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1. Introduction

The effect of external factors, such as pressure (P) and temper-
ature (7), on crystal structure and properties has been of great
interest in recent years.'* Studies of the behavior of solids
under pressure are very promising as it is one of the effective
methods for studying intermolecular interactions.™

Quantum chemical ab initio computations within density
functional theory (DFT) allow modelling crystal structure and
properties, which are in good agreement with experimental
results.”> Moreover, computer modeling is used to predict and
design new materials.”® Standard ab initio calculations corre-
spond to a static lattice (ground state) and do not take into
account thermal effects caused by atomic thermal vibrations.
Anharmonicity in interactions and thermal expansion for crys-
tals can be considered within so-called quasi-harmonic
approximation (QHA),* which takes into account dependence
of harmonic phonon frequencies w on the volume V.
Dispersion-corrected quasi-harmonic ab initio computations
perform well in describing thermal properties of molecular
crystals.? The main problem within quasi-harmonic ab initio
calculations is to determine the phonon frequency distribution
g(w, V). This is due to the fact that phonon density of states
calculations are very computationally demanding tasks. The
relatively simple method is quasi-harmonic Debye-Einstein
(DE) approximation.*

The crystal structure at ambient pressure is usually known
from X-ray or neutron diffraction measurements. It's well
known that there is “structure-properties” relationship.'® It's
interesting to know how we can to account thermal expansion
for structure of compressed crystal (thus, for its properties
under pressure) based on simple standard ab initio calculations
for static lattice and structural experimental data at ambient
pressure. Therefore, it is significant to find simple semi-
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perchlorate are in good agreement with available experimental data. Ab initio results within quasi-
harmonic approximation for guanidinium perchlorate are also presented.

empirical approach to compute equation of state P (V, T) and
its equivalent V (P, T).

Perchlorates have been widely used in explosive composi-
tions, propellant mixtures and pyrotechnics. Guanidinium
perchlorate (GP) is semi-organic nonlinear optical (NLO) and
ferroelectric material.””*®* Ferroelectric materials are widely
used in many applications.” Besides, GP is quite attractive to be
used in solid-state coolers and can provide temperature
control.” Guanidinium perchlorate is ionic-molecular oxy-
anionic crystal which has layered supramolecular structure with
molecular organic guanidinium cations, C(NH,);", and molec-
ular perchlorate anions, ClO, . Under ambient conditions, it
has trigonal structure (space group symmetry R3m).>* The
experimental ambient lattice constants a and ¢ for its hexagonal
unit cell (with 3 formula units) are equal to 7.606 A and 9.121 A,
respectively.”® Perchlorate anions in guanidinium perchlorate
contain two nonequivalent oxygen atoms O1 and O2. The
knowledge of the behavior of GP and similar supramolecular
structures under external pressure is important both for
fundamental and applied research.”>** The pressure effect on
the guanidinium perchlorate structure was experimentally
studied using Raman spectroscopy and X-ray diffraction at
room temperature.”>** Strong anisotropy of GP linear
compressibility was shown. GP is stable up to 4.5 GPa, after that
it undergoes a phase transition. The GP structural data at
various fixed temperatures (T ~ 100-400 K) were studied in ref.
18. Thermal measurements for GP show that it undergoes
a phase transition at T ~450 K."** The results of optical and
nonlinear optical studies for GP were reported in ref. 17. As we
know, data on pressure dependencies of structure at low
temperatures (below room temperature), band gap, elastic
constants and electron density topological properties were not
reported for GP. In the present work we studied GP under
pressure with account of thermal effects based on semi-
empirical and ab initio calculations.

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Pressure—volume dependencies for static lattice (Pst (V)
and for crystal at fixed temperature (P (V, Ty)) according to semi-
empirical approach (Vo = Vo (To)*PY).

2. Computational details

Ab initio calculations were performed using CRYSTAL
program.** Basis sets of atomic orbitals**?* and dispersion-
corrected generalized-gradient PBE DFT functional®?*® were
used in our calculations. Grimme's dispersion correction® was
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used in order to include the long-range intermolecular inter-
actions. Structural parameters for static lattice were calculated
by geometry optimization (all atoms positions and cell lengths)
in accordance with BFGS algorithm.*" Energy convergence was
better than at 10~® a.u. Chemical bond was studied based on
Bader's quantum theory of atoms in molecules (QTAIM).*?
Energies of hydrogen bonds were evaluated using potential
energy density at bond critical points.** The TOPOND code** was
used for QTAIM electron density topological analysis. We used
quasi-harmonic DE approximation® to include thermal effects
based on ab initio calculations. Ab initio frequencies were
computed using diagonalization of the mass-weighted Hessian
matrix of second energy derivatives with respect to atomic
displacements.** Vinet universal equation of state** (EOS) was
fitted to pressure-volume data. Three parameters determine this
EOS: equilibrium volume (V;), bulk modulus (B,) and its pres-
sure derivative (3B,/dP).

It's known?® that pressure can be expressed as P (V, T) = Psy
(V) + Pry (V, T), where Pgy (V) = —0Egyr (V)/0V is static pressure
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Fig.1 Calculated semi-empirical and ab initio pressure dependencies of lattice parameters and volume for guanidinium perchlorate at T=295K
(solid lines), 210 K (dashed lines), 100 K (dash-dotted lines) and at static lattice (dotted lines). Experimental points correspond to T = 295 K.z
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(Est (V) is ab initio static energy) and Pry (V, T) = —0F,ip (V, T)/0V
is thermal pressure (Fy;, (V, T) is vibrational part of the Helm-
holtz free energy). Within the framework of the quasi-harmonic
approximation the thermal pressure Pry (V, T) can be expressed

as Pu(V,T) = S f(V)(0.5+ (/¥ — 1)), where f(V) =

L
hwyy;/V (w; and v; are the frequency and Gruneisen's parameter
of i-th vibrational mode, respectively).** The functions f; (V) are
equal to constants 7-b; within the frequency linear approxima-
tion (w; = a; — b;- V). Thermal pressure is weakly dependent on V
and, therefore, Pry (V, T) = Pry (7).* So, volume-pressure
dependencies at fixed temperatures 7T, (isotherms P (V, T))
can be obtained through shift of static pressure function Pgr (V)

Table 1 Calculated equation of state parameters (Vo, Bo, dBo/dP) for
guanidinium perchlorate at different temperatures. Experimental data
are given for T = 295 K (ref. 22)
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by Pry (To). Thermal pressure Pry (T,) should correspond to
equilibrium volume V, at fixed temperature Tj.

AD initio thermal pressures were found based on ab initio
calculations of frequencies w; within quasi-harmonic approxi-
mation. In contrast to ab initio method, we used experimental
equilibrium volumes in semi-empirical approach to find
thermal pressures Pry without ab initio calculations of
frequencies. In the present work we propose to set the equi-
librium volumes V, for isotherms P(V, T,) as equal to experi-
mental ones V, (T,)*?" (Scheme 1). So, Pry (To) = —Psr (V6™Y).

Thermal pressure for guanidinium perchlorate at room
temperature obtained in our work within semi-empirical
approach (0.68 GPa) is comparable with its ab initio value
(0.78 GPa).

3. Results and discussion

Fig. 1 presents our calculated semi-empirical and ab initio

Temperature Method Vo By dBo/0P  pressure dependencies of lattice parameters and volume for
N guanidinium perchlorate at T = 295 K (solid lines), 210 K
T=295K Expt. 455 6.93 11.4 . . . .
Semi-empirical 155 35 100 (dashed lines), 100 K (dash-dotted lines) and at static lattice
AD initio 462 743 g3 (dotted lines). Calculated equation of state parameters (Vo, Bo,
T=210K Semi-empirical 446 9.14 9.51  0B,y/dP) for GP at different temperatures are presented in Table
AD initio 451 9.10 8.66 1. Experimental data are given for T = 295 K.** It can be seen
T=100K Semi-empirical 437 111 9-06  that gb initio method within quasi-harmonic Debye-Einstein
AD initio 439 11.2 8.49 . . . d 1 .
Static lattice Semi-empirical 126 13.7 gss  approximation —overestimated structural —parameters in
AD initio 426 13.7 g.55 comparison with experimental data. It should be noted that ab
initio equilibrium volumes (V) at room temperature are also
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Fig. 2 Calculated independent elastic constants as semi-empirical functions of pressure for guanidinium perchlorate at T = 295 K (solid lines),
210 K (dashed lines), 100 K (dash-dotted lines) and at static lattice (dotted lines). Cyy = 43.3, C1» = 29.3, C13=3.4, C14 = —0.5,C33=6.9, Cyq =

0.6 GPa (at T = 295 K).
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Fig. 3 Calculated semi-empirical pressure dependencies of N---O distances, energy density H. at H---O1 critical points and hydrogen bond
energy Eyg for guanidinium perchlorate at T = 295 K (solid lines), 210 K (dashed lines), 100 K (dash-dotted lines) and at static lattice (dotted lines).
Experimental points and triangles correspond to T = 295 K.2

overestimated (~1%) for RDX and TATB crystals.> More
powerful and time-consuming ab initio methods need to be
used for stricter account of anharmonicity effects in GP, RDX

and TATB. On the other hand, the results obtained, using
simple semi-empirical method, agree well with experiment

(Fig. 1).
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Fig. 4 Calculated semi-empirical pressure dependencies of electron density at bond critical points (p.) and bond degree (BD) for hydrogen
bonds in guanidinium perchlorate at T = 295 K (solid lines), 210 K (dashed lines), 100 K (dash-dotted lines) and at static lattice (dotted lines).
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Fig. 5 Calculated Raman spectrum and semi-empirical pressure dependencies of frequencies w of NH, stretch modes for guanidinium
perchlorate at T = 295 K (solid lines), 210 K (dashed lines), 100 K (dash-dotted lines) and at static lattice (dotted lines). Experimental Raman

spectrum corresponds to ambient conditions.?*

The GP compressibility along a-axis is much less than along
c-axis (Fig. 1). So, there is strong compressibility anisotropy for
GP. This can occur due to layered structure of GP with strong
covalent and hydrogen bonds in ab plane (Fig. 3). GP is highly
compressible material (Fig. 1) with relatively small bulk
modulus ~7 GPa at T = 295 K (Table 1), which is even smaller
than room temperature bulk moduli for some molecular crys-
tals reported in ref. 2. It is interesting to note that our calculated
semi-empirical bulk moduli are in good agreement with ab
initio moduli (Table 1). Fig. 1 demonstrates nonlinearity of
pressure dependencies for ¢ parameter and volume of GP. Such
pressure behavior results in relatively high pressure derivative
of B, (Table 1). With temperature increase from 100 K up to 295
K equilibrium volume V, increases by 4.1 and 5.2% within semi-
empirical and ab initio approaches, respectively (Table 1). At the
same time, this thermal volume expansion results in consider-
able decrease of B, (~33%). So, it is important to take into
account thermal effects for behavior under pressure and
mechanical properties of GP.

Pressure dependencies of GP elastic constants at fixed
temperatures (Fig. 2) were computed according to quasi-static
approach® and semi-empirical volume-pressure-temperature
dependencies.

The elastic stability conditions® (the Born criteria) are ful-
filled for GP. Cy, elastic constant is considerably greater (~4 to 6
times) than Cs;. This is due to the layered structure of GP (Fig. 3)
with strong intralayer interactions (covalent and hydrogen

42208 | RSC Adv,, 2020, 10, 42204-4221

bonds) in ab plane. C,, elastic constant has a relatively small
value at room temperature (0.63 GPa). Cy; and C;, elastic
constants increase by 72 and 58% at room temperature whereas
Ci3, C14, C33 and Cy, increase by a factor of 1.4, 4.4, 3.5 and 9.1,
respectively, when the pressure increases up to 2 GPa. On the
other hand, elastic constants C;; and C;, at ambient pressure
decrease by 15 and 13%, whereas Cy3, C14, C33 and Cy4 by 22, 54,
45 and 61%, respectively, when the temperature increases from
T =100 Kup to T =295 K.

Fig. 3 presents our calculated semi-empirical pressure
dependencies of N---O distances, energy density at hydrogen
bond critical points (H.) and hydrogen bond energy (Eyg) for
guanidinium perchlorate at T = 295 K (solid lines), 210 K
(dashed lines), 100 K (dash-dotted lines) and at static lattice
(dotted lines). Experimental points and triangles are given for T
= 295 K.** Fig. 3 reveals that interlayer N---O2 distance
decreases with pressure more significantly than intralayer N---
01 distance, similar to ¢ and a parameters, respectively (Fig. 1).
It can also be seen that GP cooling down to T = 100 K leads to
reduction of N---O2 distance by 1.5%.

The electron density topological analysis, in the framework
of the QTAIM, is a powerful chemical bond study method.*’ The
condition for chemical bond formation is the presence of so-
called bond critical point (BCP).** Electron density (p.) and
energy density at the bond critical point (H.) are important
characteristics. H. > 0 corresponds to non-covalent closed shell
interactions (electrostatic or dispersion), while at H, < 0 (p. is

This journal is © The Royal Society of Chemistry 2020
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correspond to ambient pressure.*®

stabilizing) the bond has a covalent component (covalent or
partly covalent interactions).” One of the superiority of Bader
QTAIM approach is the possibility to reveal even weak bonding
interatomic interactions and calculate their energies.”

As can be seen from Fig. 3, energy density H, nearly linearly
decreases with pressure increase. At the same time hydrogen

total
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bond energy (Eyg ~ 24-26 k] mol™') increases by ~20% when
the pressure increases up to 2 GPa. Eyg at ambient pressure
decreases by 4.5% when the temperature increases from 7 =
100 K up to T = 295 K. Extrapolations for pressure dependencies
of energy density give negative values of H, at pressures more
than 4.2, 3.8 and 3.5 GPa for 295 K, 210 K and 100 K,
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===« static lattice

-
n
(=]

Fig. 7 Calculated anionic, cationic and total densities of states DOS (the energy of highest occupied states was set to zero), semi-empirical
pressure dependencies of band gap E4 for guanidinium perchlorate at T =295 K (solid lines), 210 K (dashed lines), 100 K (dash-dotted lines) and at

static lattice (dotted lines).
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respectively. So, the GP hydrogen bonds at pressure ~4 GPa
become partially covalent in nature. Electrostatic and partially
covalent nature of hydrogen bonds for other crystals and
molecular complexes was studied earlier in ref. 43. It is inter-
esting to note that GP at P ~4 GPa undergoes a phase transi-
tion.”* The electron density at BCP (p. ~ 0.023 a.u.) increases by
~15%, whereas bond degree parameter** (BD = H./p.) decreases
~2 times as the pressure rises to 2 GPa (Fig. 4). On the other
hand, when the temperature increases from 7= 100 Kup to T'=
295 K, p. at ambient pressure decreases and BD increases by
3.2% and 15%, respectively.

Our calculated Raman spectrum of GP for NH, stretch
modes in comparison with experimental spectrum® is given in
Fig. 5. It shows three maximums at 3371, 3419 and 3493 cm ™",
which are in agreement with experimental ones within 2%. In
general, blue or red shift can occur when hydrogen bond length
decreases.” Our calculated frequencies of NH, stretch modes
increase with pressure increase up to 2 GPa (blue shift
~10 ecm™ ") in accordance with experimental data reported in
ref. 21. As it was pointed out in ref. 21, this reflects the
strengthening of hydrogen bonds in GP with increasing pres-
sure. When the temperature increases from 7= 100 Kup to T'=
295 K, our calculated frequencies w of NH, stretch modes at
ambient pressure decreases by ~2 cm ™" (Fig. 5).

In our previous works we reported ab initio investigations of
thermal properties for alkali metal nitrates, chlorates and
perchlorates.*® In the present work we performed ab initio
calculations of GP thermal properties (thermal expansion,
entropy and heat capacity) as functions of temperature for
pressures P =0, 1, 2 GPa (Fig. 6). The computed volume thermal
expansion is in reasonable agreement with experimental data
reported in ref. 18. The calculated volume thermal expansion
coefficient is ~3 x 10™* K ' (at room temperature) and it
decreases ~3 times when the pressure increases up to 2 GPa.
The computed room temperature entropy is 241 ] mol™ " K™*
and it decreases by 12.5% with pressure increase up to 2 GPa.
Heat capacity almost linearly increases with temperature
increase from 50 K and it has value of ~200 ] mol™ " K" at room
temperature, this is in reasonable agreement with experimental
data (ref. 18). It decreases by 7.8% as the pressure grows up to
2 GPa. On the other hand, volume thermal expansion coefficient
ay, entropy S and heat capacity C}, at ambient pressure increase
by a factor of 1.5, 2.7 and 2.2, respectively, when the tempera-
ture increases from T = 100 K up to T = 295 K. It should be
noted that thermal expansion, entropy and heat capacity for GP
are much higher (~1.5 to 2 times) than the ones for alkali metal
perchlorates.®® This can occur due to large molecular poly-
atomic guanidinium cations in GP.

We have also calculated GP total and partial (anionic and
cationic) densities of electronic states (Fig. 7). The GP lower
unoccupied states have anionic nature, whereas upper valence
states for GP, in contrast to alkali metal perchlorates,*” mainly
corresponds to cationic states. Our calculated GP band gap
energy E, (4.2 eV) at room temperature is comparable with
experimental one (4.9 eV) reported in ref. 17. We should note
that the calculated E, for perchlorate with organic guanidinium
cation is smaller (by ~10%) than E, for alkali metal perchlorates

42210 | RSC Adv, 2020, 10, 42204-42211
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reported in ref. 47. The band gap of GP, in contrast to alkali
metal perchlorates,” decreases with pressure (Fig. 7).

So, E, at room temperature decreases by ~5 and 1.4% when
the pressure increases up to 2 GPa and the temperature
decreases down to T = 100 K, respectively.

4. Conclusions

Thus, in this work we proposed simple semi-empirical method
to calculate structure and properties of crystals under pressure
at fixed temperatures. Only one experimental parameter (equi-
librium volume) is used in this approach for isothermal pres-
sure dependencies. We performed semi-empirical and ab initio
calculations for guanidinium perchlorate, which allowed us to
find pressure dependencies for its structure and properties
(electronic, elastic, vibrational, thermal). We showed high
compressibility and importance of taking into account of
thermal effects for GP pressure behavior and mechanical
properties. Pressure dependencies for interlayer and intralayer
N---O distances correlate with ¢ and a parameters, respectively.
Moreover, we showed that hydrogen bond energy increases
when the pressure increases. We revealed that GP hydrogen
bonds become partially covalent in nature near the phase
transition pressure. We also established that GP volume
thermal expansion coefficient significantly decreases while the
pressure increases. It was found out that the band gap of GP, in
contrast to alkali metal perchlorates, decreases with pressure.
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