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The modern theoretical approaches to investigation of polymorphism and structure
phase transitions in inorganic compounds are reviewed. The emphasis is made on new ideas
of solid state thermodynamics, structure and energy simulation of polymorphs, and results
of application thereof to simple substances and binary compounds.

CraThbsA COIEPIKUT 0030p COBPEMEHHBIX TEOPETHUUECKUX IOAXOI0B K HMCCJIEJOBAHUIO IOJU-
MopdusMa ¥ CTPYKTYPHBIX (ha30BBIX IMEPeXOJ0B HeOopraHWdYecKUx coeamHeHuii. OCHOBHOE
BHUMAaHWE yOeJeHO HOBBIM HAESIM B TepMOJMHAMWUKE TBEDPAOTO Teja, MeTOoJaM MOJAeJNpOoBa-
HUA CTPYKTYPHI U SHEPTEeTUKU MOJUMOPDPHBIX (OPM M PE3yJTbTAThl MX NPUMEHEHUA K IPOo-

CTBIM BeIlleCTBaM U 6HHapHLIM COeJUHEeHUAM.

The polymorphism of chemical sub-
stances has been known for more than
200 years [1]. The phase transitions be-
tween various structures caused by external
effects have been studied for a great num-
ber of compounds that made it possible to
develop a consistent theory of such proc-
esses [2]. The transformations conditioned
by the changes in atomic coordination sur-
rounding are of a particular interest be-
cause they are due to a fundamental rear -
rangement of the substance spatial struc-
ture and are accompanied by considerable
heat effects [3].

The concept of preference energy. The
considerable gap between fast accumulation
of the structural information on complex
compounds and slow rate of the laborious
thermochemical studies stipulated a devel-
opment of new methods for estimation of
thermodynamic properties of substances.
The choice of coordination polyhedron as a
structure fragment determining these prop -
erties allows us to apply a united approach
to the consideration of amorphous, glass-
like, nano-crystalline, and crystalline states
[4]. The primary occupation of definite po-
sitions by cations is defined by crystal-
lographic and thermodynamic factors; that
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became a base for the concept of preference
energy to a certain coordination surround -
ing. The AI* ion transition enthalpy from
tetrahedral O?Z~ surrounding to octahedral
one was first determined in [5] to be of
—44.4 kJ/mol. Later, a problem was formu-
lated [6] of the choice of key AH, AG and

AS values for change in cationic coordina -
tion numbers related to the tetrahedron-to-
octahedron transitions within the oxygen
surrounding. In [7], the values of thermo -
dynamic functions for changes in coordina -
tion of both transition and non-transition
metal cations were systematized, and the
structural detailing taking into account the
type of oxide or sulfide coordination polyhe -
dron was shown to be an optimum one for
comparing thermochemical and structural
characteristics of coordination compounds.
Recently [8], a versatile equation was de-
duced relating the enthalpy of cationic pref -
erence to alternative positions in any anionic
closest packing with typical interatomic dis-
tances and a self-consistent system of the cat -
ionic preference enthalpies was proposed for
sulfides, selenides, and hydrides.

The concept of preference energy proved
to be rather fruitful. So, the enthalpies of
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changes in cationic coordination numbers
are used to calculate respective values for
the processes of simple-to-complex oxide
formation, to analyze theoretically the sta-
bilization of metastable oxide forms due to
modifying additives, to simulate power-con -
suming high-temperature processes (crystal -
lization of amorphous oxides and self-
spreading high-temperature synthesis of
multi-elemental oxides) [9].

The first attempts to apply quantum
chemical methods for calculation of energy
change values in cationic coordination sur-
rounding gave only qualitatively correct re-
sults whereas the absolute values exceeded
the experimental ones by several times [10].
Nevertheless, for example, modern non-em -
pirical calculations taking into account elec -
tron energy correlation for the process

MgO + a-ALO3z <—> MgAlL,O,

accompanied by transition of magnesium
ions from the octahedral coordination sur-
rounding to tetrahedral one [11], reproduce
the experimental data to within 5 to 7 %.
Structural transformations in clusters.
Clusters — systems of bound atoms and
molecules — are rather convenient objects
to study structural transformations [12].
The cluster structures may differ funda-
mentally from those of crystals what is dic-
tated significantly by the form of intera-
tomic potential [13] as well as by cluster
size (multiatomic clusters may be very simi -
lar to crystals in structure) and tempera-
ture. A search procedure was described in
[14] for transition states between isomeric
forms of the clusters using potential energy
surfaces described by simple analytical pair
potentials. As examples, argon and potas-
sium clusters were considered. It is the
authors’ opinion, this method opens a way
for more detailed insight into relationships
between energy, reactivity, and potential en-
ergy surfaces of such systems. Later, the study
methods of the structural transformations in
clusters were summarized in the review [15].
Several works are devoted to investiga-
tion in the energy of structural transforma -
tions of metal clusters. So, in [16], depend -
ence of the energy of small clusters of the
metals possessing fcc lattice in the bulk
state (Al, Ca, Ni, Cu, Sr, Rh, Pd, Ag, Ce,
Yb, Ir, Pt, Au, Pb, and Th) on atomic coordi-
nation was studied. The equilibrium struc-
tures, transition states and transformation
mechanisms in the transition metal (nickel,
silver, and gold) clusters consisting of 10 to
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148 atoms were also examined [17], the
Lennard-Jones, Morse, Satton-Chen, and
Marrell-Mottram empirical interatomic po-
tentials being used.

Structural transformations in crystals of
simple substances. Phase transitions in sim-
ple bodies may occur under normal or ele-
vated pressure. A crystal chemical estima -
tion of the polymorphous transformation
pressures for covalent substances was pro-
posed in [18] that made it possible to obtain
qualitatively correct conclusions. The phase
transition in silicon under hydrostatic com -
pression (from the cubic diamond structure
to that of [B-tin) accompanied by the in-
crease in atomic coordination number from
four to six was simulated as dependent on
the atomic volume in [19] with use of the
Tersoff empirical interatomic potential as
well as on the base of non-empirical calcula-
tions of the total energy. The existence pos-
sibility of unusual crystalline structures of
elements under high pressure has been dis-
cussed in the review [20].

Structural transformations in binary
compounds. For the most part, theoretical
articles are devoted to simulation of phase
transitions in AX(AB), AX,(AB,), and A,Bj
crystals. Non-empirical quantum chemical
calculations of structural properties and
phase transition pressure were carried out
in [21] for sodium chloride, calculated val-
ues being in a good agreement with experi-
mental ones. The authors of [22] have stud -
ied the phase transition thermodynamics,
mechanism, and kinetic aspects in alkali
halides and alkali earth oxides with use of
both two-body potentials and ab initio peri-
odic calculations. The results obtained tes-
tify that both the mechanisms proposed be -
fore (the Burger and Watanabe-Tokonami-
Morimoto ones) can be realized, since the
activation energy values for these two
mechanisms are very close, the way of
transformation being dependent essentially
on the external pressure value. An investi-
gation of structural phase transitions in-
duced by ultra-high pressure in alkali hal-
ide crystals was carried out in [23, 24]. The
transition pressure for crystal of infinite
size was calculated, the self-consistent po-
tentials of pair interaction of ions obtained
within the frameworks of the inhomogene -
ous electron gas theory being used. The
relative changes in volume of B1 and B2
modifications were calculated for a number
of compounds within the approximation of
seven coordination spheres. The authors of
[25, 26] have calculated the transition pres-
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sure for limited-size crystals, showed a de-
pendence of this value on the initial crystal
size, and analyzed the contribution from va-
cancies to the character of the size effect
discovered.

Non-empirical calculations were made in
[27] within the frameworks of density func-
tional theory on the transition in cesium
hydride from cubic structure to orthorhom -
bic one that occurs under pressure of
17 GPa. The qauthors of [28] considered a
series of B4 - B3 - B1 phase transitions
in beryllium oxide taking place under pres-
sure of up to 95 GPa, and in [29], a relative
stability of the B4 and B1 phases was stud-
ied theoretically for magnesium oxide and
gallium nitride. The effect of high pressure
on the B3 - B1 structural transformations
in silicon carbide was studied in [30] within
the frame of the molecular dynamics
method, and the existence of an intermedi-
ate orthorhombic phase was predicted be-
sides of B1 and B3 ones [31]. The electronic
structure and chemical stability of five tita-
nium monocarbide polymorphous modifica -
tions with the B1-B4 and B8 structures
were studied in [32]; it was established bas -
ing on calculations of total band energies
that the stability of modifications decreases
in a sequence of B1 > B8 > B3 = B4 > B2.

Calculations were made in [33] of the ru-
tile — fluorite transition pressure using the
Hartree-Fock and molecular dynamics meth -
ods; the 30 GPa value obtained agrees well
with experimental one. Nevertheless, it was
shown later [34] that the fluorite structure
should be always unstable and if the pres-
sure increases, the compound undergoes a
number of transformations in a sequence of stable
phases: rutile - a-PbO, -~ PdF, - a-PbCl,.

Silicon is tetra-coordinated in the major -
ity of silica polymorphs except for
stishovite where it is six-coordinated. Peri-
odic calculations of the probable reaction
path between crystobalite and stishovite
were carried out in [35]. The transition
pressure calculated (6 GPa) is consistent
with the experimental conditions of the
stishovite systhesis; the activation energy
at 0 K under this pressure was found to be
125 kd/mol. Further stishovite transforma -
tion into a phase of a CaCl,-type structure
under pressure of above 100 GPa was con-
sidered by the same authors in [36] where
the transition mechanism was shown to in-
clude a rotation of the SiOg octahedra
around their C2 axes. Later, it was shown
[37] that the transition of stishovite into a
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CaCl,-like orthorhombic phase can occur al-
ready under pressure 47 GPa, then at
98 GPa a structure of Pnc2 should be
formed that at 226 GPa transforms into a
pyrite-like phase. A non-hydrostatic com-
pression of silica can result in the forma-
tion of a structure where silicon atoms are
five-coordinated. Theoretical calculations
have shown [38] that a-quartz under these
conditions transforms into a phase posses-
ing the P3521 spatial symmetry group, the
transition being reversible. A generalized
theory of reconstructive phase transitions
between silica polymorphs was proposed in
[39] considering the phases of stishovite,
coesite, PB-quartz, tridimite, B-crystobalite
as well as CaCl,-like and a-PbO, structures
from the viewpoint of a disordered bcc
structure where different fractional occu-
pancy of oxygen atomic positions generates
all the polymorphs under consideration. An
investigation of pressure-induced phase
transitions in crystobalite by non-empirical
molecular dynamics method has shown [40]
the crystobalite stishovite transition to be a
two-stage process (first, a rotation of SiO,
tetrahedra occurs followed by a lattice dis-
tortion to yield the six-coordinated silicon
atoms), and further compression yields the
CaCl,y-like structure followed by another
six-coordinated structure with P2;/n sym-
metry, which then transforms into a nine-
coordinated P2;/m structure.

The structural properties and relative
stability of six alumina polymorphs (corun -
dum, phases like Rh,O5 (II), perovskites,
and rare earth sesquioxides) were consid-
ered in [41, 42] wusing non-empirical
method. The calculations testify that corun -
dum transforms into a structure of Rh,0O3
(IT) type at 78 GPa and then into a Pbnm
perovskite at 223 GPa. These results were
supported in [43] within the frame of non-
empirical perturbed ion method, and the
transition between corundum and Rh,O3 (II)
type structure at room temperature was
shown to be probable already under pres-
sure of about 4 GPa. A number of works is
devoted to examination of the structure and
stability of defect forms of alumina. So, it
was found in [44] that the energy of 6-phase
is higher than that of corundum by
42 kJ/mol. The role of admixture hydrogen
atoms in the formation of "transition” alu-
mina forms (y-, N-, and &-phases) was also
studied [45]. The role of surface reconstruc-
tion in the formation of surface aprotic acid
sites of the y- and n-modifications was dis-
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cussed in [46]. The effect of the specific
surface value and of water adsorption on
the relative stability of y- and a-modifica-
tions of alumina was considered in [47]. It
was shown, in particular, that if the spe-
cific surface was 175 mz/g, the values of
formation enthalpy for these modifications
became the same.

In conclusion, the modern studies on
polymorphism of chemical componds and on
structural phase transitions under external
effects along with use of direct experimen -
tal methods (mostly crystallography and
calorimetry) utilize widely the simulation
methods based on the employment of up-to-
date progress in solid state theory, quantum
mechanics, and molecular dynamics. Such a
combined approach, providing the progress
in the development of computers is used,
makes it possible to obtain the results char -
acterized by high accuracy and validity.
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TeopeTruuHi Moaeni CTPYKTypHUX (a30BHX IepexoaiB y
MOJIEKYJAAPHUX KJIacTepax Ta KPHCTaJiaX HeOpPraHidvHUX
CIOJIYK

A.I''l'pebentox

CrarTa MicTUTB OTJIAN Cy4acHUX TEOPETUUYHMX MifXOAIB A0 ZOCHimKeHHA moJsimopdismy
Ta CTPYKTYPHUX (HasoBUX IepexofiB HeopraHiuHux cmoiayk. OCHOBHY yBary IpHUIiJeHO
HOBHUM ilessM y TepMOOMHaMiIli TBepAOTO Tija, MeTOJaM MOJeJIOBAaHHSA CTPYKTYpPHU i eHepre-
TUKU noyriMmopdHUX (GopM Ta pe3ysabTaTaM iXHBOTO 3aCTOCYBAaHHSA IO NPOCTUX PEYOBUH i
0iHApPHUX CIOJYK.
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