ISSN 1990-7931, Russian Journal of Physical Chemistry B, 2022, Vol. 16, No. 2, pp. 308—315. © Pleiades Publishing, Ltd., 2022.
Russian Text © The Author(s), 2022, published in Khimicheskaya Fizika, 2022, Vol. 41, No. 4, pp. 16—23.

COMBUSTION, EXPLOSION,

AND SHOCK WAVES

Kinetics of the Decomposition of 1,1-Diamino-2,2-Dinitroethylene
(FOX-7). Part 4: Comparison of the Decomposition Reactions
of FOX-7 and Its Diazacyclic Derivatives

G. M. Nazin4, V. V. Dubikhin® 7, A. 1. Kazakov* *, A. V. Nabatova“,
B. E. Krisyuk“, N. N. Volkova“, and A. V. Shastin“
@ Institute of Problems of Chemical Physics, Russian Academy of Sciences, Chernogolovka, Russia
*e-mail: akazakov@icp.ac.ru
Received February 4, 2021; revised April 8, 2021; accepted April 20, 2021

Abstract—The kinetics of the thermal decomposition of diazacyclic derivatives of 1,1-diamino-2,2-dinitro-
ethylene (FOX-7) in a dilute solution of nitrobenzene and in the solid phase are studied by manometric and
calorimetric methods. The activation energy data obtained for the solution are used for comparison with
quantum chemical calculations and for establishing the relationship between the stability of compounds and
the structure of the molecules. The decomposition of these derivatives in solution proceeds according to the
same mechanism as the decomposition of FOX-7. Their activation energies decrease with the increasing
C=C bond length and are in close agreement with the published data on quantum chemical calculations. By
the nature of decomposition in the solid state, these compounds differ significantly from FOX-7. This differ-
ence is due to the fact that the condensed products of their decomposition are not solid but liquid compounds.
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INTRODUCTION

Interest in the kinetic study of 2-(dinitromethylene)-
1,3-diazacyclopentane (I), 2-(dinitromethylene)-1,3-
diazacyclohexane (II) and 2-(dinitromethylene)-1,3-
diazacycloheptane (III) (Table 1) is largely due to the
fact that all of them are analogs of the well-known explo-
sive 1,1-diamino-2,2-dinitroethylene (FOX-7), the
decomposition of which in the solid state revealed a
number of patterns that are not characteristic of other
nitro compounds [1—5]. It is of great interest to find out
to what extent these unusual decay patterns of FOX-7 are
preserved in its closest analogs, compounds I—III.

The main feature of FOX-7 is the two-stage nature
of its decomposition in the solid phase. This feature is
most pronounced when studying the decomposition
of FOX-7 by differential scanning calorimetry (DSC)
in an inert gas flow. At very different linear heating
rates, two peaks of heat release are observed, separated
by a temperature interval exceeding 50°C, and both
peaks due to the decomposition of FOX-7 itself. It was
proved [3] that the first stage is a side process related
to the sublimation and rapid decomposition of sub-
stance in the gas phase. The uniqueness of the gas-
phase reaction lies in the fact that one of its products
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is a refractory and nonvolatile compound at the tem-
perature of the experiment, which is deposited on the
surface of the crystals in the form of a thin film that
prevents sublimation. Under the flow’s conditions,
the film forms slowly, and up to 40% of the mass of the
substance is lost in the region of the first heat release
peak. In closed vessels, the first stage ends quickly.
The fraction of the substance decomposed in the first
stage depends on the ratio of the mass of sample m to
free volume V' and may be very small. Further decom-
position proceeds in the solid phase “under the film,”
the destruction of which is accompanied by a sharp
increase in the rate.

Unlike all other nitro compounds, the decomposi-
tion of FOX-7 proceeds without the formation of a liq-
uid phase. The reaction proceeds according to the
“Solid — solid + Gas” type. The solid residue is a
powder with nanosized particles, which does not
exhibit catalytic activity.

An experimental study of the decomposition of
compounds I-III was carried out in [6, 7]. In [6], the
study was carried out by DSC in an argon flow. The
maximum heat release for I-III occurs at tempera-
tures of 207 to 263°C; i.e., it is in the region of the first
peak of the decomposition of FOX-7 (235°C). How-
ever, the second heat release peak is absent for all three
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Table 1. Structural formulas of compounds FOX-7 and I—II1

Compound Structural formula
H,N NO,
N\ /
FOX-7 /C =C
H,N NO,
NH NO,

1 E >—<
NH NO,
11 >:<
NO,
NH

NH
111 —

NH

NO,

NO,

compounds. It can be concluded that, unlike FOX-7,
the decomposition of its analogs in an argon flow pro-
ceeds in one stage. The temperature at which the max-
imum rate is reached decreases in the series

I> I = FOX-7 > IIL (a)
HOo_ ©
H,N NO> HN PA
AN / N 4
Cc=C — C—C
/ \ / \
H,N NO, H,N NO,

i.e., the mechanism previously established for FOX-7
is retained [3]. The activation energy, and hence the
stability, decrease in the series

I>1III > FOX-7 = IL (d)

In this paper, the decomposition reactions of com-
pounds I—III are studied in more detail. The reactions
are studied not only in the solid state but also in dilute
solutions of inert solvents. Previously, it was found
that the general pattern of decomposition reactions of
nitroolefins with an amino group in the cis-position
consists of the independence of the decomposition
reaction rate from the polarity of the solvent. This is
also characteristic of FOX-7 [5].

EXPERIMENTAL

The FOX-7 samples used in this study and the
equipment for manometric and calorimetric measure-
ments at elevated pressures are described in [3, 4]. The
substances were synthesized according to the proce-
dure described in [9]

Decomposition in a solution. As shown in [5, 8], the
isomerization reactions of amino-nitroolefins proceed
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This series does not coincide with the series of the
increase in volatility

FOX-7<I<II = IIL (b)

From this we can conclude that the substances dif-
fer not only in volatility but also in the rate of decom-
position in the gas phase. Compound I is more volatile
than FOX-7 [7], and at the same time, its heat release
peak is at a higher temperature than FOX-7. There-
fore, a reliable conclusion that can be drawn from [6]
is that compound I is more stable in the gas phase than
FOX-7.

In [7], the kinetics of heat release was studied in
closed vessels. The reaction has an autocatalytic char-
acter with a pronounced induction period, the dura-
tion of which decreases in the series

FOX-7>1>1I = IIL (c)

It can be noted, however, that this series may not
correspond to the order of the change in stability, since
the induction period largely depends on the rate of the
catalytic process, and not the initial stage.

The quantum-chemical calculation of the activa-
tion energy for various decay channels [6] showed that
for compounds I—III the most profitable channel is
isomerization to nitronic acid:

HN
\>C—CEN—>O + HNO, 1

H,N

with a slight change in the dipole moment, and there-
fore their rate does not depend on the polarity of the
medium. In relation to this, the decomposition of
compounds I-IIT was studied in only one solvent,
nitrobenzene, which is highly stable, inert to the
action of NO,, and dissolves I—-III well.

Examples of kinetic gas evolution curves for com-
pounds I-III are shown in Fig. 1. It can be seen that
compound II has the highest decomposition rate, but
the difference between compounds IIT and II is small.
Decomposition I is much slower than the decomposi-
tion of compounds II and III. Compound I has the
same decomposition rate at 250°C as compound II at
220°C. All reactions are described well by a 1st order
equation. The kinetic parameters of the decomposi-
tion of compounds I-III in nitrobenzene are pre-
sented in Table 2. The same table shows the data for
FOX-7 taken from [5].

Decomposition in the solid phase. The kinetics of the
decomposition of compounds I-III are studied by the
calorimetric method. The primary kinetic curves in
the “heat release rate—time” coordinates at different

No.2 2022
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Fig. 1. Examples of kinetic curves for decomposition of
compounds I, I, and I1I in a solution of nitrobenzene at a
concentration of 1.0 wt %. Compound, temperature (°C):
(1) 11, 210; (2) I, 210; (3) 11, 200; (4) 111, 200; (5) 1, 220.
The circles correspond to the experimental decomposition
points of compound I at 250°C.
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Fig. 2. Dependence of the heat release rate on time during
the thermal decomposmon of compound I. Temperature
°C), m/V % 10° (g/cm ): (1) 210.5, 11.8; (2) 199.8, 7.3;
(3) 199.8, 3.6; (4) 197.7, 8.2; (5) 1876 83 (6) 181.2, 8.7;
(7) 175.5, 10.0.
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Fig. 3. Dependence of the heat release rate on time during the thermal decomposition of compound II. Temperature (°C),
m/V % 10° (g/cm) (1) 187.2, 8.2; (2) 181.2, 8.4; (3) 175.5, 6.3; (4) 170.6, 9.1; (5) 166.6, 9.4; (6) 160.0, 8.6.

temperatures for all three compounds are shown in
Figs. 2—4.

The initial side reaction of decomposition through
the gas phase, which is clearly manifested in the case
of FOX-7 [3], is also noticeable for compounds I-III.
In all three cases, at the beginning of the decomposi-
tion, heat release is observed, which proceeds at a
decreasing rate (Fig. 5). After the completion of this
reaction, the sample turns dark brown. As with FOX-7,
with m/V ~ 10~2 g/cm?, the conversion of the decom-
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position which is achieved as a result of the passage of
a gas-phase reaction is negligible.

The condensed products that remain after the
decomposition of compounds I-III are a black vis-
cous liquid. Based on the example of compound III, it
was shown that the addition of this residue to a fresh
portion of the substance leads to a sharp increase in
the decomposition rate (Fig. 6); i.e., the final decom-
position products exhibit high catalytic activity.

In each experiment, the total thermal effect of
reaction Q. was determined. After that, the Kinetic
No. 2
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Fig. 4. Dependence of the heat release rate on time during the thermal decomposition of compound IIl. Temperature (°C),
m/V % 103 (g/cm3): (1) 187.2, 8.9; (2) 180.6, 8.9; (3) 175.5, 10.2; (4) 170.6, 9.5; (5) 166.2, 5.2; (6) 160.0, 8.3.

curves were transformed in the usual way to the inte-
gral dependence Q_,, (¥) and to eliminate errors made
in determining m/V, they are reduced to the form n(?),
where 1 is the degree of decomposition, equal to the
ratio of the current heat to the total thermal effect of
the reaction: N = Q,,,/O... For compound I these data
are shown in Fig. 7. A comparison of the kinetic heat
release curves for compounds II and III is shown in
Fig. 8. From Figs. 7 and 8, it can be seen that in the
solid phase as in a solution, the least stable compound
is II. However, the difference between compounds IIT
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Fig. 5. Initial sections of rate curves of heat release of com-
pounds I (7), III (2), and II (3) at 181.2°C.
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and II is small, and both of these substances in terms
of stability in the solid phase, are significantly inferior
to compound 1.

The decomposition of compounds I-III in the
solid phase is characterized by strong acceleration.
The rate of the catalytic reaction strongly depends on
the value of the ratio m/V. At the same time, in the ini-
tial sections, as can be seen from Fig. 2, which shows
the results of experiments at 198°C for two values m/V,
the effect of the ratio m/V is not observed at the initial
stage. The values of the rate constants of the initial
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Fig. 6. Effect of final products on the decomposition rate
of compound I at 210.5°C: 1, starting material m
30.7 mg; 2, mixture of compound I (11.7 mg) with decom-
position products (6 mg).
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Fig. 7. Reaction conversion 1 as a function of time during the thermal decomposition of compound I in the solid phase. Tem-
perature (°C), m/V x 103 (g/cm3): 1,210.5, 11.8; 2, 199.8, 7.3; 3, 199.8, 3.6; 4, 197.7, 8.2; 5, 187.6, 8.3; 6, 181.2, 8.7; 7, 175.5, 10.0.
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Fig. 8. Comparison of kinetic curves of decomposition of compounds IT and III in the solid phase at 175.5 (1, 3), 170.6 (2, 5),

166.6 (4, 7) and 160°C (6, 8) at m/V = (5—10) x 10° g/cm?.

stage, k,, were determined by extrapolating the spe-
cific rate dn/d#(1 — m) to the value r = 0. The data
obtained are presented in Table 1 and in Fig. 9.

From a comparison of Fig. 1 with Figs. 7 and 8, it
follows that the decomposition rate in the acceleration
stage in the solid phase is much higher than the reac-
tion rate in a solution. The rate constant describing the
stage of accelerated decomposition of, for example,
substance I, is hundreds of times greater than ;. In
addition, it should be noted that the maximum
decomposition rate in the solid phase is observed at
the end of the reaction.

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B

DISCUSSION OF THE RESULTS

The independence of k; from the polarity of the
solvent makes it possible to use the experimental data
obtained in a solution for comparison with the quan-
tum chemical calculations of the activation energy
performed for the reaction in the gas phase. The cor-
responding data are given in Table 3.

From Table 3 it can be seen that compound I has
the smallest experimental value k;. At 200°C k,
increases in the series

I < FOX-7 <III = I1, (e)

Vol. 16 No.2 2022
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Fig. 9. Arrhenius dependence of the rate constant of the
initial stage of decomposition of compounds I, II, I1I, and
FOX-7 in a solution (7, 2, 3, 6) and in the solid phase (4,
5, 7,8).

and the difference in the k, values between FOX-7 and
compound III is small. The most noticeable increase
in the activation energy and, accordingly, the decrease
in the rate is observed for compound I. The same con-
clusion follows from consideration of the calculated
data of [6] on the activation energy for the reaction of
the transfer of the H atom to the oxygen atom of the
nitro group, i.e., for reaction (1). Note that series (e)
does not coincide with series (a), (c), or (d), con-
structed according to the data of [6, 7]. At the same
time, sequence (¢) seems to most correctly reflect the
relationship between stability and the molecular struc-
ture. At least it is better correlated than other series
with an important structural characteristic of the mol-
ecule such as the length of the C=C bond (/c—¢).

Reaction (1) is a coordinated process that goes
through a six-membered transition state, in which,
together with the formation of new bonds, the N—H
bond and the m-bond between carbon atoms are
simultaneously broken. As shown in [6, 11], the length
and, consequently, the strength of the C=C bond
strongly depend on the structure of the molecules. In
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turn, a decrease in the strength of the C=C bond leads
to a decrease in the activation energy of the decompo-
sition.

The /-_c bond length in FOX-7 and its analogs has
an intermediate value between /-_ in ethylene (1.33 A)
and in ethane (1.54 A); i.e., the C=C bond length in
these compounds is close to one-and-a half. The rea-
son for the lengthening of the C=C bond is the conju-
gation (overlapping) of the p-orbitals of carbon atoms
with an undivided pair of electrons, which occupies
one of the sp3-orbitals of nitrogen atoms in both amino
and nitro groups. At the same time, the sp3-orbital in
the amino group carrying an undivided pair of elec-
trons is located at the top of the trigonal pyramid and
is tilted relative to the vertical line of the p-orbitals of
the C atoms, which complicates the interaction of the
electronic orbitals of the C and N atoms. When the
diazacycle is flattened, the conjugation between the
amino group and the C=C bond will increase. In the
nitro group, the undivided pair of electrons forms a
donor-acceptor bond with oxygen atoms. Its orbital
spans both oxygen atoms and has the shape of a disk
lying in the plane of the nitro group. With a perpendic-
ular arrangement of this plane with respect to the
direction of the p-orbitals of carbon atoms, the conju-
gation of the m-bond with the nitro group is impossi-
ble. For this conjugation to occur, it is necessary that
the planes of the nitro groups rotate relative to each
other or the nitro groups rotate relative to the C=C
bond.

According to [11], in 1,1-diiodine-2,2-dinitroeth-
ylene, which has a flat structure, /- = 1.33 A:ie., in
this compound, the effect of nitro groups on /-_¢ is
missing. In compound I the nitro groups also practi-
cally do not leave the plane perpendicular to the direc-
tion of the p-orbitals of carbon atoms. Angle o,
defined as the angle between the CNN planes of the
1,1- and 2,2-substituents, is only 2°, as is the analo-
gous angle in the diiodo derivative. However, due to
the conjugation of the double bond with the amino
groups, /-—c in compound I is significantly increased.
In compounds II and III, nitro groups are fixed in
positions that correspond to an increase in the angle ¢
to 79° and 89°. With such a rotation of the nitro
groups, it appears that the conditions are created for
their conjugation with the C=C bond. Compared with

Table 2. Kinetic parameters of the decomposition of FOX-7 [5] and compounds I—I1I in solution and in the solid phase

AT, °C E, kJ/mol log(4, s AT,°C E, kJ/mol log(4,s™")
Compound
nitrobenzene solid phase
FOX-7 180—240 149.0 £ 8.4 11.9£0.9 170—-230 161.2 £ 8.4 11.3£0.9
1 200—220 154.5+£5.0 11.3 £ 0.5 175-210 140.6 + 1.8 8.71£0.9
11 180—-210 130.2+7.9 10.5+0.9 160—187 136.5+7.9 10.0 £ 0.9
111 180—220 118.1 £ 8.8 8.7+t 1.0 160—187 121.4 £ 4.6 79+0.5
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRYB Vol.16 No.2 2022
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Table 3. Comparison of experiment with calculation
E,, kI/mol  [10°k,, s~! at 200°C E.., kJ/mol C=C bond length, A Rotgtion angle
Compound 6 of nitro groups,
experiment in nitrobenzene [6] calculation [7] in crystal deg [11]
FOX-7 149.0 2.8 131.3 1.4248 1.450 [10] -
1 154.5 0.17 140.3 1.4115 1.439 [11] 2.0
11 130.2 13.0 130.2 1.4401 1.473 [11] 89.0
111 118.1 4.8 136.8 1.4361 1.473 [11] 79.3

compound I, /-_- in these compounds increases,
although not very strongly. The rotation of nitro
groups itself can be stimulated by the formation of
strong intramolecular hydrogen bonds [12]. The
strength of these bonds depends on the distance
between the hydrogen atoms of the amino groups and
the oxygen atoms of the nitro groups. The largest dis-
tance between H and O and, accordingly, the weakest
hydrogen bond are observed in compound I [12].

‘When decomposing compounds I—III in the solid
phase, the order of the change in the reaction rate in
their series remains the same as in solution. However,
when these compounds are compared with FOX-7,
significant differences are observed. The ratio of con-
stants k,/k, for compounds I-III does not exceed 10,
while for FOX-7 it is 100. The decomposition rate of |
in a solution is two orders of magnitude lower than in
the case of FOX-7, and in the solid state, this differ-
ence is reduced to a factor of two. Usually, the activa-
tion energy in the solid phase (E)) is equal to or slightly
higher than in a liquid (£},), and in the case of com-
pound I, vice versa, E < Ej;,. In this case, the experi-
mental error is much smaller than the observed differ-
ence in activation energies.

All these anomalies, which appear in the solid
phase, are due to the fact that, unlike FOX-7, the con-
densed products formed during the decomposition of
compounds I-III are not solid but liquid (even at
room temperature) compounds. Interacting with these
products, the original substances themselves turn into
a liquid state. In addition, the liquid products exhibit
high catalytic activity.

In accordance with the detailed reaction mecha-
nism established in [3], in the decomposition products
of compounds I—III, the primary amino compounds
of the aliphatic series should appear. Being sufficiently
strong bases, these substances can interact with gem-
dinitroolefins with the formation of thermally unsta-
ble molecular complexes of the donor-acceptor type,
the limiting form of which are complexes with charge
transfer. It can be expected, therefore, that the cataly-
sis of the decomposition of compounds I —III is acid-
base in nature. The absence of autocatalysis in the case
of FOX-7 is most likely due to the fact that its decom-
position products are solid high-melting compounds,

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B

which form free-flowing mixtures with small FOX-7
crystals with a weak contact between particles.

During the decomposition of solid compounds I—I11I,
as in the case of FOX-7, a rapid side process of subli-
mation and decomposition in the gas phase is
observed. When the experiments are carried out in
sealed vessels, part of the products of the gas-phase
decomposition condenses on the surface of the crystals
and suppresses sublimation. The fact that these prod-
ucts are liquid compounds, does not prevent the rapid
formation of a protective film. As a result, the side reac-
tion during the decomposition of compounds I—III is
suppressed no less effectively than in the case of FOX-7.
According to [6], when studying the decomposition of
compounds I—III In the mode of linear heating in an
argon flow, retardation of the first side stage is not
observed. This may be due to the high volatility of the
low-melting decomposition products, which are
blown away by the argon flow from the crystal surface.

Due to the transition of the substance to a liquid
state and the autocatalytic action of the products, the
decomposition of the initially solid compounds I—III
ends much faster than it does in a solution. When the
ratio of the rate constants of the catalytic and initial
stages exceeds two orders of magnitude, the contribu-
tion of the catalytic decomposition to the reaction rate
can become noticeable at a conversion of less than 1%,
and at the moment of warming up, the observed decom-
position rate can significantly exceed the rate of the initial
solid-phase reaction. The latter circumstance may be the
reason for the relatively weak retarding effect of the solid
phase found for compounds I-III.

After the complete dissolution of the starting mate-
rial in the products, the decomposition kinetics should
follow the laws of liquid-phase autocatalytic reactions
with burnout [13]. In these reactions, the catalyst’s
concentration additionally increases due to the
decrease in the volume of the liquid phase. The maxi-
mum decomposition rate in such processes is observed
at the end of the reaction, which is observed experi-
mentally for compounds I-II1.

CONCLUSIONS

Using the well-known method of carrying out the
reaction in a dilute solution of an inert solvent, the val-
ues of the rate constants k; and activation energy of the
Vol. 16
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first, noncatalytic stage of decomposition of com-
pounds I-III, were determined. According to the
decomposition mechanism, these compounds do not
differ from FOX-7. The rate constant k, increases in
the series I < FOX-7< III = II and is correlated with
the increase in the C=C bond length. The Ilatter
depends on the degree of conjugation of the C=C double
bond with the amino and nitro groups. Compound I has
the greatest stability, in which the C=C bond is the
strongest.

According to the nature of the decomposition in the
solid phase, compounds I-III are significantly differ-
ent from FOX-7. The decomposition products I—-IIT
are liquid compounds (even at room temperature)
rather than solid compounds like FOX-7. In addition,
these products strongly catalyze the decomposition
reaction. Autocatalysis appears at the earliest stages of
decomposition, which makes it difficult to measure
the true rate constants of decomposition in the solid
phase.
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