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Abstract: Molecular surface electrostatic potentials Vs(r) (ESP) of seventeen nitramines have been calculated. As a criterion of the imbalance be-

tween the maximum positive, V., and minimum negative, V. values of molecular surface electrostatic potentials their sum was derived and

S,max S,min,

used as a new simple characteristic for ESPs-V; ;. These V ; values have close relationships with the Arrhenius parameters, activation energy E, and
preexponent log A, of thermal decomposition of the nitramines studied. The correlation between the V; values and heats of fusion of the nitramines
studied is described. These findings suggested analyzing the physico-chemical behavior of the nitramine crystals during this decomposition; in this
connection an investigation was carried out using isothermal thermogravimetry and scanning electron microscopy of thermally exposed crystals of cis-
1,3,4,6-tetranitrooctahydroimidazo-[ 4 ,5-d ] imidazole (sintering of its crystal surfaces), of g-1,3,5,7-tetranitro-1,3,5,7-tetrazocane ( cracking of
its crystals during 8 —§ transition) and of 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane. The results suggest a need to study the
pre-decomposition states on thermal decomposition of the nitramines’ molecule’s crystals.
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kinetic parameters on temperature, pressure, and the materials
1 Introduction used that are in contact with the sample decomposed™’.
Hence, obtaining similar results from thermal analyses of ener-

In the past 20 years, the preferred tools for dealing with ) ; > A A
sensitivities of high energy materials (HEMs) have involved getic materials using different methods and/or different types of
8711 S0 far the most

quantum chemistry, predominantly DFT calculation meth- apParatus of dlff.erenti origin 1s very rare )
ods ™ A modification of this approach is the use of molecu- reliable results in this area are the theoretical and practical
lar surface electrostatic potential V(r) (ESP) which is created findings obtained by Russian scientists on the basis of their

by the nuclei and electrons of a molecule in the surrounding manqmetric method (se.e Refs. [_9’11 —13] and quotations
space. ESP is given by Eq. (1 )] therein). The data obtained by this method are known to cor-

, respond to the non-autocatalyzed stage of thermal decomposi-
vin-> L[t (M tion of the given material (i. e. to molecular struc-
IR, —rl ) TR, =1l & - &

[9,10-12]
. L . ture , and also to the absolute values of the corre-
where Z, is the charge on nucleus A, which is located at dis- )
tance R,, and p(r) describes the electron density of the mole-
cule.

sponding Arrhenius parameters. This paper considers the rela-
tionship of these data to electrostatic surface potentials defined
by the sum described in equation 2. Nitramines have been
chosen for this purpose because of their relatively simple mo-
lecular structure and their reactivity, amply described in the
literature'"''*7. This paper might also be taken as a continua-
tion of the previous study!”’.

The high levels of imbalance between the maximum posi-
tive, V, and minimum negative, Vi
lar surface electrostatic potentials ( ESPs) in sensitive energetic
materials should correspond to the high energetic content of
these compounds (increasing the explosive strength is usually
accompanied by an increase in sensitivity!®’ ). In an earlier
paper """ we suggested a new value Vi, described by the

values of molecu-

S,max ? min >

2 Procedures
3
sum.
Vis= Vs max (2) 2.1
The relationships of these summed potentials V; , to the

real state were found for the first time in studying the detona-

Arrhenius Parameters of Thermal Decomposition
The Russian manometric method (RMM) is a special kind
of Vacuum Stability Test"''""**"7 ') which uses a glass compen-

+V.

S, S, min

tion of nitramines ' and they are also a topic of this paper.
One of the most studied stimuli for initiating HEMs is initi-
ation by heat. However, the basic problem of defining the ki-
netics and mechanism of the thermal decomposition of these
materials lies in the strong dependence of the corresponding
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sating manometer of the Bourdon type to examine the kinetics
of thermolysis of energetic materials in a vacuum. The E, and
log A values, obtained by this method, are the main data used
in this paper and, as already mentioned, correspond to the
uni-molecular non-autocatalyzed decomposition of the nitra-
mines studied. It is possible to apply here also kinetic data
from other manometric methods (e. g. Robertson’s meth-
od™") or some thermoanalytical methods, particularly the
differential scanning calorimetry (DSC) "’ %! and partial
TGAP® ') " which are directly compatible with the RMM re-
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sults. The above-mentioned data can be also obtained via the-
oretical prediction using the outputs of the’” N NMR spectros- 2.2 Nitramines
copy'®">""* 1 The Arrhenius parameters used are presented The structural formulas of the individual nitramines stud-
in Table 1. ied are shown in Scheme 1.
NO, ON
| O,N NO, OoN NO, NO \
HC, N’NO2 o o OoNwy "y ~NO N e N, : (NWN/NOz
oo [ e () G ) oy
/ N N N N N
HsC oN g N ! \ NS g N
2 O,N | NO, NO o—" NGO, \
NO, 2 NO,
DMNA TETROGEN TNAZ CPX DNDC RDX HOMO TNOTZ HMX
NO NOZ 2N NO,
O,N N/ oio OZN\NiO OZN\NiN/NOZ
)\(N NO, )\(N NO, )\(N H [ I j \ 6 oZN\H 0N~ 2Ny —NO,
ON—N H—=N /N N Mo, - NN NN NN
0, 0, o % o, Ko, oN O,N NO, O,N NO, O,N NO,
TNIO BCHMX DINGU TNAD DECAGEN TEX Aurora 5 HNIW (CL-20)
Scheme 1  Structural formulas of the nitramines studied
Table 1 A list of the nitramines studied, showing the Arrhenius parameters of their low-temperature thermal decomposition including the calculated

rate constants k for uni-molecular decomposition at 230 °C

Arrhenius parameters

data chemical name code ; E k
No. designation melhoc{ of temp. region state of a logA Ref
evaluation /K decompn. /k) + mol-! /s1

1.1 2-Nitro-2-azapropane DMNA IR 298 solid 192.5 14.2 25 1.62E-06

1.2 DMNA NMR 360¢ liquid 159.8 14.7 9, 22 1.27E-02

2.1 1,3-Dinitro-1,3-diazetidine TETROGEN? calcd. 450¢ 153.1 14.1> 26 1.59E-02

3.1 1,3,3-Trinitroazetidine TNAZ DSC 400-510 liquid 161.6 15.7 27 8.27E-02

4.1 1,3-Dinitroimidazolidine CPX manometric 423-473 liquid 149.4 13.5 28 9.65E-03

4.2 CPX manometric 383-403 solid 197.8 18.7 29 1.44E-02

5.1 1,4-Dinitropiperazine DNDC manometric 489-507 solid 198.4 17.3 28 4.97E-04

6.1 1,3,5-Trinitro-1,3,5-triazinane RDX manometric 486-572 liquid 198.9 18.5 21 6.98E-03

6.2 RDX DSC 486-525 liquid 197.1 18.3 30 6.78E-03

6.3 RDX manometric 423-470 solid 213.5 18.6 18 2.68E-04

6.4 RDX manometric 423-470 solid 217.6 19.1 31 3.18E-04

7.1 1,3,5-Trinitro-1,3 ,5-triazepane HOMO 5N NMR 490¢ solid 207.1 18.6 9, 22 1.24E-03

8.1 3,5,7-Trinitro-1-oxa-3,5,7-triazocane TNOTZ manometric 463-498 liquid 190.1 16.4 32 4.55E-04

9.1  3,4,6-Trinitrohexahydro-2 H-imidazo TNIO manometric 408-428 solid 203.9 18.2 33 1.06E-03
[4,5-d][1,3]oxazole

9.2 TNIO manometric 440-468 liquid 166.4 15.2 33 8.30E-03

10.1 p-1,3,5,7-Tetranitro-1,3,5,7-tetrazocane B-HMX manometric 544-587 solid 220.5 19.5 21 3.99E-04

10.2 B-HMX DSC 544-558 solid 214.6 18.8 34 3.26E-04

10.3 B-HMX MS 534-549 solid 209.0 17.8 35 1.25E-04

11.1 cis-1,3,4,6-Tetranitrooctahydro-imidazo- BCHMX manometric 453-473 solid 210.2 18.0 33 1.48E-04
[4,5-d] imidazole

12.1 trans-1,4,5 ,8-Tetranitrodecahydro- TNAD DSC 477-507 solid 210.0 18.9 36 1.23E-03
pyrazino[ 2,3-b]pyrazine

13.1 1,3,5,7,9-Pentanitro-1,3,5,7,9- DECAGEN? TSN NMR 520¢ solid 213.5 18.6 9 2.68E-04
pentaazacyclodecane

14.1 4,10-Dinitro-2,6,8,12-tetraoxa- TEX manometric 483-498 solid 196.8 15.4 37 9.17E-06
4 ,10-diazaisowurtzitane

15.1 4,8,10,12-Tetranitro-2 ,6-dioxa-4,8, Aurora 5 manometric 463-483 solid 188.4 16.7 40 1.36E-03
10,12 -tetraazaisowurtzitane

15.2 B-Aurora 5 manometric 423-463 solid 188.8 16.8 40 1.56E-03

16.1 2,4,6,8,10,12-Hexanitro-2,4,6,8, £-HNIW TGA 433-453 solid 172.0 13.8 38 8.66E-05
10,12-hexaazaisowurtzitane

16.2 £-HNIW DSC 483-533 solid 176.0 15.1 39 6.64E-04

16.3 e-HNIW manometric 443-473 solid 216.9 19.8 40 1.88E-03

16.4 e-HNIW iso-TGA 446-484 solid 223.4 20.5 41 1.99E-03

16.5 y-HNIW iso-TGA 445-467 solid 196.0 17.7 42 2.21E-03

17.1 1,4-Dinitrotetrahydroimidazo[ 4 ,5-d ] DINGU manometric 458-473 solid 203.0 18.5 33 2.62E-03
imidazol-2 ,5-(1H,3H) -dione

Note: a) a substance which has not yet been synthesized, their data were predicted [9, 15, 43]; b) calculated in Ref. [22]; c) the estimated values for the k values
calculation (estimation on the basis of its predicted physical stability in Ref. [43])
Chinese Journal of Energetic Materials, Vol.23, No.12, 2015 (1155-1161) A se A A www. energetic-materials. org. cn
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2.3 Calculations

The equilibrium geometries of all the nitramines studied
were optimized by means of the Spartan’10 Win-P program !
at the DFT B3LYP/6-311+G(d,p)//6-311+G(d,p) level, and
the electron energies obtained were refined by the unscaled
ZPE correction. The molecular surface electrostatic potentials,
Vi(r), were calculated at the DFT B3LYP/6-31G(d,p)//6-
311+G(d,p) level, and the molecular surface was taken to be
0.001 e - au™ contour of the electron density. The results are
shown in Table 2. The sums of the V,

S, max

and V; ., potentials
(i.e. Vi) from Table 2 give both positive and negative val-
ues; this is perfectly understandable because the above-men-

tioned theoretical assumption of the zero energy is not logically
real.

2.4 Heat of Fusion

Relationships exist between the bond dissociation energies
of the weakest bonds in the HEM molecules and the intensity of
intermolecular interactions in their molecular crystal, i. e. the
work needed for formation of defects in the crystal lattices"**’.
This work might be represented by heat of fusion, H_ ., which
is here defined as a sum of the heats of all the polymorphous

transitions and of the heat of melting'**'. The H,, , values for

m,tr

the majority of the nitramines studied are summarized in
Table 2.

Table 2 A summary of computed surface electrostatic potentials and published heats of fusion of the nitramines studied

computed values

nitramine Ve o /K - mol” Ve /K - mol” Ve /K - mol! AH,, /K - mol™ Ref.
DMNA 111.74 -154.75 -43.01 17.26 43
TETROGEN 167.93 -97.40 70.53 26.32 43
TNAZ 213.58 -93.83 119.75 30.31 44
CPX 131.87 -116.94 14.93 22.57 43
DNDC 109.00 -121.98 -12.98 33.82 43
RDX 182.51 -89.44 93.08 32.90 43
HOMO 151.30 -117.63 33.67 27.74 43
TNOTZ 206.87 -124.87 82.00 32.67 a
TNIO 224.95 -96.76 128.20 32.07 a
HMX 232.84 -114.68 118.17 32.10 43
BCHMX 212.08 -83.85 128.23 31.89 45
TNAD 164.49 -96.98 67.52

DECAGEN 203.53 -115.56 87.97 34.93 43
TEX 136.93 -98.04 38.88 36.10 46
Aurora 5 178.79 -80.64 98.15 41.73 45
HNIW 229.23 -67.84 161.39 42.70 46
DINGU 187.77 -117.45 70.32

Note: a) Predicted in this paper by means of a relation with negative slope in Fig. 4.

2.5 Isothermal Thermo-gravimetry

Thermo-gravimetry ( TG, Netzsch 209F3 instrument, Al, O,
crucible) was used for explaining certain particularities of thermal
decomposition of BCHMX, HMX and ¢-HNIW, and this involved
isothermal exposure at 190 °C for a period of 100 min, using a
sample mass of about 1.35-1.45 mg under 30 mL - min™" dy-
namic nitrogen atmosphere. The results of this thermal exposure
are shown in Fig. 1. In another set of measurements, such iso-
thermal exposure was interrupted after 30 minutes and the ex-
posed samples were submitted to investigation using a Scanning
Electron Microscope (SEM) together with the original crystals of
all three nitramines; the SEM pictures are presented as Fig. 2.

3 Results and Discussion

" it has been shown that those nitra-

Already in paper’’
mines with the highest values of energy content also have the
highest V¢ values. DMNA dislays the lowest energy content
among the substances studied”’’ which is connected with its
negative oxygen balance. Its negative V; , value might be a re-

sult of the predominant influence of the strong negative induc-

CHINESE JOURNAL OF ENERGETIC MATERIALS

tive (mesomeric) effect of the nitro group over the weak posi-
tive inductive effects of the two methyl groups, see a demon-
stration in Scheme 2.

HsC o
\‘«n (+_/;
pd _N\_,
HaC” oL
Scheme 2 Inductive effects in the 2-nitro-2-azapropane molecule
(DMNA)

The £,and V,, values of the nitramines studied were ob-
tained by comparison of the activation energies of thermal de-
composition and have been correlated in Fig.3. Allocating nitra-
mines into sub-groups according to this Figure recalls very much
their allocation in the sense of the relationship between the E,
values and the square of detonation velocity'"’ and, to some
extent, also the relationship between these E, values and >N
NMR chemical shifts of the nitrogen atoms in the primary reac-
tive nitro groups *'>*"*) in the nitramino groupings; it is clear
that these shifts have a direct connection to the electronic con-
figuration in the reaction center of the given molecules (see in
Refs. 9, 12 and 15) which is valid also for the V (r) values.
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Fig.1 TGA results from heating under isothermal TG at 190 °C for 30 min

a. original B-HMX crystals ( white color)

d. heated BCHMX crystals with bubble traces
(white color)

b. heated g-HMX crystals with cracks
(dark white color)

e. original e-HNIW crystals (white color)

f. heated e-HNIW crystals with surface cracks
(yellow color)

Fig.2 A comparison of surface structure for an original crystal of B-HMX, BCHMX and &-HNIW with that of the one heated under isothermal TG at

190 °C for 30 min using the SEM technique

The nitramines associated with line [ decompose in their
solid state. Group II corresponds to those which decompose
in the liquid state and data 16.3 and 16.4 for e-HNIW corre-
late well with this line (they have been published for solid state

decomposition**™*'") and are also in good correlation with

Chinese Journal of Energetic Materials, Vol.23, No.12, 2015 (1155-1161)

group [ . In another group, around line I, nitramine HMX
(data 10.3) might melt in its decomposition products’®’ ; de-
composition of solid compounds proceeds very often through
the liquid phase, formed as a result of the melting of impuri-
ties, the decomposition products, or their eutectic mixture with

St
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the original substance!""'*!. This is the problem of the different

specifications in the kinetics of the HMX decomposition in its
supposed liquid and solid states'®'>'. This might also be the
case with BCHMX and especially with HNIW.

240
= ] RDX sois _ B HNW
S 2201  y=o1478x+198.38 DECAGEN_ B/ 'gﬁ% e HNIW
£ R? =0.8363 HOMO  TnAD a1 — P Wm0
> b B = T RO, HMX 2 - NBCHMX
= — -
=< 9200 - S, a Dmneu L AROX, TN, - g 7MW
o - — CPXsol  1ex SO oS "
DMNA - oi-urora
3 solid e TN_O_TZ. = = “a—Aurora 5
4 180 1 y=02962x +170.66 _ .= " .-=="" s HNIW
e R?=09671- 2=~ "pyy ¥=071837x+1688 TNIOjy . - S5-HNIW
o " =F m R? =0.9824 . A
5 160" e
= CPX -
s " .. —- ETROGEN
S 140 v
y=0.1756x + 143.88
R? =092
120
-50 0 50 100 150 200

summed surface electrostatic potential Vs y. / kJ-mol”

Fig.3 Relationship between the activation energies of thermal decom-
position and the V; y values

One difference between the g-HMX and BCHMX mole-
cules lies in the presence of crowding in the latter™’ (it has a
rigid structure). As Fig. 3 show, the B-HMX crystal forms
cracks when heated for 30 minutes at 190 °C due to the g —§
transition; the process of the decomposition of HMX during this
polymorphous transition is proved only by rather high starting
gas-evolution'*’-see the corresponding TG record in Fig. 1.
On the other hand, melting-dissolution of the BCHMX crystals
(Fig.2(c) and (d)) leads to relatively quick and more pro-
found decomposition at 190 °C (TG record in Fig.1). A visual
melting point of BCHMX is at 262 °C with decomposition"**!
and, using DTA measurements, no endothermic or exothermic
reaction is detected before 205 °C'™ 7. It is possible to find
similar behavior for the TNIO crystals (this nitramine is struc-
turally similar to BCHMX). Nedelko et al. ™! have studied
thermal decomposition of various modifications of HNIW and
shown that all modifications before such decomposition are
transferred into y-HNIW. This transfer follows a complicated
process'*’ and the positions of the s-HNIW data No. 16. 4
(group I ) and the already mentioned No. 16.3 (group I )
might be connected with this fact. This fully corresponds with

the same findings in paper'’.

7}, line I in Fig. 3 corresponds to

Similarly, as in paper"
decomposition probably in the transit liquid-solid state; here
the data for y-HNIW (i.e. No.16.5) correlate well. Chu-
kanov et al. stated ! that the polymorphic transition changes
the conformation on the HNIW molecule, the stressed aza at-
om appears and the co-linear nitrogen lone electron pairs are
thus differently oriented here. This change is preceded by an
induction period with the formation of active microregions
which are loaded by a mechanical stress gradient’™’. Damage
to the resultant crystal of y-HNIW by this way might be as
shown in Fig. 2f. We did not have the possibility to study the
Aurora’s crystals. It is clear that the polymorphic transition
should be influenced by the state of perfection and purity of the
original e-HNIW crystal. HNIW also decomposes more rapidly
under evacuation than in air or argon, i.e. the dynamic vacu-
um provides sublimation (in comparison-HMX sublimes more
rapidly than has time of decompose) ™'’ .
the HNIW data in Fig. 3 may be connected with these state-

The positioning of

CHINESE JOURNAL OF ENERGETIC MATERIALS

ments.

The positioning of the DMNA data, i. e. data for a non-cy-
clic nitramine, in Fig.3 is logical, and all compounds belong-
ing to the lines I, 1 and I, can be derived by hypothetical
substitutions from this nitramine. DMNA being associated with
cyclic nitramines has already been shown in the framework of
the physical stability study of nitramines'™’.

Line IV in Fig.3 groups those nitramines with crowded mol-
ecules, mostly in the liquid state. Inclusion of data 16.1 and
16.2 for HNIW. with this group might be mainly due to crow-
ding in its molecule but also by the above-mentioned dissolution
of its crystal in impurities and products of the HNIW decomposi-
tion; in each case, data 16. 1 and 16. 2 correspond to the
HNIW thermal decomposition in its liquid state( solution).

Reduction of the rate of the mono-molecular reactions
and, accordingly, an increase in the stability of the substance
when moving from a liquid condition to a solid state is deter-

mined by the heat of fusion of the substance, AH and by

16]

matr
the linear sizes of crystal grain® The relationship between
this stabilization force and the Vj, values in the nitramines
studied is not without interest; Fig. 4 represents a comparison
of these AH, . and V; values. Here all relationships have a
strictly molecular-structural nature. While the lines in this Fig-
ure with a positive slope correspond to the prevailing influence
of the molecule size, the line with a negative slope is associat-
ed with the prevailing influence of orientation interactions in
the molecular crystal; this last can be shown by the trend in the
melting points peaks (determined by DSC "*). These are: for
DNDC 490 K, for RDX 477.5 K, for B-HMX predicted at
465.2 K and for BCHMX there has already been an indication
of melting-dissolution observed at about 463 K (i.e. 190 °C,
Fig.2d). Both the last mentioned nitramines do not have genu-
ine experimental melting points (for HMX see discussion in pa-
pers'®*'1) . Using this relationship (i. e. with the negative
slope) the AH, , values for TNOTZ and TNIO might be pre-
dicted (32.67 and 32.07 k] - mol™", respectively) because
they are both structurally similar to the group of compounds
concerned. Itis also clear that allocating the nitramines studied
into sub-groups according to Fig. 3 and following Fig.5 is con-
nected with the actual intermolecular interaction in the nitro
compounds studied at the time of their thermal decomposition.

As presented in paper [47 ], the rate constants k for
230 °C were calculated from Arrhenius parameters of the nitra-
mines studied here (see in Table 1). In the paper men-
tioned™’, a semi-logarithmic relationship was derived be-
tween the k,,,  values and detonation velocities of these nitro
compounds. As Fig. 5 shows, a similar relationship exists also
between the k,;, and V; values. By comparing Fig. 3 and
Fig.5, it seems that intermolecular interactions have a slightly
different influence on the k values than on the E, values, jud-
ging from the data belonging to the corresponding lines. Thus,
group A corresponds predominantly to decomposition in a solid
state with data for liquid DMNA also correlating well. This
group includes also the BCHMX data which “hover” between
decomposition in solid and liquid states ( see paper [47 ] and
Fig.3). Group B, for the most part, corresponds to group Il in
Fig.3. Group C represents decomposition of the nitramines in
the liquid state; it corresponds to groups II and Il in Fig. 3.
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Line E in Fig.5 represents increasing reactivity with increase of
oxygen balance and decrease of peak melting point temperature
in the order DNDC-TETROGEN-TNAZ (490 K'*'-436.1 K**!
-373 K"71). A similar situation might be shown in the case of
line F, especially in the order of RDX-HMX-TNIO-HNIW (but the
exact melting point of HNIW has not yet been examined) ; a cer-
tain exception from this group are the data for the solid state de-
composition of DMNA-all the nitramines mentioned in this group

can be hypothetically derived from this simple nitramine'*’’.
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Fig.4 Relationship between the heat of fusion H, , and the V; ; values.
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Fig.5 Relationship between the logarithms of the rate constants k at
230 °C and the V;  values

4 Conclusions

and mini-

max

Taking the sum of the maximum positive, V.

mum negative, V; . values of molecular surface electrostatic

S, min
potentials (ESPs) as a criterion of the imbalance between these
extremes, a new simple characteristic of ESPs results, namely
the summed molecular surface electrostatic potential V ;.
These Vi, values have close relationships to the characteristics
of the nitramines’ reactivity, in this case to their low-tempera-
ture thermal decomposition. Specifically, correlating the V;

values with the activation energies, E,, of this process allows

drawing conclusions about the physico-chemical behavior of
these nitramines during their thermal decomposition, because
the summed ESPs have a direct logical relationship to the heats
of fusion of these nitro compounds. Similarly it is possible to
say the same about the semi-logarithmic correlation of the uni-
molecular rate constant for the given temperature ( k,) with the
Vs s values. These possibilities can be demonstrated with the
decomposition of cis-1, 3, 4, 6-tetranitrooctahydroimidazo-
[4,5-d]imidazole (BCHMX) in its alleged solid state (sinte-
ring of the crystal surfaces), of 1,3,5,7-tetranitro-1,3,5,7 -tet-

Chinese Journal of Energetic Materials, Vol.23, No.12, 2015 (1155-1161)

razocane (HMX-cracking of its crystals during 8 —& transition)
and especially of 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-
hexaazaisowurtzitane (HNIW). The results documented in this
paper confirm the problems encountered in the kinetic specifi-
cation of the thermal decomposition of HMX and especially
HNIW " which, in the case of HNIW,, can be connected also

2471 and its

with complications in its polymorph transitions
level of purity. The facts discovered here suggest a need to
study the pre-decomposition states on thermal decomposition
and beginning phase of initiation of the nitramines’ molecule’s

crystals.
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