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A new reliable simple model is presented for estimating the condensed phase heat of formation of impor-
tant classes of energetic compounds including polynitro arene, polynitro heteroarene, acyclic and cyclic
nitramine, nitrate ester and nitroaliphatic compounds. For CHNO energetic compounds, elemental com-
positions as well as increasing and decreasing energy content parameters are used in the new method.

The novel correlation is tested for 192 organic compounds containing complex molecular structures with
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at least one nitro, nitramine or nitrate energetic functional groups. This work improves the predictive
ability of previous empirical correlations for a wide range of energetic compounds. For those energetic
compounds where group additivity method can be applied and outputs of quantum mechanical compu-
tations were available, it is shown that the root mean square (rms) deviation of the new method is lower.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The condensed phase heat of formation of an energetic
compound can be used to investigate its characteristics and ther-
mochemical stability. It enters into the calculation of explosive
and propellant properties such as detonation pressure, detonation
pressure, detonation temperature, heat of detonation and specific
impulse through computer codes or empirical methods [1-3].

Quantum mechanical methods, quantitative structure-property
relationship (QSPR) theory, group additivity methods, empirical
procedures on the basis of molecular structures, the heat of com-
bustion are suitable methods for predicting the heat of formation of
energetic compounds [2,4,5]. Applications of some of these meth-
ods in energetic materials have been reviewed elsewhere [2,5].
The condensed phase heats of formation of solid and liquid ener-
getic compounds at 298.15 K can be obtained by combining the gas
phase heats of formation with heats of sublimation and vaporiza-
tion, respectively. Rice et al. [6,7] have used the 6-31G* basis set
[8] and the hybrid B3LYP [9,10] density functional for converting
quantum mechanical energies of molecules into gas phase heats of
formation. They used surface electrostatic potentials of individual
molecules for computation of heats of sublimation and vaporization
as recommended by Politzer and co-workers [11,12]. Salmon and
Dalmazzone [13] developed a suitable group contribution method
that can be applied for large classes of CHNO energetic compounds
in the solid state (at 298.15K). Applications of their method have
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some restrictions for complex molecular structures such as the def-
inition of many group additivity values, ring strain corrections and
the non-nearest neighbor interactions. For some classes of ener-
getic compounds, several simple correlations between different
structural parameters have also been developed [14-18]. As an
example, it was found that heats of detonation on the basis of Kam-
let’s method [19] can also be used for predicting solid phase heats
of formation of some explosives in the range Qcorr > 4602 k]/g [14],
where Qcorr is the corrected heats of detonation on the basis of
Kamlet's method [19].

It is important to have a reliable simple method for predicting
the condensed phase heat of formation of a wide range of organic
energetic compounds that contain at least one of the functional
groups including -NO,, —-O-NO, or N-NO,. The purpose of this
work is to improve predictive ability of previous models [14-18],
which have been used for certain classes of energetic compounds.
The reliability of the new method will be tested for important
classes of energetic compounds including polynitro arene, polyni-
tro heteroarene, acyclic and cyclic nitramine, nitrate ester and
nitroaliphatic compounds. The estimated results of this method
will be compared with the calculated values of group additivity
method of Salmon and Dalmazzone [13] as well as outputs of com-
plex quantum mechanical method [6,7].

2. Results and discussion

Since the existence of the variety of different molecular interac-
tions in the condensed phase of energetic compounds, predicting
the heat of formation may be difficult. A high density energetic
material with a high positive heat of formation may be a good
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Table 1
Comparison of the predicted heats of formation (kJ/mol) of the present and Salmon-Dalmazzone (S-D) [13] methods with experimental data for polynitro arene, polynitro
heteroarene, acyclic and cyclic nitramines, nitrate esters and nitroaliphatic energetic compounds that have complex and different molecular structures.

No. Energetic compound Experiment New method Dev S-D method Dev
NO,
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1 —443.4[27] (460.8 17.4 (416.8 (26.6
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No. Energetic compound Experiment New method Dev S-D method Dev
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Table 1 (Continued)
No. Energetic compound Experiment New method Dev S-D method Dev
O,N ‘ N0
ON NN Mo
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Table 1 (Continued)

No. Energetic compound Experiment New method Dev S-D method Dev
42 C(NO;)3CH,0H (261.1 [27] (246.2 (14.9 (232.9 (28.2
43 CH3CH,C(CH,0H);NO, (601.2 [27] (617.5 16.3 (614.9 13.7
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Table 1 (Continued)
No. Energetic compound Experiment New method Dev S-D method Dev
80 02NOCH,CH,0CH,CH;0CH,;CH,0ONO, (656.9 [27] (681.0 241 (617.8 (391
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| 3
NO,
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candidate of high performance material but its sensitivity can be
increased. The heat of formation of an energetic compound is a mea-
sure of its energy content that should be considered in designing
new energetic compounds. The study of a wide range of different
classes of energetic compounds including polynitro arene, polyni-
tro heteroarene, acyclic and cyclic nitramine, nitrate ester and
nitroaliphatic compounds has shown that a suitable general model
can be introduced to predict their condensed phase heat of for-
mation. For certain nitroalkanes, Chen et al. [20] have shown that
the elemental composition can be used to correlate the calculated
gas phase heat of formation by semi-empirical molecular orbital
methods AM1 and PM3 to the condensed phase heat of forma-
tion. Furthermore, previous studies [15-18] have confirmed that
elemental composition as well as the other structural parame-
ters can influence the predicted values of the condensed phase
heat of formation for some classes of energetic compounds. Due
to the presence of high intermolecular interactions, the effect of
specific polar groups such as —-COOH, -OH, >C=0 and -NHy may
be important for increasing thermodynamic stability of energetic
compounds. The contributions of polar groups in decreasing of
energy content of energetic compounds may be additive [17,18].
Meanwhile, it was found that the contributions of -NO,, ~-ONO,
and -NNO, groups may consider constant and in most cases can
have opposite effects. The reported condensed phase heat of 90
of different Cq,Ha,Ng;0q, compounds were collected and listed
in Table 1. The optimized correlation using statistical analyses
(multiple regressions [21]) of these compounds give the following
equation:

ArH%(c) = ApHE: +105.0A¢Hf . — 106.6 ApHE (1)

where AfH‘9 is the condensed phase heat of formation; Angc =
32.33a; — 39.49a, +92.41a3 — 63.85a4; Angc is the predicted
energy content on the basis of elemental composition; AfHﬁ_:C
and AngEC are increasing and decreasing energy content param-
eters, respectively, which can be specified by the contribution of
polar groups and some specific molecular fragments. The coeffi-
cients 105.0 and —106.6 in Eq. (1) show the relative contributions

of AfHf. and A/HY.. with respect to A;HS.. The values of

AfHIQEC and AfHG

pec in Eq. (1) are specified in the following
situations.

2.1. Prediction of AfHY). -

Some specific polar groups may contribute to AngEC through

increasing thermodynamic stability of desired energetic com-
pounds. Their contributions can be classified as follows:

(i) Hydroxyl group — Two different values 1.4 and 1.0 are con-

tributed to AngEC for energetic compounds containing -OH
group in forms Ar-OH and R-OH, respectively. As an example,
AfHY .« =2 x 1.4 = 2.8 for 2,4,6-trinitrobenzene-1,3-diol.

(ii) Amino (-NHy) groups - For the existence of mentioned groups,
the value contributed to A¢HE - is equal to 0.7 (e.g. AfHp. =
3x0.7=2.1 for 24,6-trinitrobenzene-1,3,5-triamine). The
presence of -NH,, >NH (or -NH-NH,) in energetic com-
pounds not only may increase thermodynamic stability but also
can decrease their sensitivities to specific stimuli, e.g. impact
[22,23], electric spark [24] and shock [25], with the goal to
design and manufacture less sensitive energetic compounds.

(iii) Acyclic and cyclic ether functional groups - The contributions
of acyclic and cyclic ether functional groups (except three-
membered ring) to AngEC are 0.5 and 0.9, respectively.
As an example, AngEC =1x0.5=0.5 for 2-methoxy-1,3,5-
trinitrobenzene.

(iv) The existence of the other specific polar groups - For the pres-
ence of —-COOH (or -ONH4, -COCO- and -NH-CO-), -N-CO-N-,
—COO- (oracyclic-CO-),-CO-H, cyclic -CO- and -NH-NO,, the
contributions of these groups to AngEc are2.8,2.4,1.4,1.0,0.5
and 0.3, respectively. As an example, AngEC =1x28=2.8
for 3,5-dinitrobenzoic acid.

(v) The number of nitrogen heteroatoms in six-member ring - For
nitroaromatics containing more than one six-member aromatic
rings, the contribution of the number of nitrogen heteroatoms
in six-membered ring is 0.33. As an example, AngEC =3x
0.33 = 0.99 for 2,4,6-tris(2,4,6-trinitrophenyl)-1,3,5-triazine.
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2.2. Prediction of AfoEC

The presence of some specific molecular fragments and the
attachment of nitro and nitrate groups to non-aromatic carbon as
well as cyclic and acyclic nitramines contribute to AfoEC, which
can be described as follows:

(i) Cyclic and acyclic nitramine functional groups - The values of
AfHI%C are 0.5 and 0.8 for the acyclic and cyclic functional
groups, respectively. As an example, AleeEc = 0.5 for 1,3,5-
trinitro-1,3,5-triazinane.

(ii) R-NOy (or R-ONO;) and Ar-N3 - For the attachment of -NO,
or —-ONO, groups to non-aromatic carbon and -N3 group to
aromatic ring, the value of A;H - is 0.3 (e.g. AfHf. . = 0.3 for
1,1-dinitropropane). There are some exceptions for this case:
(a) for the presence ~C(NO)3, AfHf = 0.8 (e.g. AfHf, =
1.0 and AfHﬁ_I = 0.8 for 2,2,2-trinitroethanol); (b) for linear
mono-nitroalkanes (a; > 4), AfHY - = 0.6 (e.g. AfH = 0.6 for
1-nitrobutane); (c) for hydrogen free nitroalkanes, AngEc =
2.2 (e.g. Ale"EC = 2.2 for tetranitromethane); (d) for symmet-
ric linear di-nitroalkanes, AfHf. = 0.0 (e.g. AfH. = 0.0 for
1,2-dinitroethane).

N—O0
(iii) Molecular fragments -N=N- and ¥+ ~ - For molecular frag-

ments IO and -N=N-, the contributions to Ale"EC are 0.7
and 0.8, respectively. As an example, Ang-:c =3x07=2.1
for benzenetrifuroxan.

(iv) The number of carbocyclic aromatic rings (na,) — For those ener-
getic compounds containing only carbocyclic aromatic rings,
the contribution to A¢Hf, - is (na; — 1) x 0.3.The value of AgH}.-
is (2—-1)x0.3=0.3 for 2,2,4,4',6,6'-hexanitrobiphenyl as rep-
resentative example.

(v) Attachment of alkyl groups to aromatic ring — The values of
Ale(’EC are 0.2 and 0.8 for the attachment of methyl and
higher carbon alkyl groups (or -CH=CH-) to aromatic ring,
respectively. As an example, AleeEC = 0.2 for 1-methyl-2,4-
dinitrobenzene. If na; > 1, it is not necessary to include previous
condition, i.e. (iv).

(vi) Nitro groups attached to non-aromatic four-membered ring —
For the attachment of -NO, groups to non-aromatic four-
membered ring, the contribution to Afo’Ec is 045 (e.g.

AleeEC = 8 x 0.45 for octanitrocubane).

The coefficient of multiple determination (R?) deviation mainly
reflects the goodness of fit of the model, which is 0.983, for Eq.
(1) on the basis of data given in Table 1. The values of AfHI(’Ec and
AngEc are equal to zero if the conditions to assign different values
are not met.

3. Comparison of the new correlation with outputs of
quantum mechanical and group additivity methods

Quantum mechanical computations of Rice et al. [6,7] as well
as group contribution procedure of Salmon and Dalmazzone (S-D)
[13] are two new and suitable methods, which can be used to
compare the reliability of the new correlation. Table 1 shows the
comparison between the predicted results of the new correlation
and the S-D method. As seen in Table 1, the root mean square (rms)
deviations from experiment of the new and the S-D methods are
27.8 and 44.1 kJ/mol, respectively, which confirm the reliability of
the present work. A visual comparison of the predicted results of
Eq. (1) and the S-D method with the experimental values is shown
in Fig. 1. For some energetic compounds, Rice et al. [6,7] have com-

800.0

400.0 —

-400.0 — o

Theoretical (kJ/mol)
|

-800.0 —

-1200.0 I I I I

-1200.0 -800.0 -400.0 0.0 400.0 800.0
Experiment (kJ/mol)

Fig. 1. Calculated condensed phase heats of formation versus experimental data for
different 90 energetic compounds given in Table 1. The solid lines represent exact
agreement between predictions and experiment. Filled and hollow circles denote
the calculated results of the new and the S-D [13] methods, respectively.

puted the condensed phase heat of formation. Table 2 compares
the predicted results of the new method with reported outputs of
Rice et al. [6,7] as well as group additivity of the S-D method [13].
As indicated in Table 2, the rms deviations from experiment of the
new, quantum mechanical and the S-D methods are 18.9, 43.9 and
29.7 kJ/mol, respectively. A visual comparison of the predictions of
three mentioned methods with experiment is also given in Fig. 2. As
seen in Tables 1 and 2, group additivity of the S-D method [22] has
some restrictions and cannot be used in some classes of energetic
compounds for the following reasons:

800.0

400.0 —

=)
£ 0.0 — @fo
=
£
© -
Q
g 3
8  -400.0 — )
ey
'_
_ oS
L
o
-800.0 —
-1200.0 ‘ ‘ ‘ ‘
-1200.0 -800.0 -400.0 0.0 400.0 800.0
Experiment (kJ/mol)

Fig. 2. Calculated condensed phase heats of formation versus experimental data for
different 49 energetic compounds given in Table 2. The solid lines represent exact
agreement between predictions and experiment. Filled and hollow circles denote
calculated results of the new and the S-D [13] methods. Filled triangles denote the
calculated quantum mechanical outputs by Rice et al. [6,7].
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Table 2
Comparison of the predicted condensed heats of formation (kJ/mol) from the new, quantum mechanical (QM) [6,7] and Salmon-Dalmazzone (S-D) [13] methods with
experimental data.

No. Name Experiment New method Dev QM Dev S-D method Dev
NO, O,N
1 °2NN°2 68.2 [27] 497 18,5 (67.8 136.0 27.3 409
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A S
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2
NO,
NO,
NO,
7 (1.7 [27] (346 32.9 (126 109 (10.0 8.3
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[=4]
Qm
z
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—
w
)]

z
(®]

(38.5[27] (34.6 (3.9 (38.5 0.0 (36.8 (1.7

aVs

z
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10 (235.5[27] (247.7 122 (2289 (6.7 (219.9 (156
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Ke]

11 (209.6 [27] (247.7 38.1 (200.0 (9.6 (2199 10.3
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Kel

12 (66.4 [27] (60.2 (62 (84.9 185 (69.6 32
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Table 2 (Continued)
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No. Name Experiment New method Dev QM Dev S-D method Dev
NO,
CH,
13 @i (55.2[27] (60.2 5.0 (64.0 8.8 (61.9 6.7
NO,
CH,
o,N NO,
14 (124.5[27] (149.3 249 (135.6 111 (130.8 6.3
H,C CH,
NO,
NO,
15 /@\ (37.2[27] (304 (6.9 (68.6 314 (73.5 36.3
O,N NO,
OH
O,N NO,
16 (217.9[27] (2435 25.6 (226.8 8.9 (250.7 32.8
NO,
NH,
O,N NO,
17 (72.8 [27] (52.1 (20.7 (89.1 16.3 (92.0 19.2
NO,
CH,
O,N NO,
18 (63.2[27] (56.0 (71 (87.4 243 (92.6 294
NO,
CH,
19 <> (48.2[27] (64.4 16.2 (66.5 183 (46.5 1.7
NO,
OH
NO.
20 ©/ 2 (204.6 [27] (188.0 (16.6 (190.0 (14.6 (189.2 (15.4
OH
21 @\ (205.7 [27] (188.0 (17.6 (193.3 (124 (209.0 33
NO,
OH
22 <> (207.1 [27] (188.0 (191 (208.4 13 (209.0 1.9
NO,
NH,
23 @\ (36.4[27] (60.5 241 (26.4 (10.0 (221 (14.3
NO,
NH,
NO.
24 ©/ 2 (26.4[27] (60.5 34.1 (32.2 59 (26.2 (0.2
OH
O,N CH,
25 (279.1[27] (2734 (5.7 (2703 (8.8 (2544 (24.7

NO,
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Table 2 (Continued)

No. Name Experiment New method Dev QM Dev S-D method Dev
NO,
26 OO 45.7[27] 43.1 27 343 114 43.0 27
27 CH3NO, (112.5 [27] (89.9 (226 (114.6 2.1
28 CH2(NO, ) (104.9 [27] (85.7 (192 (96.2 (8.7
29 CH(NO3)s (68.0 [27] (81.5 13.6 (452 (22.8
30 C(NO)s 38.5[27] 583 (198 38.1 0.4
31 CH3CH,NO; (143.9[27] (136.6 (7.3 (155.2 11.3
32 C(NO3)3C(NO2)3 108.4 [27] 83.9 24.5 101.7 6.7 (4.1 112.5
33 CH3CH,CH,NO, (167.4[27] (183.2 15.9 (180.3 13.0
34 CH3CH(NO,)CH3 (180.3 [27] (183.2 2.9 (189.1 8.8
35 CH3CH;CH,CH,NO, (192.6 [27] (198.4 5.8 (202.9 103
36 CH3CH(NO,)CH,CH; (207.6 [27] (198.4 (9.2 (2109 33
37 (CH3)3C(NO2) (229.7 [27] (229.9 0.2 (225.1 (4.6 (202.6 (271
38 CH3CH,0NO, (190.4 [27] (200.4 10.0 (2033 12.9
39 CH3(ONO, )CH(ONO; )CH,ONO, (369.9 [27] (366.4 (35 (370.7 0.8
40 CH3CH,CH,0NO; (214.6 [27] (2471 325 (2272 12.6
41 C(CH,0NO )4 (538.5[27] (519.4 (191 (566.1 27.6 (521.7 (16.8
NH,
42 HN N=NO (86.6 [27] (65.0 (216 (31.0 (55.6 (114.2 27.6
H 2
O,N NO
2 N/\N/ 2
43 KN) 75.3[27] 94.3 (19.0 87.0 (11.7 69.4 5.9
|
NO,
N,
oN_ N
2 N w
44 K Ne 79.1[27] 83.9 (4.8 107.1 (28.0 69.5 9.6
N—" NO,
/
oN
0N CH,
N
O,N NO,
45 41.027] 64.1 (231 (71 48.1 (5.5 46.5
NO,
HN NO,
46 (133.9[29] (128.4 (5.5 (82.0 (51.9
H,N NO,
O,N NO,
O,N NO,
47 o,N 381.2[30] 3543 26.8 575.7 (194.6
O,N'ON "NO,
O,N
N NO,
N N/
ON—y NO,
48 377.4(31] 3522 25.2 4151 (37.7
N N
/ N
O,N NO,
OYN\N
49 N%/ (129.4[32] (92.2 (373 (66.5 (629
NO,
rms deviation 189 439 29.7
(i) The S-D method can be used to estimate only the solid state method. Thus, this method cannot be used to calculate the solid
heat of formation of Cg, Hg, Ng, Oq, energetic compounds. How- phase heat of formation of some new energetic compounds
ever, the S-D method cannot be applied for those energetic such as 2,2-dinitroethene-1,1-diamine (FOX-7).
compounds that have liquid state at 298.15K. (iii) Cage energetic compounds are important new energetic com-
(ii) Group contributions of a number of some functional groups pounds because they have not only high energy content but

for energetic compounds have not been defined in the S-D also provide high density, which give high energy density com-
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Table 3
Comparison of theoretically predicted heats of formation (kJ/mol) of the present and Salmon-Dalmazzone (S-D) [13] methods with experimental data for some further
energetic compounds including well-known explosives.

No. Energetic compound Experiment New method Dev S-D method Dev
NO,
N
1 ‘ 78.8 [28] 69.2 96 (13 9138
—
0,N" >N N,
o
+
oN N,
2 194.0 [28] 165.4 286
NO,
H
O,N N NO,
3 \©/ \©/ 22.9[28] 112 116 380 (15.1
NO,
4 30.6 [28] 473 (16.7 122 184
NO,
NO, NO,
5 37.6 (28] 47.3 (9.6 60.8 (232
NHNH,
NO,
6 50.0 [28] 73 427 46.7 33
NO,
OC,H,
o,N NO,
7 (200.8 [28] (240.8 40.1 (196.7 (41
NO,
OH
O,N NH,
8 (248.1 [28] (269.4 213 (229.9 (182
NO,
NH,
O,N NO,
9 (48.9[28] (47.9 (1.0 (63.9 15.0
NO,
NO,
O,N NO,
10 O N e 18.9[28] 67.1 (482 32 157
No, T No,
NO, NO,
11 10.8 [28] 55.7 (44.8 (49.2 60.0
O,N NO,
OH

O,N NO,
12 (252.1[28] (269.2 17.0 (269.8 17.7
CH,
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Table 3 (Continued)
No. Energetic compound Experiment New method Dev S-D method Dev
NO,
13 OQNQOCHzCHzONOz (277.3 [28] (269.0 (83 (286.6 9.3
NO,
O,N NO, O,N
) )
ON N=N
14 o, Neeon N NO, 791.6 [27] 7476 440 759.3 323
2
o,N
ON
NO,
CH,
O,N NO,
15 (102.5 [28] (102.7 0.1 (111.7 9.2
CH,
NO,
16 (48.7 [27] (48.1 (0.6 (39.4 (9.3
HC—§
uo e
N
17 ©/ \ij\ 22.5[27] 112 113 38.0 (155
NO,
-
o= 2
18 5 (427.9 [27] (426.4 (15 (4113 (16.6
HSC/
19 213.0[27] 209.9 3.0 209.8 3.2
NO,
20 o (232.0 [27] (2243 (7.7 (185.5 (465
H,C NH,
H
Cs
/O/ SCH
O,N
21 74.1[27] 71.1 3.0 85.1 (11.0
NO,
22 C(NO;,)3CH,CH,CN 3.4[27] 419 (385 52.8 (49.4
NO, O,N
23 N 22.9[28] 112 11.7 38 (15.1
H
O,N
24 2292 112 11.7 38 15.1
o ) &
H
25 OzN@NONOZ 22.9[28] 112 11.7 18.2 4.7
H3C\
26 " C/NON@ (38.5[27] (792 40.7 0.1 (38.6
3
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Table 3 (Continued)
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No. Energetic compound Experiment New method Dev S-D method Dev
H
(0]
27 ON (227.0[27] (2264 (0.6 (2273 0.3
\ / o
NO, o
NS
28 w OH (379.9 [27] (363.0 (16.9 (3336 (46.3
29 o N—NO, (213.0[27] (236.8 23.8 (215.8 2.8
OH
NO,
30 OO (172.0 [27] (165.9 (6.1 (164.9 (7.1
NO,
NH,
O,N.__O
31 (323.0[27] (365.5 425 (237.8 (85.2
\ / o
OH
o,N__O
32 (517.1[27] (546.9 29.8 (5153 (18
\ / o
33 C(NO,)3CH3 (113.0[27] (75.7 (37.3 (41.6 (71.4
34 CH3N(NO, )CH,N(NO, )CH; (29.8[27] (20.7 (9.1 19.7 (49.5
H,  No,
O NO,
:< NO,
35 o NO, (321.7[28] (338.0 16.3 (2709 (50.8
N-c—NG,
G
2 No,
CH,ONO,
G
36 CHONO, (405.9 [28] (413.1 7.2 (405 (0.9
CH,ONO,
on N,CHZCHZONOZ
37 2 N 192.3[28 245.9 53.6 258.9 66.6
CH,CH,CH,CH, (1923 28] ( (
o
0.__N—CH,CH,0NO,
38 j: (561.7 [28] (5483 (13.4 (581.6 19.9
0 N—CH,CH,ONO,
NO,
CH,ONO,
/
39 CH,CH,C~CH,ONO, (479.5 [28] (506.4 26.9 (463.3 (162
CH,ONO,
Hz(‘:/N*NOZ
40 H.Co (103.7 [28] (122.0 18.3 (103.8 0.1
Z""N—NO,
H
CH,ONO,
GHONO,
GHONO,
41 CHONO, (675.5 [28] (685.3 9.8 (736.4 60.9
GHONO,
CH,ONO,
NHNH
42 HN=C_ g 22.1[28] (12.1 34.1 41 18.0
NHNO, : . . g -
CH,ONO,
4 2427 2 260.1 17.4 254, 12.1
3 CH,ONO, (242.7 (28] (260 (254.8
NHNO,
44 o (282.3[28] (288.4 6.1 (2266 (55.7

NH,
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Table 3 (Continued)

No. Energetic compound Experiment New method Dev S-D method Dev
'CH,ONO,
45 HOCH,G—CH,ONO, (560.4 [28] (630.2 69.8 (625.7 65.3
CH,ONO,
46 "CH,CH(ONO,)- | (102.6 [28] (1215 189
H,C,
47 H,C~GONO, (229.3 [28] (247.1 17.8
ON_ H,
l\‘l*C
48 C——No, 36.4 28] 72.6 (36.2 (97.0 133.4
2 No,
o}
ON_ _NO
s A o,
49 L J (41.8[27] (779 36.1 (57.9 16.1
N
|
NO,
NO, NO,
50 ON—TT—C=N (98327 (875 (108 (165.8 67.5
NO, 2 CH,CH,ONO,
o,
51 O,;NOCH.CH;—N. . (149.8 [27] (106.0 (438 (1433 (6.5
3
ONO,
ONOCH, ONO,
[¢]
ONO, CH,ONO,
52 (1364.0 [27] (1363.4 (0.6 (1364.0 0.0
[e]
° ONO,
ONOCHY ONO,
NO, NO,
53 O,N ﬁf "‘jfﬁ NG, (28.0[27] (15.3 (12.7 (42.5 14.5
NO, 2 NO, % NO,
CH,
OZNOCHZ—‘*NOZ
54 CH, (374.0 [27] (349.2 (24.8 (379.6 5.6
|
ONO,
rms deviation 26.4 40.1

pounds. Salmon and Dalmazzone [13] have not determined
ring-strain corrections for e-hexanitrohexaisowurtzitane and
[3-hexanitrohexaisowurtzitane. However, application of the
S-D method without ring-strain corrections gives large devi-
ation with respect to experimental data. For example, the
predicted solid heat of formation of octanitrocubane by the S-D
method is —539.4 k]/mol with large deviation 920.6 kJ/mol.

Quantum mechanical method of Rice et al. [6,7] requires high
speed computer and complex Gaussian suite of quantum chem-
istry codes [26]. Furthermore, it takes high computer times for large
energetic molecules and, as seen in Table 2, its rms deviation is
higher than both the new and the S-D methods.

To examine the application of the present method for some fur-
ther energetic compound with complex molecular structures and
different molecular fragments, the calculated values for 54 ener-
getic compounds are also given in Table 3. A comparison of new
model with the S-D method for some energetic compounds in the

solid phase is also given in Table 3. As shown in Table 3, the rms
deviation of this new method is lower than that of the S-D method.
Fig. 3 provides a visual comparison between experiment and the
predictions of present work and the S-D method. As indicated in
Tables 1-3, the present work provides much better results than Rice
et al. computations [6,7] and the S-D method [13].

Since there are different values for the condensed phase heats of
formation reported from different sources in Tables 1-3, the latest
reported values of the NIST Chemistry Web Book [27] were taken to
compare the above mentioned method with the experimental data.
For example, —32.1, —68.8 and —77.95k]/mol are three reported
values for trinitromethane or 44.56 and 76.27 kJ/mol are two differ-
ent reported experimental data for bis(2,4,6-trinitrophenyl)amine
[23]. However, due to large experimental errors in determination
of the condensed phase heat of formation of energetic compounds,
the predictive results of present model may be useful with respect
to two of the best available methods, i.e. quantum mechanical based
method and group additivity procedure.
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Fig. 3. Calculated condensed phase heats of formation versus experimental data for
different 54 energetic compounds given in Table 3. The solid lines represent exact
agreement between predictions and experiment. Filled and hollow circles denote
the calculated results of the new and the S-D [13] methods, respectively.

4. Conclusions

A novel reliable simple correlation has been introduced to pre-
dict the condensed phase heats of formation in polynitro arene,
polynitro heteroarene, acyclic and cyclic nitramines, nitrate esters
and nitroaliphatic energetic compounds. Elemental composition
and two increasing and decreasing energy content parameters are
important factors in the new model, which uses the contribution
of polar groups and some specific molecular fragments. As shown
in Tables 1-3, the predictions for 192 molecules containing ener-
getic bonds -NO,, ~-ONO,, -NNO, with this new method provides
reliable results with respect to both quantum mechanical [7,8] and
the S-D [9] methods.
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