O bonds of oxyanionic crystals
calculated in our work are presented in Fig. 3.

It can be seen from Fig. 3 that there are two ranges of values
of electron densities p. for oxyanionic crystals with the corre-
sponding M-O bonds different in nature. This is the range with
positive values of bond degree and the range with H./p. < 0.
Herewith, closed shell (electrostatic) in nature M-O bonds
exhibit p. < 0.026 a.u., while partially covalent (H./p. < 0) metal-
oxygen interactions are characterized by p. > 0.046 a.u. For
example, in accordance with Tables 1 and S1,f Na-O bonds of
NaNO; and Ca-O bonds of Ca(NO3), lie in electrostatic region. It
is interesting to note that there is a transition region 0.026 < p. <
0.046 a.u., where both electrostatic and partially covalent in
nature M-O bonds are possible. As for oxyanionic crystals, it is
interesting to find out how electron density at BCP is related to
other characteristics, such as Mulliken overlap populations and
electronegativities. It can be seen from Fig. 3 that as overlap
population increases, electron density p. for M-O bond
increases as well as 0.015 + 0.389Py_¢, (correlation is R* = 0.78).
In these circumstances electrostatic in nature metal-oxygen
bonds show Py;_o <0.023e, while partially covalent bonds agree
with Py_o > 0.077e. The transition region is characterized by
0.023 < Pyi_o < 0.077e. As for cationic electronegativity x,***
electron density p. have a tendency to increase (Fig. 3) along
with increase of xy. In linear approximation p. = —0.021 +
0.041xy (correlation is R> = 0.70). Bond degree (H./p.) tends to

This journal is © The Royal Society of Chemistry 2019

decrease with increase of density p. and electronegativity xu
(Fig. 3). So, electrostatic M~O bonds (H./p. > 0) correspond to
comparatively low cationic electronegativities xy < 1.55, while
partially covalent M-O bonds (H./p. < 0) correspond to high xy
> 1.55. It is interesting to note that for intra-anionic A-O bonds
the covalence degree magnitude (|H./p.|) increases with
increase of central atom electronegativity x,*** as well as
—2.673 + 1.454y, (R* = 0.98). At the same time, p. = —0.512 +
0.302x,4 (R* = 0.85) for intra-anionic bonds.

More complicated structures have oxyanionic crystals with
polyatomic cations that contain nitrogen, hydrogen, and carbon
(Fig. 4).

Nitrate and perchlorate with molecular inorganic ammo-
nium cation are among such crystals (Fig. 4). Unlike oxyanionic
crystals with metal cation, nitrate and perchlorate with poly-
atomic ammonium cation are characterized by the presence of
H---O hydrogen bonds. The electron density p., the Laplacian of
electron density Ap. and energy density H,. calculated at critical
points for H---O hydrogen bonds of ammonium nitrate and
perchlorate (AN and AP) are presented in Table 4. Atomic
numbering is in accordance with Fig. 4. The electron density at
BCPs for hydrogen bonds in ammonium nitrate and perchlorate
does not exceed 0.03 a.u., Ap. > 0 and H, > 0 (Table 4). B3LYP
calculations also reveal positive H, values. Thus, these H-bonds
are closed shell (electrostatic) in nature.

Other representatives of oxyanionic crystals with polyatomic
cations include nitrates and perchlorates with polyatomic
organic cations. Fig. 4 presents optimized structures of 3,3-
diamino-4,4-azo-1,2,4-triazole  nitrate and  perchlorate
(C4HgN;4(NO3),, DATN and C4HgN;((ClO,),, DATP),* as well as
urea nitrate ((NH,),COH-NOj;, UN). An interesting peculiarity is
that cationic hydrogen atoms are involved in hydrogen bonds
with oxygen atoms of anions. The electron density p., the Lap-
lacian of electron density Ap. and energy density H,. calculated
at critical points for H---O hydrogen bonds of UN, DATN
nitrates and DATP perchlorate are presented in Table 4. Atomic
numbering is in accordance with Fig. 4. The highest electron

RSC Adv., 2019, 9, 12020-12033 | 12025
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densities at BCPs (0.067 and 0.051 a.u.) correspond to H5---O1
and H1---O2 hydrogen bonds in nitrates. The electron densities
pc for H---O bonds in UN (0.022-0.067 a.u.) calculated in our
work are in reasonable agreement with the experimental ones
(0.017-0.054 a.u., ref. 47). Also PBE results are in reasonable
agreement with B3LYP ones (differences are smaller than 10%).
Our calculations, as well as the experiment,*” reveal that
maximal p. values for UN correspond to the H-bond which
involved cationic hydroxyl group. In general, 0.03 a.u. < p. < 0.07
a.u., Ap. > 0 and H, < 0 (Table 4) are performed for H5---O1,
H2:--03, H1:--O2 (DATN), H4---O1 (DATP) hydrogen bonds of
nitrates and perchlorates with polyatomic organic cations,
which indicates the presence of a covalent component for these
bonds. It is interesting to note that electron densities at BCPs
for H1---03, H3---02 (UN), H4--O1 (DATN), H3---O3 and H1-+-
02 (DATP) hydrogen bonds have comparatively small values
(0.026 a.u. < p. < 0.03 a.u.), however, the energy densities H, are
negative and the nature of these bonds is partially covalent. It is
due to the fact that the Laplacian Ap. for these bonds is quite

12026 | RSC Adv., 2019, 9, 12020-12033

small (H, relates not only to electron density p., but also to the
Laplacian Ap*"*¢). H4---02, H2---O1, H3---02 (DATP) hydrogen
bonds are electrostatic in nature (p. < 0.026 a.u., Ap. > 0 and H, >
0).

Another interesting class of oxyanionic crystals can be
distinguished, that is metal-organic compounds containing
organic ligands coordinated to metal cations. It is known that
metal-organic nitrate [Ag(ethylenediamine)|[NO; belongs to this
group of crystals, where ethylenediamine molecules coordi-
nated to silver cations via Ag-N bonds act as ligands.® Fig. 5
presents optimized structure of this metal-organic nitrate
(ethylenediamine-silver(r) nitrate), hereinafter referred as
[Ag(en)]N.

Such crystals have a framework structure and are coordina-
tion polymers (CPs), therefore they are called metal-organic
frameworks (MOFs), or metal-organic coordination poly-
mers.”>”* It should be noted that the term metal-organic has
been used to cover broadly those compounds with metal-
carbon bonds (usually known as organometallic compounds),

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Optimized structures for oxyanionic crystals with polyatomic inorganic and organic cations.

Table 4 Topological properties of electron density calculated at BCPs
for H---O hydrogen bonds in oxyanionic crystals with polyatomic
inorganic and organic cations

Crystal H-bonds Pe Ap. H,

AN H2---01 0.022 0.077 0.0015
H1---01 0.021 0.071 0.0013
H1---02 0.011 0.048 0.0024

AP H2---01 0.030 0.104 0.0004
H3---03 0.016 0.063 0.0023
H1---02 0.014 0.061 0.0027
H1---0O3 0.013 0.051 0.0022

UN H5---01 0.067 0.149 —0.0193
H2---03 0.032 0.091 —0.0017
H1---03 0.028 0.077 —0.0010
H3---02 0.026 0.071 —0.0006
H4---02 0.022 0.065 0.0005

DATN H1---02 0.051 0.140 —0.0085
H4---01 0.030 0.075 —0.0021
H3---03 0.028 0.070 —0.0016
H2---01 0.011 0.034 0.0013

DATP H4---01 0.031 0.086 —0.0016
H1---02 0.029 0.077 —0.0014
H3---02 0.022 0.059 0.0000
H2---01 0.012 0.036 0.0012

as well as metal-oxygen—-carbon compounds (alkoxides or
alcoholates), and coordination compounds of metals and
organic molecules (ligands).*>**

This journal is © The Royal Society of Chemistry 2019

Fig. 5 shows electron density distributions for [Ag(en)]N. The
interval between isodensity curves is 0.01 a.u. It is seen that
chemical bond is substantially covalent inside organic ligands
and nitrate anions. The atoms of ligands and anions have
a large number of common contours, which is typical of cova-
lent bond. [Ag(en)N has an interesting feature, that is metal-
ligand (Ag-N1) and metal---metal (Ag---Ag) bonds. Hydrogen
bonds between anions and ligands are also of interest, where
hydrogen atoms of ligands and oxygen atoms of nitrate anions
are involved. More than five common contours are visible for
silver cations and nitrogen atoms of ligands. Two contours that
are common to the chain of silver cations also attract attention.
Almost three common contours are visible for hydrogen bonds
H4---02 (Fig. 5).

Table 5 presents the electron density p., the Laplacian of
electron density Ap. and energy density H, at critical points for
Ag-N1, Ag---Ag and H---O bonds of metal-organic nitrate
[Ag(en)]N. Atomic numbering is in accordance with Fig. 5.

As can be seen from the Table, comparatively high density p.
> 0.08 a.u. takes place for metal-ligand (Ag-N1) bonds, which
can be compared with p, typical of covalent bonds (>0.14 a.u.*).
And H. < 0, that indicates the presence of covalent component
for metal-ligand bond. As for argentophilic bonds Ag---Ag, the
electron density p. is comparatively small and equals ~0.02 a.u.,
however, the energy density is negative, therefore, there is
covalent component of bond. Thus, there are argentophilic

RSC Adv., 2019, 9, 12020-12033 | 12027
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Fig. 5 Optimized structure and electron density distributions for [Ag(ethylenediamine)]NOs.

Table 5 Topological properties of electron density calculated at BCPs
for the bonds in [Ag(en)IN

Bonds Pe Ap. H,

Ag-N1 0.085 0.329 —0.0198
Ag---Ag 0.023 0.051 —0.0011
H4---02 0.030 0.078 —0.0018
H3---01 0.019 0.056 0.0008

bonds Ag---Ag and coordination bonds Ag-N1 in [Ag(en)]N,
which are partly covalent in nature. Electrostatic and covalent
nature of metal-ligand bonds in metal-organic compounds has
been earlier discussed in ref. 94-96. Ag-N coordination bond
energy calculated in our work equals 159 kJ mol ', which is
comparable with typical covalent bond energies. The energy of
argentophilic bonds Ag---Ag is significantly smaller
(~20 kJ mol™"). Associations of like-charged ions were previ-
ously discussed in ref. 80, where the possibility of bonding
anion-anion and cation-cation interactions is confirmed. It has
been noted that orbital overlap of gold atoms takes place in
aurophilic interaction Au---Au.*® According to ref. 97, the
formation of cation-cation associates is stimulated and due to
their stabilization through cation-anion interactions. It is quite
interesting that our calculations for isolated dimers of silver
cations revealed their stability (Eag...ag = 60 kJ mol "), if the
dimer charge equals +1 e (Ag™®---Ag**®). As for hydrogen
bonds, one of them, namely H4---O2 (with higher p.), has
a partially covalent nature (H, < 0), while the other, namely H3- -
01, is caused only by electrostatic interaction (H,. > 0).

Oxyanionic compounds with crystal water molecules (crys-
talline hydrates) is another class of oxyanionic crystals. Fig. 6
presents optimized structures of lithium perchlorate trihydrate
(LPH), sodium perchlorate monohydrate (SPH), calcium sulfate
dihydrate (CSH), lithium nitrate trihydrate (LNH) and magne-
sium nitrate hexahydrate (MNH).

Anion-water and water-water interactions through H---O
hydrogen bonds is an interesting peculiarity of oxyanionic
crystalline hydrates. Table 6 presents the calculated electron
density p., the Laplacian of electron density Ap. and energy

12028 | RSC Adv., 2019, 9, 12020-12033

density H, at critical points for H---O hydrogen bonds in LNH,
LPH, SPH, CSH and MNH. Atomic numbering is in accordance
with Fig. 6.

As can be seen from the Table 6, the hydrogen bonds of
lithium perchlorate hydrate are electrostatic in nature (p. ~ 0.02
a.u., H. > 0). Besides, comparatively small electron densities
(0.019 a.u. < p. < 0.026 a.u.) and H, > 0 (Table 6) correspond to
H3---01(2), H1---03, H3---06, H6---06 bonds of the hydrates
under consideration, that indicates closed shell (electrostatic)
nature of these bonds. The highest electron densities p. (0.039
and 0.038 a.u.) correspond to H2:--O4 hydrogen bonds in
lithium and magnesium nitrate hydrates, for which H. <
0 (Table 6), that proves the presence of a covalent component
for these bonds. Hydrogen bonds of gypsum and H2---O1 bonds
of sodium perchlorate hydrate are also characterized by
partially covalent nature (H. < 0). Thus, hydrogen bonds in
oxyanionic crystalline hydrates may have both electrostatic and
covalent contribution (mixed electrostatic-covalent character).

It is quite interesting to summarize the results of the study of
the nature of hydrogen bond and establish some criteria of
covalence. The dependencies between bond degree (H./p.),
electron density p., overlap population Py...o, bond length dy...o
and energy Eyg for H---O hydrogen bonds in oxyanionic crystals
calculated in our work are presented in Fig. 7.

As can be seen from Fig. 7, there are two ranges of values of
electron densities p. for oxyanionic crystals with the corre-
sponding H---O bonds different in nature. This is the range with
positive values of bond degree and the range with H./p. < 0.
Herewith, closed shell (electrostatic) in nature H---O hydrogen
bonds exhibit p. < 0.026 a.u., while partially covalent (H./p. < 0)
characterized by p. > 0.030 a.u. It is interesting to note that there
is transition region 0.026 < p. < 0.030 a.u., where both electro-
static and partially covalent in nature H---O hydrogen bonds are
possible.

It was shown that for the same acceptor (O) of H-bonds
between DNA and actinomycin, a greater overlap population
corresponds to a shorter H---O distance.”® It is interesting to
find out how electron density at BCP is related to other char-
acteristics, such as Mulliken overlap populations, bond length
and energy for H-bonds of oxyanionic crystals. As can be seen

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Optimized structures for oxyanionic crystalline hydrates.

Table 6 Topological properties of electron density calculated at BCPs
for H---O hydrogen bonds in oxyanionic crystalline hydrates

Crystal H-bonds Pe Ap. H,

LNH H2---04 0.039 0.113 —0.0035
H1---02 0.033 0.115 —0.0002
H3---01 0.026 0.081 0.0002
H3---02 0.014 0.067 0.0032

LPH H---02 0.023 0.079 0.0012

SPH H2---01 0.031 0.101 —0.0004
H1---03 0.019 0.070 0.0019

CSH H1---02 0.036 0.102 —0.0028
H2---02 0.030 0.087 —0.0011

MNH H2---04 0.038 0.115 —0.0027
H5---05 0.035 0.105 —0.0020
H1---0O5 0.032 0.096 —0.0013
H4---04 0.031 0.093 —0.0010
H3---06 0.025 0.076 0.0002
H6---06 0.020 0.062 0.0009

from Fig. 7, the electron density p., along with overlap pop-
ulation increase, grows as well as 0.009 + 0.459Py;... (correla-
tion is R* = 0.71). In these circumstances, electrostatic in nature

This journal is © The Royal Society of Chemistry 2019
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H---O bonds show Py;...q < 0.026e, while partially covalent bonds
satisfy the condition Py...o > 0.045e. The transition region is
characterized by 0.026 < Py..o < 0.045e. As for H-bond
geometric characteristic, such as bond length dy...o, the elec-
tron density p. tends to decrease (Fig. 7) as the bond length
increases, as much as p. = 0.433 — 0.356dy...0 + 0.075dy...0°
(correlation is R* = 0.95). Relatively short H-bonds (dy...0 < 1.87
A) are partly covalent in nature, while the relatively long ones
(dy..o > 1.94 A) have electrostatic character. The transition
region corresponds to 1.87 < dy...0 < 1.94 A. Moreover, we have
considered the dependency between electron density p. and
energy Eyp for H---O hydrogen bonds in oxyanionic crystals
(Fig. 7). Along with electron density p. increase, our calculated
the hydrogen bond energy Eyp increases as much as —12.22 +
1515p, (correlation is R* = 0.97). Based on DFT calculations of
electron densities and vibration frequencies, it was revealed
that Eyp (in k] mol ') = —12.94 + 1001p, for intramolecular
H---O hydrogen bonds in the DNA related molecules.* As it was
pointed out in ref. 99, the discrepancies between real H-bond
energies and energies calculated by means of the Espinosa-
Molins-Lecomte equation” for molecules and molecular H-

RSC Adv., 2019, 9, 12020-12033 | 12029
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Fig. 7 Dependencies between bond degree (H./p.), electron density p., overlap population Py...o, bond length dy...c and energy Eyg for H---O

hydrogen bonds in oxyanionic crystals.

bonded complexes may originate from the fact that the latter
has been parametrized using H-bonds data for the substance in
crystalline state that effectively strengthens H-bonds. Our
calculations show (Fig. 7) that electrostatic in nature H---O
hydrogen bonds have energies lower than 25 k] mol *, while
partially covalent ones have the energies higher than
33 k] mol ™. The transition region is characterized by 25 < Eyp <
33 k] mol ™.

Pressure behavior of crystals is of certain interest.'*"** In
conclusion, we considered the pressure effect as exemplified by
some oxyanionic crystals. It is quite interesting to find out how
the electron densities and energies will change at critical points,
hence the nature of the chemical bond under external pressure.
Fig. 8 shows the pressure dependencies of the relative electron
charge densities and energy at the BCPs for metal-oxygen bonds
in lithium, sodium, and potassium nitrates. It is seen that
electron density p. increases by ~10-20% as the pressure
increases up to 3 GPa, however, the ionic character of M-O bond
still remains (H. > 0).

12030 | RSC Adv., 2019, 9, 12020-12033

Besides, Fig. 8 shows pressure dependencies of relative
electron charge densities and energy at the BCPs for H:--O
hydrogen bonds in ammonium nitrate and perchlorate. It is
seen that the electron density p. increases by ~10-40% as
pressure grows up to 2 GPa, especially for H2---O1 and H3---O3
bonds in in ammonium nitrate and perchlorate, respectively. At
the same time energy density H. decreases as the pressure
increases, especially for H2---O1 bonds. We can see that H, is
negative for H2---O1 bonds in ammonium perchlorate even at
~1 GPa. B3LYP calculations also confirm this. H. should change
the sign in ammoinium nitrate at ~4 GPa. Thus, covalent
component of H2---O1 hydrogen bonds appears as the pressure
increases. Hydrogen bonds for compressed NH,NO; and
NH,CIO, are partially covalent in nature. So, the pressure
caused changes in the nature of hydrogen bonds in oxyanionic
crystals. Moreover, we considered pressure behavior of the Ag-N
coordination bond projections on a- and b-axes in [Ag(en)]N.
The magnitude of a-projection (in A) increases with pressure as
1.883 + 0.033P (R* = 0.92), whereas the magnitude of b-

This journal is © The Royal Society of Chemistry 2019
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projection decreases with pressure as 1.274-0.065P (R*> = 0.97).
Such pressure dependencies correlate with negative and posi-
tive compressibility along a- and b-axes, respectively.®®

4. Conclusions

Systematic ab initio study of the nature of chemical bond in
oxyanionic crystals has been performed on the basis of QTAIM
topological analysis of calculated electron densities. Electron
densities and their Laplacians at the bond critical points, energy
densities at the BCPs, bond degrees and interaction energies
have been calculated. The calculated electron densities at the
BCPs are in reasonable agreement with the available experi-
mental data.

The QTAIM topological analysis showed that intra-anionic
bonds are polar covalent in nature. For intra-anionic bonds
the covalence degree increases with growth of central atom
electronegativity. The study revealed that there are weak
bonding anion---anion interactions in oxyanionic crystals. The
energies of anion---anion interactions for oxyanionic salts with
lithium and sodium cations are higher than those for potas-
sium salts. The distances between the cationic nucleus and the
bond critical points correlate with cationic radius. There are
different in nature (electrostatic and partially covalent) metal-

This journal is © The Royal Society of Chemistry 2019

oxygen and hydrogen bonds in oxyanionic crystals. The QTAIM
topological analysis of the calculated electron densities in oxy-
anionic crystals revealed the covalency criteria for metal-oxygen
and hydrogen bonds. There is the transition region of electron
densities at BCPs where both electrostatic and partially covalent
in nature metal-oxygen and hydrogen bonds are possible. It has
been demonstrated that there are argentophilic bonds Ag:--Ag
and coordination bonds Ag-N in metal-organic nitrate [Ag(e-
thylenediamine)[NO3, which are partly covalent in nature. The
dependencies between electron density at the BCP, overlap
population, electronegativities, H-bond length and energy were
calculated. The study has also revealed that electron density at
BCP increases along with the growth of overlap population for
metal-oxygen and hydrogen bonds. As cationic electronegativity
increases, electron densities at the BCPs for metal-oxygen
bonds have a tendency to increase. Electron density at the BCP
decreases with H-bond length increase and H-bond energy
increases as electron density grows at the BCP. It has been
demonstrated that the pressure caused changes in the nature of
hydrogen bonds in oxyanionic crystals.
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