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Abstract:  Available data on the kinetics of polymorphic transitions (PTs) in 
energetic compounds under isothermal conditions are summarized and discussed.  
It is shown that the general kinetic regularities of these processes (stepwise 
and continuous regimes) depend on their topotactic mode (frontal or quasi-
homogeneous, respectively).  In reverse PTs, a nucleation stage is not observed, 
which is explained by the presence of nuclei of the low-temperature polymorph 
in the preheated sample.  The influence of mechanical effects on the kinetics of 
PTs in molecular crystals is discussed.
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1	 Introduction

The kinetics of polymorphic transitions (PTs) in energetic solids remains a poorly 
studied field of science.  However it is difficult to overestimate its value.  In the 
case of molecular crystals, to which the majority of highly-energetic substances 
belong, the PTs occur at relatively low temperatures because these processes are 
not accompanied by the cleavage of strong covalent bonds.  Therefore a PT often 
precedes processes such as burning and explosion (see e.g. [1, 2]).  As a result, it is 
not the initial substances, but products of their PTs possessing specific properties 
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that are involved in these processes.  It should be noted that some components 
of propellants and explosives are metastable polymorphs.  When a high density 
modification is metastable under normal conditions, e.g. in the case of the 
ε-modification of 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane 
(ε-HNIW), its transition to a thermodynamically stable low-density polymorph 
can be an important factor in determining the stability of energetic materials 
during their preparation, processing and storage.

Polycrystalline substances are very diverse in their properties, and it is 
impossible to suggest any universal mechanism for their polymorphic transitions.  
The observed kinetic regularities are the result of a combination of different 
factors, including the nature of nucleation centers, the rate constants for the 
nucleation and growth stages, the role of mechanical strains etc.  In recent 
years a number of interesting results in this area has been obtained.  However 
experimental data, especially for kinetic aspects, remain very poor and often 
mutually inconsistent.

In [3, 4], the kinetics of the PT of various polymorphs of octahydro-1,3,5,7-
tetranitro-1,3,5,7-tetrazocine (HMX) into δ-HMX was investigated by means of 
FTIR spectroscopy.  All these processes follow the first-order kinetic law. 

In [5], the isothermal kinetics of the PT β → δ was investigated at different 
temperatures by means of quantitative Rietveld analysis of powder X-ray 
diffraction patterns.  The kinetic curves were described by the Avrami equation. 
A  one-dimensional mechanism, including random nucleation and growth, 
was suggested.

Contrary to these data, in [6] the kinetic curves obtained for the PT 
β → δ in HMX, by means of second harmonic generation experiments, have 
sigmoid character with a pronounced induction period.  The transformation is 
accompanied by the disintegration of crystals.  It was shown that nucleation 
occurs at one or two centers within a crystal and is followed by the growth of 
the δ-phase starting from these centers.  The duration of the induction period 
can differ widely in different crystals.  In the same work, the reverse transition 
δ → β was studied.  In this process the consumption of δ-HMX follows the 
first-order kinetic law.  A theoretical interpretation of these data is given in [7].  
The kinetic model suggested in this work is based on the assumptions that the 
PT is reversible, the nucleation stage follows the first-order kinetic law and 
the growth stage of a new phase follows the second-order kinetic law.  The 
integral equations for the rate obtained, based on this model, describe sigmoidal 
temporal dependences both for the direct and reverse PTs, which contradicts the 
experimental data published by the same authors in [6].  A kinetic model for the 
growth of a new phase constructed in [7] involves an activated transition state 
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which is thermodynamically equivalent to the melt. 
Two more kinetic models of the PT β → δ in HMX are suggested in [8].  

One of them (the detailed model) contains separate kinetic parameters for the 
nucleation process, including an activation energy resulting from a redistribution 
of defect energies, and for the movement of the resulting reaction interface within 
a single particle.  The dependences of the PT rates on temperature were chosen 
in such a way that they go to zero at the transition temperature.  Another model 
(the global model) is based on the extended Prout-Tompkins nucleation-growth 
formalism with an added thermodynamic inhibition term (as in the detailed 
model, the PT rates go to zero at the transition temperature).  It was concluded 
that the activation energy for nucleation (333 kJ/mol) is substantially higher than 
that for growth (29.3 kJ/mol).

The concept of internal, stress-induced virtual melting for a HMX crystal 
embedded in a polymeric binder [9] is of particular interest.  According to this 
concept, during nucleation, nano-sized clusters of β-HMX dissolve in a molten 
binder and transform diffusionally into δ phase clusters.  During the interface 
propagation, internal stresses induced by transformation strain cause melting 
of the stressed δ phase much below the melting temperature and its immediate 
resolidification into the unstressed δ phase.

The DSC method was used for the investigation of the PT β → δ in HMX 
[10].  In experiments carried out at heating rates from 1 to 10  °C/min, fine 
structure (numerous narrow peaks) imposed on the main DSC curve was 
observed, particularly at the lower heating rates.  The authors supposed that 
this was due to uneven contact of the powdered sample with the sample pan as 
a result of changes in morphology and density of the crystals in the course of 
the PT.  A similar fine structure was observed in DSC curves for the PT ε → γ 
in HNIW [11] and α → β in 1,1-diamino-2,2-dinitroethene (FOX-7) [12], but 
an unambiguous explanation of the nature of these phenomena was not given 
in these reports.  It is important to note that separate peaks in the DSC curves 
cannot be attributed to PTs in separate crystals: in all cases the number of peaks 
forming the fine structure does not exceed several tens, whereas the samples 
used contained many thousands of crystals.

In [13], the PT β → δ in HMX was investigated in a single HMX crystal, 
with dimensions 250 × 45 µm, at 184 °C by means of atomic force microscopy.  
The formation of voids orthogonal to the a-axis at the crystal surface during the 
PT was explained to be the result of nucleation in areas due to local damage or 
stress fields.

The role of different factors influencing nucleation in PTs of molecular 
crystals remains insufficiently understood.  In particular, it was found [14] that 
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the presence of 5% of a polymer binder results in the acceleration of nucleation.  
The nature of this phenomenon is unclear.

The kinetics of PTs of other energetic compounds has been studied in less 
detailed than that of HMX.

In [15], solid-solid phase transitions of the HNIW (CL-20) polymorphs ε → γ, 
α → γ and β → γ were studied under isothermal conditions by transmission FTIR 
spectroscopy.  The kinetic laws of the PTs are complex.  Neither an induction 
period, nor self-acceleration were observed.  Note that in this work the samples 
were subjected to mechanical exposure during the preparation of a thin uniform 
film sandwiched between the NaCl windows.

From the above compilation of literature data it is obvious that the kinetics of 
PTs in molecular crystals differs essentially not only from classical homogeneous 
kinetics, but also from kinetics of solid-phase chemical reactions.  Undoubtedly, 
this is connected with the nature of the bonds undergoing transformation: strong 
covalent bonds in the case of chemical reactions and weak van der Waals and 
dipole-dipole interactions in the case of PTs.  It is worth noting that knowledge 
of the main kinetic regularities of polymorphism is not limited to energetic 
compounds, but is of general interest [16].

In the majority of publications related to phase transitions in energetic 
compounds, these processes were investigated under nonisothermal conditions, 
mainly by means of DSC.  Obviously, such an approach could not provide 
reliable kinetic parameters of the processes.  This paper is aimed at a summary 
of the available data on the kinetics of PTs in energetic compounds under 
isothermal conditions.  Research in this direction has been carried out in the 
Institute of Problems of Chemical Physics RAS, Chernogolovka, Russia during 
the last 15 years.  Their results are summarized below.  Different modifications 
of HNIW, HMX and FOX-7 were selected as the subjects.  ε-HNIW was 
synthesized following the procedure described in [17].  α-HNIW was obtained 
by crystallization from ethyl acetate and nitric acid.  Different modifications of 
HMX were prepared in accordance with methods described in [18].  FOX-7 was 
synthesized by the method described in [19].

2	 Irreversible PT.  Frontal and Quasi-homogeneous Modes

At low pressures, the low-density γ-modification of 2,4,6,8,10,12-hexanitro-
2,4,6,8,10,12-hexaazaisowurtzitane (HNIW) is thermodynamically stable over 
a wide temperature range [20].  According to quantum-chemical calculations, 
Coulomb (dipole-dipole) interactions in the ε- and α- modifications of HNIW 
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are rather strong (Table 1).  As a result, these polymorphs are metastable under 
normal conditions; their transitions into γ-HNIW proceed at measurable rates 
in the temperature interval 100-160 °C. 

Table 1.	 Van der Waals (Ev) and Coulomb (EQ) contributions (kcal/mol) to 
the energies of the intermolecular interactions in HNIW polymorphs 
(after [21])

Polymorph Ev EQ ETotal

γ –25.6 –14.6 –40.2
α(H2O) –30.0 –8.8 –38.8

ε –27.5 –11.1 –38.6

For this reason ε- and α-HNIW were considered as suitable model materials 
for an investigation of the specific features of irreversible phase transitions in 
molecular crystals.  At the same time, these modifications possess a number 
of essential differences.  The PT ε → γ proceeds with a  significant increase 
(∆V/V0

 = 0.065) in crystal volume per molecule [22].  As a result, this process is 
accompanied by strong mechanical strain and disintegration of single crystals.  
In the PT α → γ, the value of ∆V/V0 is much lower (about 0.005).  Unlike the PT 
ε → γ, the transition α → γ is not accompanied by a change of conformational 
state of the HNIW molecule.  One more difference between α-HNIW and 
ε-HNIW is the presence of water in the former.  The α-modification of HNIW 
can be considered as a pseudopolymorphic hydrate [23, 24]: water molecules 
are usually present in the cavities of its crystal structure, in fixed but partially 
vacant sites [22, 25].  However α-HNIW can exist also in an anhydrous form [15].  
The results of the investigations of irreversible PTs in HNIW under isothermal 
conditions were published in [15, 26-31].  The main conclusions are listed below.

Microscopic observations [27-31] show that the two PT modes, frontal and 
quasi-homogeneous, can be realized in the HNIW polymorphs.

The frontal PT mode is characterized by a pronounced induction period τ, 
that varies for different crystals.  For ε-HNIW with a mean crystal size of 150 µm, 
at 150 °C the value of τ varies from 10 to 96 min [29].  After the completion 
of the induction period, formation of a phase transition wave takes place near 
growth defects.  Just thereafter, the PT wave very rapidly (during several seconds) 
passes through the crystal.  The commencement of the process is often observed 
simultaneous in several crystals.  The width of the wave front varies from 5 to 
20 µm.  Ahead of the front, a zone of strained crystal can be observed in polarized 
light; behind the front, porous polycrystalline aggregates of γ-HNIW are formed.  
The latter consist of plate-like particles of size ca. 10 × 50 × 50 nm.  The passing 
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of the PT wave through the crystal results in its partial (up to a conversion of 
~0.1%) strain-induced decomposition, accompanied by the evolution of a brown 
gas forming bubbles in the immersion liquid.  The features described lead to 
a conclusion about the dislocation mechanism of the PT ε →  γ in HNIW.  In 
molecular crystals, the dislocation core can have an energy exceeding that of 
the ideal crystal by 5-10 kcal/mol.  Consequently, the dislocation core is the 
area where conformational and polymorphic transformations and chemical 
decomposition are most probable.

Already during the induction period, growth dislocations are the places of 
accumulation of volatile impurities that creates local gradients of mechanical 
stress.  During the growth stage, processes accompanied by gas emission are 
observed in the leading part of the wave front, whereas the PT occurs in the 
central part of the front where mechanical stress is maximal [29].

The frontal mode can be realized also for the PT α → γ in HNIW with 
crystal sizes exceeding a critical value (from ~50 to ~150 µm, depending on 
the temperature) [30].

The quasi-homogeneous PT mode differs from the frontal mode in the 
absence of a PT wave; each single crystal of the initial phase gradually transforms 
into a single crystal of another modification.  This mechanism is realized e.g. 
in the process α → γ in HNIW with crystal sizes below ~100 µm [30].  The 
kinetic curves of quasi-homogeneous PTs are smooth.  In both frontal and quasi-
homogeneous modes the induction period is reduced with increasing temperature 
and with a reduction in crystal size; in some cases it was not observed [29, 31].

One of the most interesting specific features of frontal-mode PTs, is the 
presence in a polycrystalline sample of several groups of crystals, each of which 
is characterized by a certain value of the induction period.  In other words, in 
a sample containing many (say 104 to 105) crystals, there is a small number 
of groups of crystals in each of which the PT occurs almost simultaneously, 
whereas the τ values for the different groups can differ markedly.  As a result, the 
τ distribution density is discrete, and unlike quasi-homogeneous PTs (Figure 1a), 
the process proceeds in a stepwise mode (Figures 1b, 2).
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a                                                               b

Figure 1.	 Kinetic curves of the PT α → γ in HNIW (a) for a sample with mean 
crystal size 40 µm at 124 °C (quasi-homogeneous PT mode), and 
(b) for a sample with mean crystal size 150 µm at 114 °C. 

Figure 2.	 Integral and differential kinetic curves for the PT ε → γ in a HNIW 
sample with mean crystal size 30 µm at 124.4 °С (frontal PT mode). 
x(γ) is the fraction of γ-HNIW.

The stepwise PT kinetics is a rather regular phenomenon.  In particular, 
under nonisothermal conditions it appears as multiple minima in the DSC curves 
of some samples of HNIW [11], HMX [10] and FOX-7 [12, 32].  As noted in 
[12], the “reaction profile […] is actually a superposition of nucleation events 
for individual crystallites.  At low heating rates, the interfacial growth of the 
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phase transition is fast relative to the nucleation probability, so the features are 
well resolved”.  Under isothermal conditions this phenomenon was regularly 
observed by us for the PTs α → γ and ε → γ in HNIW [18, 27-31] and β → δ in 
HMX [18, 33].  The number of steps in the kinetic curves decreases with increase 
in temperature (Figure 3).

Figure 3.	 Kinetic curves for the PT α → γ in HNIW with mean crystal size of 
150 µm.  The accumulation of the final phase and the consumption 
of the initial phase at 125 and 130 °C have been followed by means 
of powder X-ray diffraction. After [31].

The discrete distribution over the induction times, resulting in the stepwise 
PT kinetic law, was explained by the presence of several kinds of nucleation 
centers in the crystal, each of which is characterized by a particular time of 
critical nucleus formation at a given temperature [18].  In the frontal-mode PT 
processes, the duration of the induction period τ, in which the nucleation occurs, 
ranges from several seconds to several days, depending on the temperature and 
the kind of nucleation center.  Apparently, this fact reflects the energy distinction 
of defects which are potential nucleation centers [6, 8]. 

This assumption is indirectly confirmed by data on the influence of crystal 
sizes on the kinetics of PTs.  As follows from [35], the stability of β-HMX in 
the PT β → δ is reduced with an increase in crystal size.  A similar regularity 
was noted in [34]: a coarse sample showed phase conversion from the β- to the 
δ-phase, starting during the first 10 minutes at 165 °C.  It required up to 4 h for 
completion.  This situation is quite different for a fine sample; at 165 °C, no 
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conversion was observed for the duration of the experiment.  Only at 170 °C, 
does the δ-phase emerge after 90 minutes and continues to develop with time. 
A possible explanation of this phenomenon is that the probability of nucleation 
(which is the limiting stage in a frontal-mode PT) in a large crystal is greater 
than in a small one.

In a  general case, the distribution density for the induction times is 
a superposition of continuous and discrete functions, which reflects differences 
in the nature of nucleation centers present in different crystals.  In the cases of 
mixed-mode kinetics, the contributions of continuous and stepwise processes 
can be determined by means of Fourier analysis [18].

The sum of the fractions of the initial and the final phases measured for the PT 
α → γ in HNIW is always equal to 1 (see e.g. Figure 3).  However at intermediate 
stages of the PT ε → γ in HNIW, this sum, determined by means of powder X-ray 
diffraction, varies in the range from 0.7 to 0.9 [31].  A quantitative, full-profile 
analysis of the IR spectra showed that in the latter case no intermediate phases 
(neither amorphous, nor crystalline) are formed, and it was concluded that the 
lowering of the intensities of X-ray diffraction peaks is due to the formation of 
intermediate highly dispersed γ-HNIW [31].  This conclusion is in agreement 
both with our electron microscope observations [29] and with the model [7] 
which involves an activated transition state.

3	 Reversible PTs

Unlike irreversible PTs, in which transformations of metastable polymorphs occur 
far from the border of the area of their thermodynamic stability, reversible PTs 
can be realized (as both direct and reverse processes) close to this border.  This 
is possible in cases where the effective activation energy for the transformation 
is not too high.

The effective activation energy Ea for the initial stage of the irreversible 
PT ε → γ in HNIW at normal pressure, in the temperature interval from 143 
to 161.5 °С, is rather high (from 210 kJ/mol [14] to 227 kJ/mol [29]).  The 
apparent activation energy increased to a maximum of about 400 kJ/mol at 40% 
conversion [14].  Taking into account that the induction period and, consequently, 
the nucleation stage were not observed, these values should be attributed to the 
growth stage.

In contrast to this, the PT α → β in FOX-7, in the temperature interval from 
100.0 to 111.8 °С, is characterized by Ea

 = 110 kJ/mol [34], and is reversible. 
Isothermal kinetics of the reversible PT β → δ in HMX was described by 
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the equation for autocatalysis, in which the order of the reaction on the catalyst 
increases from 1 to 2 with an increase in temperature, and the maximum rate of 
the reaction obeys the Arrhenius equation, with Ea

 = 431 kJ/mol [33].  However 
the apparent activation energy determined for the growth stage of this process 
[8] is very low (29.3 kJ/mol).

In [33], several repetitive cycles of β → δ → β were realized in HMX.  The 
corresponding kinetic curves of the PT β → δ are given in Figure 4.  The process 
is accompanied by the destruction of crystals.  One of the most interesting 
conclusions that can be made, based on these experiments, is that a reduction in 
the induction period and an increase in the rate of the PT β → δ occurs with the 
increase in cycle number.  Consequently, in direct PT processes, i.e. processes 
proceeding due to an increase in temperature above the PT point, both internal 
(developing as a result of the PT wave propagation), and external mechanical 
influence (e.g. grinding) leads to a shortening of the induction period or even to 
its disappearance [14, 18, 28, 29].

Figure 4.	 The differential kinetic curves of heat absorption in direct PT (β → δ) 
during several cycles β → δ → β in HMX with mean crystal size 
20 µm at 161.0 °C.  The figures by the curves correspond to the 
number of the PT cycles.

A similar trend was observed by us in repetitive PT cycles of α → β → α 
in FOX-7 under non-isothermal conditions: the endothermic peak on the DSC 
curve in the first cycle is shifted towards higher temperatures as compared to 
subsequent cycles (Figure 5).
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Figure 5.	 DSC curves for two PT cycles α → β → α in FOX-7 with crystal 
sizes from 30 to 150 µm.

The reduction of the induction period in direct PT processes is observed 
also with increasing temperature [33, 34, see Figures 6, 7].

Figure 6.	 Kinetic curves of the PT β → δ in HMX at different temperatures 
(°C): 1 – 169.0, 2 −167.0, 3 – 165.4, 4 – 164.0, 5 – 162.0, 6 – 159.4. 
x(δ) is the fraction of δ-HMX.
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Figure 7.	 Isothermal kinetic curves of the PT α → β in FOX-7 at different 
temperatures (°C): 1 – 111.8, 2 – 108.4, 3 – 104.9, 4 – 100.0.  The 
kinetics follows the first-order autocatalysis law dα/dt = k(1 – α)
(A + α), where k is the rate constant, α is conversion, and A (“seed 
concentration”) is a constant [34].  x(β) is the fraction of β-FOX-7.

Figure 8.	 Kinetic curve of the PT δ → β in HMX at 121  °С.  The points 
correspond to experimental data; the solid line represents the 
approximation in accordance with the first-order kinetic law. 
x(δ) is the fraction of δ-HMX.

In reverse PTs proceeding due to a decrease in temperature of a preheated 
sample to below the PT point, both the induction period and self-acceleration 
are not observed.  For example, the kinetics of PT δ → β in HMX, obtained 
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from isothermal calorimetric data [18], can be described with high accuracy by 
a first-order equation (Figure 8).  A similar result was obtained earlier [6].  In 
other words, in reverse PTs the nucleation stage is not observed.

Figure 9.	 The IR absorption spectra of α-FOX-7 (1) and β-FOX-7 (2) in the 
region of the bending vibrations of NO2 groups.

Figure 10.	 Kinetic curves for the PT β → α in FOX-7 at 23 °C.  The symbols 
correspond to the experimental data, and the solid curves represent 
their approximation by two-exponential dependences.  Black 
triangles correspond to a sample subjected to intense trituration in 
an agate mortar.  x(α) is the fraction of α-FOX-7.
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In [34], the kinetics of the reverse PT β → α in FOX-7 at 23 °C was followed 
by the intensity of the absorption band of the bending vibrations of NO2 groups 
at 738 cm–1, which is present only in the IR spectrum of the α-modification 
(Figure  9).  The process follows the two-exponential law (Figure  10) in 
accordance with the equation: 

α = 1 − C exp(−k1t) − (1 − C) exp(−k2t) 

where: α is the conversion, k1
 = 0.1161 ± 0.0006 s−1, k2

 = 0.0150 ± 0.0001 s−1, 
C = 0.738 ± 0.002.  In another experiment, α-FOX-7 crystals were preliminarily 
vigorously triturated in an agate mortar for 1 min.  As a result, the value of k2 
doubled, whereas the other parameters of the two-exponential kinetic equation 
remained almost unchanged: k1

 = 0.1266 ± 0.0012 s−1, k2
 = 0.0319 ± 0.0007 s−1, 

C = 0.774 ± 0.008.
The causes of the differences between the kinetic laws or the above described 

reverse PTs, δ → β in HMX and β → α in FOX-7 (single-exponential and two-
exponential, respectively), lie in the morphological features of the samples used.  
In the case of HMX, a fine crystalline sample characterized by a very narrow 
particle size distribution (average size 20 μm) was used. 

Figure 11.	 Two kinds of crystals present in the investigated FOX-7 sample.

In the FOX-7 sample used in [34], two kinds of crystals were present.  
Crystals of the first type (Figure 11, right) are parallelepiped, formed by the faces 
{100}, {010} and {001}.  All dihedral angles of these crystals are close to 90°, 
which is in agreement with the angles of the orthorhombic unit cell having the 
parameters a = 6.939, b = 6.631, c = 11.349 Å, α = 90°, β = 90.65°, γ = 90° [37].  The 
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mean sizes of these crystals were close to 250 × 180 × 30 Å, and they comprised 
a quarter of the sample mass.  Crystals of the second type (Figure 11, left) are 
twinned with characteristic re-entrant angles which have isometric shapes and 
sizes from 0.2 to 0.8 mm across, the mean size being about 0.4 mm.  Note the 
larger sizes of the twins as compared with those of single crystals, which grew 
at the same time from the same solution, is a common phenomenon related to 
the specific features of the nucleation stage of crystallization [38].

The presence in the sample of crystals of these two types is the most 
probable cause of the two-exponential kinetics of the PT β → α in FOX-7.  It 
was shown (by means of X-ray diffraction) that the transitions between α- and 
β-modifications of FOX-7 occur in a quasi-homogeneous mode, in accordance 
with the mechanism single crystal → single crystal [39].  Thus it is reasonable to 
assume that crystals of β-FOX-7, formed on heating the different morphological 
varieties of the α-polymorph, contain different kinds of structural defects.  In 
turn, these features should influence the kinetics of the reverse transition β → α.

4	 The Role of Mechanical Effects on PTs of Molecular Crystals

Stepwise PT kinetics is characteristic of frontal-mode PT processes in 
polycrystalline samples which had not been exposed to mechanical influence.  
Under strong mechanical treatment (e.g. crushing, pressing, or grinding in 
a mortar), a lot of different kinds of defects can be generated in the crystals.  In 
addition, grinding results in the enhancement of the specific surface area, and 
nucleation on the surface may become dominant.  As a result, the PT kinetic 
curves become smooth, and an induction period is not observed [14, 18, 28, 29].

Under normal conditions δ-HMX transforms into a  mixture of α- and 
β-modifications in a short period (from several hours to several days).  Unlike 
δ-HMX, the pseudopolymorphic hydrate γ-HMX is relatively stable.  The half-
life period of the PT γ → β varies from several months to several years.  However 
this process is accelerated considerably when the crystals are ground in an agate 
mortar.  The kinetic curves for the reverse PT γ → β, obtained for a sample 
preliminarily triturated in an agate mortar, can be approximated by broken lines 
consisting of two linear segments [18].

The PT γ → β is accompanied by loss of structural water (see [40]).  As was 
shown in [41], a solid-solid structural transformation, initiated by the release of 
a volatile impurity (e.g. water), follows the zero-order kinetic law when impurity 
mobilization is the rate determining stage of the process.  Based on these data, it 
is reasonable to suppose that the PT γ → β is limited by water diffusion.
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In [30], the kinetics of phase transformations of δ-HMX has been investigated 
by means of a full-profile FTIR analysis, using samples subjected to two kinds of 
mechanical treatment.  In the first experiment, crystals of δ-HMX were crushed 
imposing uni-axial pressure.  Immediately thereafter, a rapid PT commenced.  
In the course of this process, δ-HMX transformed to a  mixture of α- and 
β-modifications (in the proportion 4.0 : 1.0) via the formation of intermediate 
γ-HMX (Figure 12).  This process can be described by a formal kinetic scheme 
of successive transformations δ → γ → α + β, with the rate constants of the first 
and second stages k1 and k2, respectively.  The analytical equations for the time 
dependences of the fractions of the different modifications corresponding to this 
scheme are: 

Сδ = e−k1t; Сγ = k1(k1−k2)−1(e-k2t − e−k1t); Сα+β = 1 − e-k1t − k1(k1−k2)−1(e−k2t − e−k1t). 

Some deviations of the experimental data from these idealized theoretical 
dependences (Figure 12), including the presence of a linear segment in the curve 
for the consumption of δ-HMX, may be connected with the inhomogeneity of the 
system.  On the other hand, as was noted above, such behaviour can be explained 
by a PT mechanism in which impurity mobilization is the rate determining stage 
[41].

Figure 12.	 Experimental kinetic curves for different polymorphs in the PT of 
δ-HMX after crushing the crystals, imposing uni-axial pressure. 
After [18].

In the second experiment, the δ-HMX crystals were triturated in an agate 
mortar, i.e. subjected to shear strain.  As a  result, the phase composition of 
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the products and the shape of the kinetic curves changed substantially as 
compared with those in the first experiment (Figure 13).  The process can be 
described by the following simplified kinetic scheme: δ → α + β (α : β ≈ 3 : 2); 
α → β (a slower process).  The intermediate γ-HMX is formed in insignificant 
amounts.  In addition, shear deformation results in a significant acceleration of 
the consumption of δ-HMX, which proceeds with self-acceleration of the initial 
stage.  Taking into account that α-HMX crystals obtained by crystallization from 
solution are stable under normal conditions, the observed transformation α → β 
is an unexpected result.  Hypothetically, the lowered stability of α-HMX formed 
from triturated δ-HMX is due to its high dispersion or high concentration of 
defects, which results in the acceleration of nucleation.

Figure 13.	 Kinetic curves for different polymorphs in the PTs of δ-HMX after 
trituration in an agate mortar. After [18].

A  comparison of available data on the isothermal kinetics of PTs in 
different polymorphs of HMX, FOX-7 and HNIW shows that these processes 
are characterized by a number of common specific features, but there are also 
some important distinctions.  In all of these compounds, the PTs can occur both 
in frontal and in quasi-homogeneous regimes, depending on the temperature and 
crystal sizes.  In cases when the initial phase is metastable under the conditions 
at which a transition occurs, the process is irreversible.  The PT ε → γ in HNIW 
is an example of such a process.  In some cases, the preservation of a polymorph 
under conditions where it is thermodynamically unstable, can be achieved at the 
expense of strong intermolecular interactions, as in the case of HNIW (see Table 1).  
Hydrogen bonds with water molecules occurring in pseudopolymorphic hydrates 
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(e.g. in α-HNIW and γ-HMX) contribute to their additional stabilization [25]. 
In cases where the stabilizing effect of intermolecular interactions is 

relatively weak, the PTs are reversible.  Examples of such processes are the PTs 
β ↔ γ in HMX and α ↔ β in FOX-7.  In both cases, reverse transformations occur 
without an induction period and without self-acceleration.

In frontal-mode processes (β → δ in HMX, α → γ and ε → γ HNIW) 
nucleation is the rate-determining stage, and these processes are characterized 
by high values of the effective activation energy of several hundred kJ/mol.  The 
quasi-homogeneous PT α → β in FOX-7 occurs with an activation energy of 
~110 kJ/mol.  This value may correspond to the cleavage of several hydrogen 
bonds in the growth stage [34].

Unlike chemical reactions, PTs do not show a direct connection of kinetic 
characteristics with the chemical nature of the substance.  PTs in molecular crystals 
are physical processes, and their specific features depend on such factors as crystal 
structure, density, intermolecular interactions, conformational transitions, crystal 
sizes, mechanical strains, the nature of defects and their concentration.

5	 Conclusions

Based on the above data, several general conclusions can be formulated.
1. Two PT modes, frontal and quasi-homogeneous, can be realized in 

molecular crystals.  The frontal PT mode is characterized by a  pronounced 
induction period followed by the fast propagation of a PT wave through the 
crystal which results in the formation of a polycrystalline aggregate of a new 
phase.  In quasi-homogeneous PTs, the induction period is short or is not 
observed; each single crystal of the initial phase transforms into a single crystal 
of another modification.

2. A frontal PT is often characterized by a nearly discrete distribution of 
induction periods in different crystals due to the presence of a small number 
of different kinds of nucleation centres.  As a  result, integral kinetic curves 
have a stepwise character, and differential kinetic curves (both isothermal and 
nonisothermal) contain multiple maxima.  On the contrary, kinetic curves of 
quasi-homogeneous PTs are smooth.

3. In a  frontal-mode PT, the τ distribution density coincides with the 
differential kinetic curve normalized on unit area.

4. In the case of reversible PTs, in direct processes, i.e. processes proceeding 
due to an increase in temperature above the PT point, both internal (developing 
as a result of the PT wave propagation) and external mechanical influences (e.g. 
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grinding) lead to a shortening of the induction period or even to its disappearance.
5. In all known isothermal reverse PTs of energetic substances proceeding 

due to a decrease in temperature to below the PT point of a preheated sample, an 
induction period is not observed.  In other words, in reverse PTs the nucleation 
stage is absent: nuclei of the low-temperature polymorph are initially present in 
the preheated sample.

6. The rate, the kinetic law and the products of PTs depend on the kind of 
mechanical impact on an initial sample.
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