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Abstract—The decomposition rate of 1,1-diamino-2,2-dinitroethylene (FOX-7) at 200°C in a wide range of
changes in the conditions of the experiment and methods of sample preparation is measured. The nature of
the first stage of decomposition is established and the reason the reaction stopped at this stage is found.
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INTRODUCTION
Experimental study of the thermal decomposition

of 1,1-diamino-2,2-dinitroethylene FOX-7 (I) was
carried out mainly by the differential scanning calo-
rimetry (DSC) method in an inert gas f low (see review
[1]). At the same time, it was found that the decompo-
sition proceeds in two stages, which in the DSC curves
correspond to two heat release peaks, strongly differ-
ing in temperature (220 and 270°C). It was proved in
[2] that the appearance of two peaks are not related to
any impurity reactions or with the formation of prod-
ucts that could decompose at elevated temperatures.
Such a double character of the reaction during the
decomposition of explosives had previously never
been observed, even in the case of polyfunctional
compounds with a complex structure [3–6]. In the
work [2], the first peak (in which 60% of the heat is
released) was explained by the presence in the crystals
of substance I, an amorphous substance with a high
decomposition rate. However, in an earlier work [7], it
was shown that in closed vessels the termination of the
reaction depends on the ratio of the mass of sample m
to the volume of vessel V and can be observed at small
conversions. The inhibition effect itself was explained
in [7] by the reversibility of the first stage of decompo-
sition, which consists of splitting I into HNO3 and the
corresponding nitrile oxide. It can be noted, however,
that the possibility of attaching HNO3 to nitrile
oxides, especially in vapors and at high temperatures,
has not been proven. In [8], a new effect was discov-
ered: after a short period (~20 min) of heating at a tem-
perature of about 200°C, the crystals of compound I in a

stream of argon acquire new properties. After cooling
them to room temperature and subsequent heating, no
α → β and β → γ phase transitions are observed, as
usual, and the first decomposition peak is absent. In
[8], it was assumed that during preliminary heating a
polymorphic transition occurs with the formation of a
new, δ-modification, thermally and phase-stable at
temperatures ranging from room temperature to
270°C. In the same work, it was found that substance I is
volatile and even at atmospheric pressure it readily
sublimates at 200°C from the microscope’s support,
and the nonvolatile residue (assumed δ-modification)
changes color. The color change can be due to chemi-
cal conversion. However, the possible connection
between sublimation, decomposition reactions, and
changes in the properties of crystals was not discussed
in [8], although it was in this work that the simultane-
ity of these phenomena was first discovered. Note that
even before the appearance of [8], it was shown [2]
that the same properties, that is, disappearance of the
first peak of heat release at 220°С and the absence of a
transition to the α-modification upon cooling, belong
to the product formed after three days of heating I in
an argon flow at 185°C (40% weight loss), and the
structure of this product corresponds to the γ-phase.

No thermal effects that should accompany the
phase transition were observed in [8]. Thus, the
assumption of the γ → δ phase transition has not been
confirmed. However, even if we assume that the
δ-modification exists, it cannot be the reason the
decay stops. It is impossible to explain why the high-
temperature modification, the formation of which
proceeds with the absorption of heat, i.e., with an
increase in the heat content of a substance, it† Deceased.
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Fig. 1. DSC curves of decomposition of compound I in
sealed ampules. Temperature rise rate, 1 deg/min; ampule
volume, 2.5 cm3. Sample: (1) 7.65 mg; (2) 4.2 mg. Heat
release in the first and second peaks (mJ): (1) Q1 = 250,
Q2 = 28340; (2) Q1 = 314, Q2 = 16780.
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becomes, judging by the difference in the temperatures
of the appearance of the peaks, more stable than the
preceding γ-phase by 10s to 100s of factors. It is also
unclear why the compound, which is highly volatile at
200°C, completely loses the ability to sublimate even
when heated to 270°C after the polymorphic transition.

At the same time, such indisputable facts as high
volatility I, confirmed in the detailed work [9], and the
inevitable fast reaction of decomposition of a sub-
stance in the gas phase, require more detailed consid-
eration as the probable reasons for the appearance of
the first stage. Therefore, it is not surprising that the
following hypothesis was put forward in [10] as one of
the possible explanations for the first stage: the
decomposition of I proceeds mainly in the gas phase.
The reason for the decrease in the thermal decompo-
sition rate is the formation of a dense film on the outer
surface of the crystals as a result of some secondary
reactions involving the products of gas-phase decom-
position. The film prevents sublimation. However, in
this study, this hypothesis was rejected, and preference
was given to the phase transition.

In relation to the low probability of the explana-
tions of the first stage, proposed in the literature, in
this paper, a further study of the decomposition of the
substance I was undertaken in order to test, primarily,
the hypothesis of the self-decelerating decay in vapor
as the cause of the first stage. Unlike most other
works, the study was carried out not in open systems in
an inert gas f low but in closed vessels and mainly
under isothermal conditions. Compared with the iso-
thermal studies performed in [2, 7], the observation
time for the reaction was increased by tens and hun-
dreds of times, which made it possible to study both
RUSSIAN JOURNAL O
stages at the same temperature. Such methodological
changes made it possible to obtain new information on
the decomposition of compound I and ultimately
determine the nature of the first decomposition stage.

EXPERIMENTAL

Compound I was synthesized according to the
method described in [11]. Two samples were used:
small, with particles of ~ 0.1 mm; and large, with par-
ticles of ~1 mm. In both cases, recrystallization was
carried out from acetonitrile.

Calorimetric measurements in the scanning mode
were performed on a device developed at the Institute
of Problems of Chemical Physics, Russian Academy
of Sciences (IPCP RAS), which allows accurate mea-
surements of heat release in sealed ampules with a vol-
ume of ~2.0 cm3 at a heating rate of 1 to 5 deg/min.

Gauge measurements are made with a high pres-
sure unit. A glass ampule (0.5–5.0 cm3), equipped
with a crescent membrane with a volume of 0.3 cm3

with an arrow, was placed in a split metal capsule with
a window for observing the deflection of the arrow and
the cover, which was connected with a pump, a pres-
sure gauge, and a compressed air cylinder using copper
pipes and valves. The pressure in the ampule was mea-
sured by the compensation method.

RESULTS AND DISCUSSION

In accordance with the set task, after describing the
observed facts or phenomena, an analysis of their con-
nection with gas-phase or solid-phase reactions is
immediately given, and their correspondence with the
mechanism of decomposition of substance I and gen-
eral laws of reactions in the gas and solid phases is dis-
cussed.

Differential Scanning Calorimetry Study

The DSC curves of decomposition in sealed
ampules show, as in the decomposition in an inert gas
flow, two peaks of heat release (Fig. 1). However, there
are two significant differences between data obtained
under open and closed conditions. The heat release
peaks in the sealed ampule are very close to each other,
mainly due to the shift of the second peak towards low
temperatures. The maximums of the heat released
from the first and second peaks lie in the sealed
ampule at 228 and 250°C instead of 220 and 270°C as
in open systems. This can be explained by the fact that
the decay of I in the second stage is an autocatalytic
process, the rate of which depends on the pressure of
the gaseous products. In addition, in a closed volume
in the first stage of decomposition, no more than 2%
of the total heat is released, instead of 40–60% in the
flow.
F PHYSICAL CHEMISTRY B  Vol. 15  No. 3  2021
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In closed vessels, it is also observed that the heat
release in the first stage is almost independent of the
mass of the substance taken. This result means that the
first stage is not related to any reaction involving the
solid. Consequently, the reaction takes place in the gas
phase.

The second observation, showing the gas-phase
nature of the reaction in the first stage, concerns the
change in the color of the sample. When heating a test
tube containing 200 mg of substance I, up to 200°C at
atmospheric pressure, a rapid coloration of the end
surface of the sample in a beige color is visually
observed. The color slowly spreads into the interior
and along the walls of the tube. The lower layers of the
substance remain yellow for a long time. Observations
of this kind have been carried out many times in the
study of thermal decomposition in closed vessels
described below. With small (up to 5 mg) weighed por-
tions, when the crystals lie on the bottom of the vessel
in a thin layer, they all lose their yellow color immedi-
ately after warming up to 200°C. When rubbing such
darkened crystals, a yellow powder is formed. This
means that the color change only affects the thin outer
layer of the crystal. In samples with a mass of 20 to 30
mg, heated in a vessel with a volume of 5 cm3 at 200°C
for 6 hours, there is always a part of the crystals that
does not change its original color.

Coloring of only the crystal surface and only the
outer surface of the sample indicates the occurrence of
a chemical reaction, not in the solid phase but in
vapors. In order to explain why this reaction stops, it
can be assumed, as suggested in [10], that the decom-
position of vapors produces low volatile compounds,

which are deposited on the surface of crystals in the
form of a film. This film modifies the crystal surface
and prevents sublimation. The vapors released into the
volume of the vessel decompose quickly, and the reac-
tion stops.

The formation of a film can explain not only the
termination of the reaction but also the second feature
of the heated sample, which served as the base for the
hypothesis of the polymorphic transition γ → δ in [8].
This feature consists, as noted, in the absence of a
rapid γ → α transition when the heated sample is
cooled to room temperature. The phase transition
requires large f luctuations of the free volume to release
the translational motion of the molecules. Therefore,
it usually begins in large defects lying on the outer sur-
face of the crystal. Covering the surface, the film deac-
tivates its active regions and inhibits the slowest stage
of the phase transition—the formation of nuclei of a
new phase—delaying, at least for some time, the phase
transition. Perhaps that is why the hypothetical high-
temperature δ-modification is simply a γ-form cov-
ered with a film of products.

The formation of a protective film is a unique prop-
erty of substance I related to the peculiarities of its
structure and the mechanism of decomposition. To
understand how the film is formed, it is necessary to
consider the mechanism of the reaction.

Mechanism of the Reaction

The most likely decomposition mechanism of
compound I is a sequence of elementary processes

(1)

According to quantum chemical calculations [12],
out of the five possible primary stages of decomposi-
tion of compound I (Fig. 2) path d of isomerization in
the aci-form (nitronic acid) through a 1.5-sigmatropic
hydrogen shift has the lowest activation energy. This
regularity will be retained for all unsaturated mononi-
tro compounds having hydrogen-containing substitu-
ents such as CH3, OH, and NH2 in the cis-position to
the nitro group. Admittedly, in the case of substance I,
another primary reaction, intramolecular oxidation
with the formation of an oxazet-type structure (path c),
has the same activation energy as reaction d.

The nitronic acid resulting from I is highly stable in
the gas phase. In [12], not a single pathway was found
for the conversion of nitronic acid with an activation
energy lower than that of the first stage. Therefore, in

this study, preference is given to the decomposition
through a transition state of the oxazet type. However, it
was shown in [13] that this reaction also cannot proceed,
since it is completely reversible. The activation energy of
the reverse process is only 10.5 kJ/mol versus 125.5 kJ/mol
for the direct reaction. Therefore, in [13], another
mechanism of the first stage was proposed: the struc-
tural enamino-imine rearrangement (path e), taking
place with an activation energy of about 200 kJ/mol.
Despite the high value of the latter, this decay path is
considered the most probable. Apparently, this con-
clusion is correct for a homogeneous reaction in the
gas phase. However, it should be taken into account
that many substances in the liquid phase decompose
by a different mechanism and much more easily than
in the vapor phase.
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Fig. 2. Scheme of primary reactions of decomposition of compound I.
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From the literature (see brief reviews in [3, 14]), it
is known that nitronic acids in the condensed state are
relatively unstable compounds. Nitronic acids of the
aromatic and heterocyclic types, isolated in a free
state, decompose at a temperature of 100°C. Due to
the possibility of rapid isomerization in the aci-form,
the rate of decomposition of liquid nitromethane is 5
and more orders of magnitude higher than in the vapor
phase [15].

With a large difference in the reaction rates in the
liquid and gas phases, vapor decomposition, as a rule,
proceeds heterogeneously, in the layers adsorbed on
the walls of the reaction vessel. In this case, the reac-
tion rate, proportional to the amount of adsorbate, will
depend on the vapor pressure and adsorption capacity
of the surface and its size.

Thus, taking into account the high probability of
the rapid heterogeneous decomposition of nitronic
acids, it can be assumed that the decomposition of
compound I proceeds both in the vapor phase and in
the solid state according to reaction (1).

Note that the decomposition mechanism (1) was
first proposed in the experimental work [7], in which,
based on it, the laws of combustion of I were
explained. The same work presents an analysis of the
mass spectrometric studies of substance I carried out
in [16], and it is shown that nitrile oxide II is one of the
primary products of the fragmentation of I with an
electronic shock.

Based on the information given in [17] on the trans-
formation of nitrile oxides, it is possible to imagine the
secondary processes that occur after reaction (1). At high
temperatures, nitrile oxides are characterized by
monomolecular isomerization in the isocyanate:

(2)

In the presence of amino compounds, isocyanates
quickly attach to amino groups to form urea deriva-
tives. Therefore, between compounds II and III, the
following reaction may take place:

(3)

R C N O R N C O

(III)

II + III HN C(NH2)NHC(O)NHC(=NH)C N O

(IV)
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with the formation of a heavier compound IV, which is
also capable of further transformations with the par-
ticipation of the nitrile oxide group. In addition to
isomerization (2), at high temperatures, the abstrac-

tion of an oxygen atom with the formation of nitrile is
possible:

Oxadiazole is formed in the presence of nitrile:

(4)

The rate of reaction (4) is much higher than that of
reactions (2) and (3), so it may turn out that com-
pound V is one of the decomposition products.

Compounds of type IV and V, having low volatility,
will be deposited on the surface of crystals I, and pos-
sibly, fixing on it due to the formation of hydrogen
bonds. These compounds contain conjugated C=N
bonds; therefore, the film formed by them has a color.
Note that a compound with conjugated C=N bonds
was discovered in [10] by IR spectroscopy in the final
decomposition products of compound I at 215°C.
Thus, within mechanism (1), the formation of a film
finds a natural explanation.

It should be noted that the film, modifying the sur-
face, prevents only the sublimation of vapors. The
decomposition products, as well as the gases desorbed
from the inner parts of the crystal, can freely pass
through the film through the micropores formed
under the pressure of these gases.

The low volatile compounds, which are deposited
on the surface, are formed, apparently, in a small con-
centration. The main decomposition products in the
vapor phase are CO2, HCN, N2O, NO2, HOCN, and
NO [1], resulting from the oxidation of compound I
and its decomposition products by nitrogen dioxide.
The latter is formed from HNO3 by the reaction

The decomposition rate constant of 100% HNO3 is
109 times greater than the rate constant of the homo-
geneous reaction in the gas phase. For this reason, the
decomposition of HNO3 vapors proceeds, as with
nitronic acids, heterogeneously on the walls of the
reaction vessel [3]. By analogy with the oxidation of
amines with oxygen, it can be assumed that the reac-
tion with NO2 occurs along the nitrogen atom, and the
higher the basicity of the amine the higher the rate of
the reaction. For this reason, the decay products will
react with NO2 faster than with I.

The described mechanism of film formation makes
it possible to explain and predict some of the phenom-
ena that have been or can be observed experimentally.
Sublimation of the substance proceeds from the sur-
face of the crystals, regardless of where they are

located, on top or inside the bulk sample. However,
the free volume between crystals inside the sample is
too small, and the nonvolatile products formed during
vapor decomposition (with a small, as noted above,
yield) are insufficient for the formation of a film. The
lack of heavy products can be the reason that the crys-
tals inside the bulk sample are not covered with a film
of products and do not change their original yellow
color for a long time.

These crystals will be a constant source of vapors of
the substance. However, it can be very difficult for the
vapors to escape into the volume of the vessel . The
vapor f low in narrow passages between crystals should
follow the laws of capillary diffusion, and the rate of
this process will primarily depend on the vapor pres-
sure Pvp, the pressure of gases in the vessel, and on the
mass and shape of the sample.

During the condensation of nonvolatile products
from the gas phase, a large amount of heat is released
on the surface of the crystals. Therefore, local heating
of the surface is possible. Heating can result in a vari-
ety of phenomena; in particular, it will contribute to an
increase in the rate of processes such as sublimation,
decomposition in the gas phase, and film formation.

Gauge Measurements

In the gauge measurements, a high adsorption
capacity of compound I, which manifests itself in the
strong retention of atmospheric gases and water by
crystals, was observed. When a vessel evacuated under
standard conditions (15 min at room temperature) is
heated to the temperature of the experiment, these
gases create an initial pressure P0, which is fixed during
preheating. The quantity P0 is poorly reproduced and is
weakly dependent on m/V. Thus, in the case of heating
up to 200°C at m/V = 10–3 g/cm3, value P0 varies in the
range 50–100 Torr, and at m/V = 0.10 g/cm3 it usually
lies in the range 150–300 Torr. Preliminary pumping
at 110°C for 15 minutes has little effect on the result.
When heated to 180–200°C together with the impurity
gases, the vapors of the substance itself are released
into the vessel. When cooled, they condense simulta-
neously with water and the adsorption of other gases;
therefore, it is impossible to accurately determine the

R C N O R C N + O.

R C N O

(V)

R C N+ N
O

N

R

R

3 2 2 2HNO 0.5H O NO 0.25O .+ +�
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Fig. 3. Kinetic curves of complete decomposition of
compound I at 200°C: (1) original sample, m/V = 7.2 ×
10–4 g/cm3; (2) a sample heated in a vacuum of 0.1 Torr
for 20 min at 200°C, m/V = 8.2 × 10–4 g/cm3.
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vapor pressure from the gauge measurements. We can
only say with confidence that at 200°C value Pvp does
not exceed 50 Torr. After heating in a vacuum at a tem-
perature of 180 to 200°C for 10–20 minutes, a weight
loss of the substance is observed, but P0, i.e., the
desorption of the adsorbed gases may even increase.
Apparently, polymorphic transitions facilitate the
desorption of impurities from the inner layers of the
RUSSIAN JOURNAL O
crystal. Thus, the decomposition of compound I is
forced to be carried out in the presence of a small
amount of air and water vapor. In order to avoid cross-
ing the decomposition curves, in the figures, the initial
value of P0 is not given.

Decomposition at a Temperature of 200°C

A temperature of 200°C is optimal for studying the
decay of the compound I in isothermal conditions. At
this temperature, a complete kinetic curve can be
obtained with a clear separation of the first and second
stages and minimal impact of the secondary processes
that lead to an increase in the rate of decomposition of
the solid.

In Fig. 3 in the coordinates Vg – t (Vg is the volume
of gaseous products released from 1 g of the substance
reduced to normal conditions), the kinetic curves of
the complete decomposition, obtained with weighed
portions of 2 to 3 mg and m/V ∼ 10–3 g/cm3, are
shown. Curve 1 is obtained under the standard condi-
tions for the preparation of the experiment. At the very
beginning, there is rapid gas evolution, which pro-
ceeds at a decreasing rate and stops after a few hours.
This section corresponds to the first peak of the heat
released under linear heating conditions. The conver-
sion in the first section is 20% of the total gas evolution
(curve 1, Fig. 2) and decreases with increasing m/V
(Fig. 4), in the way that it should occur in the case of
the decomposition of a certain portion of the sub-
stance released into the gas phase.

This is followed by an accelerating process with the
maximum rate shifted towards the end of the reaction.
This stage corresponds to the second peak of heat
released in the DSC curves. At the initial stage of the
second stage (1–2% decomposition), the rate does not
depend on m/V in the range of values m/V (1–30) ×
10–3 g/cm3. This independence is characteristic of a
solid-phase process. A slight increase in the slope of
the linear section from the very beginning is observed
only when m/V = 0.16 g/cm3. Apparently, at such large
values of m/V, the acceleration of the solid-phase
decomposition begins at a very early stage of the reac-
tion. During the acceleration phase, the rate depends
on the ratio m/V increasing with its increase (Fig. 4).
This means that the acceleration is caused by the
action of gaseous products.

Curve 2 in Fig. 3 has a different form, obtained
after the preliminary heating of the sample in a vac-
uum at 200°C for 20 min. After this heating, the
ampule with the substance was cooled to room tem-
perature, sealed in a vacuum, and then heated to the
temperature of the experiment. The first stage of
decomposition on this curve is practically absent (the
yield of the products at this stage decreases by a factor
of about 10), which corresponds to the disappearance
of the first peak on the DSC curves of the decomposi-
tion of compound I in an argon flow after preheating
F PHYSICAL CHEMISTRY B  Vol. 15  No. 3  2021
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for 20 min at a temperature of about 200°C [8]. The
result does not change if the heating time in the vac-
uum is reduced to 5 minutes or if the cycle of cooling–
heating in a vacuum is repeated.

When heated in a vacuum, a film cannot form.
After preheating, weight loss of the substance is
observed, but the crystals remain yellow. This means
that the film is formed at the time when the vessel that
has been cooled and sealed in a vacuum is heated to
the temperature of the experiment.

The question arises as to why preliminary heating
in a vacuum suppresses the first stage or at least
reduces its conversion. During heating, in addition to
partial sublimation, volatile impurities are removed
from the sample surface. It can be assumed that the
adsorbed impurities (air and especially water) prevent
the contact of condensing products with the crystal
surface and interfere with the formation of a film.
Therefore, cleaning the surface of the adsorbed gases
facilitates the formation of a film, which can occur
even before the experimental temperature is reached
and the corresponding vapor pressure is established.

As can be seen from Fig. 3, the increase in pressure
with time for the heated sample is less pronounced
than for the initial one. An obvious reason for this is
the absence of the first stage of decomposition in the
heated sample. It is possible that during the first stage,
which is observed only for an unheated sample, under
the action of oxidizing gases, a partial decomposition
of the solid occurs and products accumulate, which
increase the defectiveness of the crystals, and hence
the rate of decomposition.

It should be noted that effective suppression of the
gas-phase reaction using preliminary heating in a vac-
uum is observed only at low values of m and m/V.
Therefore, in general, preheating cannot be used to
eliminate the first stage.

From the analysis of curve 2 in Fig. 3, it follows
that the total gas evolution ∆Vg∞ in the second stage
of decomposition, i.e., in the solid-phase decay, is
500 cm3/g or 3.3 moles per mole I. This value ∆Vg∞ is
approximate, since in experiments with a sample of a
substance of 2 to 3 mg, the determination accuracy
m/V did not exceed 20%.

At a temperature of 200°C, the effect of the size of
a particle on the kinetics of the decomposition of com-
pound I was tested. Curve 1 in Fig. 3 is also repro-
duced on a sample with a particle size of ~1 mm. Only
the stage of acceleration in this case is somewhat less
pronounced. Samples ground in a mortar to reduce
particle size when heated to 200°C give a f lash at m ~
20 mg. Ignition occurs in the vapor phase. The entire
substance is burned, and the products are deposited
on the walls of the vessel in the form of black dust. The
flash is not observed if the weight of the crushed sam-
ples does not exceed 5 mg. In this case, during the first
day, the reaction proceeds in accordance with curve 2
in Fig. 3; i.e., it has the same weakly pronounced first
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vo
stage as in the sample heated in a vacuum. Since the
flash, and vice versa, the almost complete absence of
a reaction in the gas phase is related to the crushing of
crystals and the mass of the sample, it can be assumed
that the reason for these phenomena is the heating of
the crystal surface during the condensation of the solid
products of the gas-phase decomposition. When there
are many crystals and their total surface is large, the
heat from condensation is sufficient to stimulate sub-
limation and quickly warm the vapors to the f lash
point. When the sample is small, the effect is limited
only by the increase in the vapor pressure and their
nonexplosive decomposition, resulting in rapid film
formation.

In samples taken before or after grinding, the first
stage is generally weak if the decomposition is carried
out at atmospheric air pressure. A simple explanation
of this is that, due to the decrease in the diffusion coef-
ficient in air, during the formation of the film, the
vapors of compound I manage to fill the vessel only
partially, up to a much lower pressure than Pvp.

The Effect of Mixing

As mentioned above, the hypothesis of the forma-
tion of a protective film admits direct verification: the
reaction that slowed at the end of the first stage should
resume after grinding the crystals or after stirring a
sample that is sufficiently representative in weight.
Due to the above-mentioned ambiguous behavior of
the crushed crystals, the second method, i.e., mixing
the sample with m ~ 20 mg, was used. In order to carry
out a full cycle of research and not get into the region
of acceleration, which at m/V = 0.01 g/cm3 occurs
after 1000 min, the reaction was stopped not after the
complete completion of the first stage (~300 min) but
earlier, after 150 min. Stirring was performed by simply
shaking the cooled vessel. The results are shown in
Fig. 5. After the first and second stirring, a reproduc-
tion of the first stage is observed, albeit, with a slightly
reduced gas evolution. After performing stirring twice,
the remainder of the substance was ground in a mortar
and 6 mg was loaded into the same vessel. The decom-
position took place in the same amount of time as
during the first heating, but with insignificant gas evo-
lution. A similar result, i.e., a small increase in pres-
sure, was observed earlier for small weighed portions
of a ground sample.

Thus, we can reasonably believe that the first stage
is the gas-phase decomposition I.

Kinetic Analysis of the First and Second Stages

We can see in Fig. 3 that at 200°C and m/V ∼
10–3 g/cm3 the first and second stages are clearly sep-
arated, which makes it possible to carry out an inde-
pendent kinetic analysis of each of them. The aim of
this analysis is to compare the rates of reactions in the
l. 15  No. 3  2021
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Fig. 5. Effect of stirring the sample after the first stage of
decomposition on the course of the decomposition reaction
of compound I at 200°C. Sample m = 20 mg, m/V =
0.01 g/cm3. Plot (a) initial stage, (b) after the first shaking, (c)
after the second shaking, (d) after rubbing, m/V = 0.003 g/cm3.
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gas and solid phases and, most importantly, to clarify the
possibility of determining the rate constant k1 of the first
noncatalytic solid state decomposition. It can be assumed
that below 100°C, i.e., in the real conditions of using
explosives, the first stage disappears and thermal stability
I will be entirely determined by the value of k1.

In Fig. 6, curves 1 and 2, taken from Fig. 3, are pre-
sented in the initial pressure–time coordinates. In
these coordinates, it is convenient to analyze the first
stage of decay, by presenting it on an enlarged scale.
RUSSIAN JOURNAL O

Fig. 6. Decomposition of compound I at 200°C. Complete kine
and 2 (Fig. 3), and the second sections of these curves (1, 3) in c
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The initial section of curve 2 in Fig. 6, corresponding
to the first stage of decay, is shown (together with the
other data) on an enlarged scale in Fig. 7 (curve 5).
This curve is strictly described by a first-order equa-
tion with a half-life τ1/2 = 40 min, which corresponds
to the rate constant kgas = 2.9 × 10–4 s–1. The increase
in pressure in the first stage (∆P1) is 85 Torr. The val-
ues of kgas and ∆P1, which are close to each other, are
obtained by the decomposition of a sample with a
large particle size and a sample purified by sublima-
tion in a vacuum (curves 4, 6 in Fig. 7). The strict 1st
order of the reaction indicates that vapors do not enter
into the vessel during decomposition. This is consis-
tent with the earlier conclusion that the film cuts off
the vapors by the time the heating ends. The constancy
of ∆P1 on curves 4–6 indicates the same initial vapor
pressure. The vessels are probably filled with vapors to
a pressure equal to Pvp. From the value of ∆P1 we can
make a rough estimate of Pvp at 200°C. If we assume
that the stoichiometric coefficient for gas evolution, f,
when the vapor is decomposed is equal to three, then
Pvp ≈ 42 Torr, and if f = 4, then Pvp ≈ 28 Torr.

From Fig. 7 it can be seen that with an increase in
m/V the 1st order of the initial stage is distorted. This
is due to the contribution from the solid-phase process
and an increase in the duration of the first stage due to
the diffusion of vapors from the inner layers of the
sample. As noted above, the crystals inside the sample
are not covered with a film as quickly as outside. At
m/V = 0.01 g/cm3, kgas can no longer be determined
precisely.

For samples heated in a vacuum at elevated tem-
peratures (curves 7, 8 in Fig. 7), the first stage of
decomposition is weakly expressed. The quantity ∆R1
F PHYSICAL CHEMISTRY B  Vol. 15  No. 3  2021
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Fig. 7. The first stage of decomposition of compound I at 200°C and the following values m/V (g/cm3) and preheating conditions
(°C/min): (1) 0.1, without warming up (ww); (2) 0.03, ww; (3) 0.01, ww; (4) (n), 0.005 (crystals of 0.1 mm), ww; (5) (s), 0.00072, ww;
(6) (h), 0.0023 (sublimated sample), ww; (7) (x), 0.0075, 180/30; (8) ( ), 0.00082, 200/20.5; (9) (q), 0.001 (air pressure 1 atm), ww.
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does not exceed 10 Torr. The same is observed if the
decomposition is carried out at an air pressure of 1 atm.
In both cases, as noted, the film is formed before the
vapors fill the volume of the vessel to the pressure Pvp.

In order to consider the second stage of decompo-
sition, we must first separate it from the first stage. To
this end, we subtract the increase in pressure ∆P1
obtained in the first stage from curves 2 and 4 in Fig. 6.
The values of ∆P1 (85 and 10 Torr for curves 2 and 4,
respectively) are found by extrapolation to t = 0 of the
linear sections of curves 2 and 4 in Fig. 6, describing
the reaction after the end of the first stage. The curves
obtained after subtracting ∆P1 reflect the pressure
changes Psol due to decomposition in the solid phase.
In coordinates η–t (η = Psol/Psol ∞) they are shown in
Fig. 6. Curves 1 and 3 in Fig. 6 were obtained, respec-
tively, in experiments without preliminary heating and
with heating. They practically merge at the beginning
when the noncatalytic reaction is dominant. Then,
when the acceleration of the process begins, these
curves diverge. The maximum rate during solid-phase
decomposition has shifted towards the end of the reac-
tion. The curves are not described by any simple equa-
tion. However, even if the rate law is unknown, the
value of k1 can be determined in the presence of a
complete kinetic curve from the dependence of the
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vo
specific rate Wsp = (dη/dt)/(1 – η) on η by extrapolat-
ing Wsp to value η = 0.

Figure 8 shows the dependence Wsp on η for curves 1
and 3 in Fig. 6. This dependence is linear up to η =
40% for the initial sample and up to η = 80% for the
heated sample. Then there is a sharp increase in Wsp.
The presence of linear sections on the dependence
curves Wsp(η) allows reliable extrapolation and find-
ing the rate constant of the initial stage k1. For the
original sample k1 = 2.6 × 10–7 s–1. For a heated sam-
ple, it has almost the same meaning. Comparison of
the rate constants in the gas and solid phases gives the
value of the ratio kgas/ksol ≈ 1000.

Thus, the concept of the reaction proceeding in the
gas phase makes it possible to explain the variety of
facts discovered in the study of the first stage: the actu-
ally observed formation of a film; inhibition of the first
stage; the independence of the pressure increment of
the products at this stage on the size of the crystals, as
well as the method of obtaining and purifying the sam-
ple at the standard start of the experiment; a sharp
decrease in gas evolution in the first stage after prelim-
inary heating in a vacuum or at atmospheric air pres-
sure; a f lash during grinding; resuming the reaction
after mixing the sample; and a very large difference in
the rates of the first and second stages.
l. 15  No. 3  2021
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Fig. 8. Dependence of the specific rate on the conversion of decomposition η for the second stage of decomposition of compound
I at 200°C and the following values m/V (g/cm3): (1) 0.00072 (original sample); (2) 0.0008 (sample heated in a vacuum of 0.1 Torr
for 20 min at 200°C). Curves 1 and 2 correspond to curves 1 and 3 in Fig. 6.
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CONCLUSIONS
Decomposition I in closed vessels takes place in

two stages, as well as in an inert gas f low. The first
stage is a side process accompanying the solid-phase
reaction, including the sublimation and decomposi-
tion of a substance in the gas phase. Vapor pressure I
at 200°C is several tens of Torr, and the decomposition
rate in the gas phase is about a thousand times higher
than in the solid phase. A feature of the first stage is its
ability to slow down itself. Upon the decomposition in
vapors, nonvolatile compounds are formed, which are
deposited on the surface of the crystals in the form of
a dense film. The film, preventing sublimation, inter-
rupts the source of the side reaction. At 200°C, the
conditions are found under which the first and second
stages are clearly separated and can be analyzed inde-
pendently.
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