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Abstract

Thermodynamic properties of nitroguanidine, hexahydro-1,3,5-trinitro-1,3,5-triazine and
octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine in the gas phase have been estimated using
additivity techniques and statistical calculations. Ideal gas thermodynamic properties of urea,
guanidine, methanimine, 2-propanimine, nitramide, N-methyl-N-nitromethanamine and
1,3,5-triazine required for these estimations were calculated by rigid-rotor harmonic-oscilla-
tor approximation using the molecular constants available from the literature. Estimations
obtained by the difference method in addition to statistical calculations give satisfactory
values of thermodynamic properties.

INTRODUCTION

Nitroguanidine (NG) and hexahydro-1,3,5-trinitro-1,3,5-triazine (com-
monly referred to as RDX) are important explosives and octahydro-1,3,5,7-
tetranitro-1,3,5,7-tetrazocine (HMX) is a monopropellant material. There is
some information about the structure [1-14] and vibrational spectra
[9, 10, 15, 16] of these molecules but these data are insufficient for reliable
statistical calculations of thermodynamic properties. The data on the en-
thalpy of formation are known for RDX and HMX [17, 18]. To estimate
the thermodynamic properties of the title compounds the simple difference
method [19] combined with statistical thermodynamic calculations has been
used in this work.

NITROGUANIDINE

The nitrimine structure has been established for NG ((NH,),C=N-NO,)
by X-ray [1], neutron diffraction [3], spectroscopic [15] and theoretical
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investigations [2 4- 6] No complete Vibrational assignment for NG is
afnroe itq tha o finctiong canno t ha
the statistical thermodynamlc method.

There are no experimental or theoretical data on the enthalpy of forma-
tion of gaseous NG.

In this work thermodynamic properties of NG were estimated based
upon the thermodynamic properties of guanidine and using a difference
method which was very helpful for estimation of gas phase thermodynamic
properties of organic compounds [19].

Guanidine

There are no experimental data on the enthalpy of formation of
guanidine but this value was estimated by a bond energy scheme [20]: A;H °©
(guanidine (g) 298.15 K) = 31.8 kJ mol ™!

To estimate the enthalpy of formation of guanidine we considered the
following equation including molecules with known values of A(H®

NH 0 NH 0
I I I |
NH,-C-NH, = NH,-C-NH, + CH,-C-H — CH,-C-H (1)
AH® —149 « —2355 +54.5 —(—166.1)
[21] [22] [23]

The bond energy scheme [20] predicts the value of AcH*® (298.15) for the
(NH,),C=S molecule to be —15.1 kJ mol~!, while the experimental value is
22.9 + 1.6 kI mol™' [24]. The value estimated for this molecule using eqn.

(2)

S o) S o)
I I I ]
NH,-C-NH, = NH,~C-NH, + CH,-C-NH, — CH,-C-NH, (2)
AH® 155 « —235.5 +12.7 —(—238.3)
[21] [23] [23]

(15.5kJmol™") is in better agreement with experiment than the value
estimated by the bond energy scheme.

Based upon these results we prefer the difference method estimation (eqn.
(1)) to the bond energy scheme and our recommended value is
A¢H*°(guanidine (g) 298.15K) = —15 + 10 kJ mol~".

To estimate the entropy and heat capacity values for guanidine we
considered two difference equations and carried out the statistical calcula-
tion using estimated molecular constants of guanidine (Table 1).

No thermodynamic properties are available from the literature for
(NH,),C=0 (The thermodynamic properties of (NH,),C=O were calcu-
lated using an incorrect vibrational assignment [25] (see also ref. 26).),
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H,C=NH and (CH,),C=NH molecules which appear in the equations in
Table 1, and their values were calculated in this work using known
molecular constants (see Appendix). The thermodynamic properties for
H,C=0 and (CH;),C=0 were taken from the literature [27, 28].

In order to carry out a statistical calculation of thermodynamic proper-
ties for guanidine, the structural parameters and vibrational frequencies of
this molecule were estimated by comparison with parent compounds
((NH,),C=0, (CH;),C=NH) and using the results of an ab initio calcula-
tion of the geometry of guanidine [4] and spectroscopic data for NG [15, 29]
(C, symmetry, ¢ =1; product of three principal moments of inertia
I Izl = 1010 x 107" g® cm®; vibrational frequencies v;: 3450, 3400(3),
3260, 1670, 1640, 1611, 1450, 1300, 1284, 1000(2), 800(2), 600, 550, 400(2),
230(2)).

As can be seen from Table 1, $°(298.15 K) and C, (T') values estimated
by different methods are in good agreement and the recommended values of
the thermodynamic properties for guanidine (which are the mean of these
estimations) may be considered as reliable enough.

Nitroguanidine

Thermodynamic properties for two isomers of NG were calculated by the
difference method using two equations (Table 2) inserting values for
guanidine from Table 1 and values for CH,-NH-CH,;, H,N-NH,,
CH,-NH-NH, and CH;—NH, from the literature [23, 30-33]. Thermody-
namic properties for (CH;),N-NO, and H,N-NO, molecules are calculated
in this work (see Appendix).

It follows from Table 2 that the thermodynamic properties for the two
isomers of NG are almost the same. As the recommended values we
consider the thermodynamic properties for nitrimine isomer.

HEXAHYDRO-1,3,5-TRINITRO-1,3,5-TRIAZINE

The infrared and Raman spectra of RDX have been investigated in the
vapor phase, in solutions and in the solid phases [9, 10, 16] and the
vibrational assignments have been made on the basis of a normal coordinate
analysis [9]. The complete vibrational assignment for RDX [9] is based
upon the vibrational spectra of RDX in solutions and in the solid phase. We
could calculate thermodynamic functions of gaseous RDX by a statistical
mechanical method using vibrational assignment [9] and assuming that the
vibrational frequencies in the different phases are similar. However, this
assumption is often inaccurate in the low-frequency region. Owing to this,
as well as to the lack of information about barrier to internal rotation for
NO, groups, it is impossible to carry out a reliable statistical calculation.
For that reason estimations by the difference method were made for RDX
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together with statistical calculations. To estimate the thermodynamic prop-
erties of RDX by the difference method it is necessary to know the
thermodynamic properties of hexahydro-1,3,5-triazine and these values are
estimated in this work.

Hexahydro-1,3,5-triazine

There are no spectroscopic data required for statistical calculation and
thermodynamic properties for hexahydro-1,3,5-triazine were estimated us-
ing five approaches based on the difference method and Benson group
additivity scheme (Table 3).

Hexahydro-1,3,5-trinitro-1,3,5-triazine

Thermodynamic properties for the RDX molecule were estimated by the
difference method using five sets of values of thermodynamic properties
for hexahydro-1,3,5-triazine (Table 4, columns A-E) and by compari-
son of the thermodynamic properties of RDX and cyclohexane with those
of suitable aliphatic analogs (Table 4, column F). Values of $°(298.15K)
and C,(T) were also calculated by a statistical mechanical method
(Table 4, columns G-I). The chair conformation of C;, symmetry with the
NO, groups in the axial positions was accepted for RDX [7, 8, 10]. Struc-
tural parameters were estimated by comparison with parameters of
(CH;),N-NO, [43] and hexahydro-1,3,5-triazine [44, 45] molecules. The
vibrational assignment obtained from infrared and Raman spectra of RDX
in solutions and solid phase [9] was used in this work. Internal rotation in
the molecule was taken into account with torsional frequencies (Table 4,
column G) or with a potential barrier of 2800 cm~' (Table 4, column H).
The barrier height was considered to be similar in value to that of the
(CH;),N-NO, molecule [46]. This value is close to the barrier height for
RDX obtained by theoretical calculation (3500 cm™') [7]. Free rotation of
NO, groups was also considered in this work (Table 4, column I). The
following molecular constants of RDX were accepted in the calculations:
o =3; I\Iglc=5070780 x 10~'"7 g> cm®; v,, 3070(3), 2970(3), 1591, 1573,
1532, 1459, 1434, 1423, 1389, 1377, 1373, 1352, 1320, 1310, 1275, 1271,
1232(2), 1219, 1190, 1040, 1026, 1019, 996, 991, 947, 926, 915, 883, 853,
844, 783, 755, 738(2), 670, 602, 588, 486, 461, 410(2), 369, 345, 300, 223,
208, 145(3) (torsion), 110, 90, 70.

The value of A;H°(RDX (g) 298.15 K) = 191.6 kJ mol~' recommended
in Table 4 was calculated from experimental values of A{H®*(RDX (c))
and A;H® and it is in good agreement with experimental data for other
N-nitro- and N-nitrosamines [17]. This value coincides with value of
205.3 kI mol~' obtained from other experimental data [18] within the
uncertainty of the recommended value.
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The values of $°(298.15K) and C.(T) recommended for RDX in

Tahla A4 are tha avarage af valhiee civan in caliimne O F F H and 1T
1auil & alC ull avViiage O1 vaiuls giveil i COIUIis ©, o, r, 11 alid 1.

The estimations by the difference method (C, E, F) were selected as giv-
ing the best agreement with recommended value of A;H°. Statistical
calculations given in columns H and I (Table 4) are considered as more
reliable.

While our calculations were being done, the papers on structure and
vibrational frequencies of RDX obtained from electron diffraction [47]
and ab initio [48] studies were published. Although the experimental and
calculated structural parameters [47,48] are somewhat different from
those estimated by us, they should not substantially change the thermo-
dynamic properties calculated by the statistical method. Most impor-
tantly, the calculated six lowest vibrational frequencies (N—N torsions
and out-of-plane bends at N atoms) [48] are considerably lower than
these frequencies observed in the solid phase and solutions [9]. There-
fore we carried out the statistical calculation (the same as in Table
4, column G) using the six lowest fundamentals from the ab initio
study [48]. The calculated values of $°(298.15K) and C,(298.15K) co-
incide with those recommended in Table 4 for RDX within 1.5 and
1J K 'mol~!, respectively. This discrepancy in the C, (1500 K) value
amounts to 10 J K=" mol~".

We believe that in the case of the RDX molecule estimations obtained
by the statistical thermodynamic technique in addition to estimations
by the difference method give satisfactory values of the thermodynamic
properties.

OCTAHYDRO-1,3,5,7-TETRANITRO-1,3,5,7-TETRAZOCINE

Domalski and Hearing [18] recommended the value of enthalpy of
formation of gaseous HMX (Table 5) obtained from experimental subli-
mation data. No expeirmental or theoretical data on the entropy and
heat capacity of HMX are available. Information known from structural
and spectroscopic investigations [11-13, 49, 50] is insufficient for statisti-
cal calculation of thermodynamic functions.

The Benson group additivity approximation and difference method
were used to estimate thermodynamic properties of HMX (Table 5). The
recommended value of A(H® is the mean of three estimations presented
in Table 5. As well as for RDX, our value chosen for HMX is somewhat
different from one cited by Domalski and Hearing [18], while these val-
ues coincide with one another within the uncertainty of the recommended
value. We believe that, in terms of additivity rules, the values recom-
mended in this work correlate well. The recommended values of entropy
and heat capacities are based on the equation including the RMX
molecule.
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APPENDIX: THERMODYNAMIC PROPERTIES OF MOLECULES CALCULATED
IN THIS WORK BY THE STATISTICAL MECHANICAL TECHNIQUE

Based on the selected values of molecular constants, the ideal gas
thermodynamic functions at a pressure of 1 bar (heat capacity C, , entropy
S, Gibbs energy —(G° — Hy)/T, and enthalpy (H*® — Hy)) were calcu-
lated by the standard statistical mechanical method using a rigid-rotor
harmonic-oscillator approximation. The accepted enthalpy of formation
A¢H®(298.15K), and the calculated thermodynamic functions have been
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used to calculate the enthalpies of formation A¢H °(T), the Gibbs energies
of formation A;G°(T), and the logarithm of the equilibrium constant of
formation log K7 by the usual thermodynamic formulae (subscript f de-
notes formation by the reaction kC(c, graphite) + /H,(g) +mO,(g) +
nN;(g) = C, Hy O, N2 (8)).

(NH,),C=0, urea

Ideal gas thermodynamic properties for urea are given in Table Al. The
product of the principal moments of inertia, I, IzIc = 936.8 x 107'7 g* cm®,
for the planar structure of C,, symmetry (¢ = 2) was calculated using the
rotational constants determined from microwave investigation [51]. Vibra-
tional frequencies are those observed from infrared spectra of urea isolated
in an argon matrix [52, 53], v,: 3548, 3440, 1734, 1594, 1014, 1000, 410 (a,),
600, 228 (a,), 618, 542, 233 (b,), 3448, 3440, 1594, 1394, 790, 578 (b,). The
calculated value of S°(360K) =298.6 J K 'mol~' is in good agreement
with the calorimetric value of 298.2J K 'mol~! [26]. The enthalpy of
formation was taken from ref. 21.

H,C=NH, methanimine

Ideal gas thermodynamic properties for methanimine are given in Table
A2. Molecular constants determined from microwave and infrared data
[54,55] were used in this work: planar C; symmetry (g =1);
I Iglc =296 x 1077 g3 cm®; v;: 3262.6, 3024.5, 2914.2, 1638.3, 1452.0,
1344.3, 1058.2, 1127.0, 1060.8. The value of AcH*® was determined from the
kinetic investigation [56] (see also ref. 57).

(CH,;),C=NH, 2-propanimine

Ideal gas thermodynamic properties for 2-propanimine are given in Table
A3. The product of the principal moments of inertia, IoIglc = 1459 x
10~ g cm®, for the structure of C, symmetry (¢ = 1) was calculated using
structural parameters estimated from ab initio calculations [58, 59]. Vibra-
tional frequencies (3262, 3013, 2985, 2957, 2938, 1665, 1425(2), 1400, 1393,
1332, 1104, 1070, 808, 752, 500, 398 (a’), 2970, 2961, 1449, 1445, 1108, 1018,
816, 426 (a”)) are those observed from infrared and Raman spectra and
calculated by the ab initio method [58]. Free rotation of methyl groups was
accepted [59] (1.4 = 0.498 x 1073° g cm?). The value of A(H © was estimated
in this work by comparison of enthalpies of formation for (CH;),C=0,
H,C=NH and H,C=0 molecules.

H,NO,, nitramide

Ideal gas thermodynamic properties for nitramide are given in Table A4.
Molecular constants determined from microwave and infrared data [60, 61]
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were used for thermodynamic properties’ calculation: planar C, symmetry
(6 =1); I\ Iglc = 637.10 x 10~""7 g cm®; v,: 3359, 1558, 1350, 951, 798, 693,
629 (a’), 3478, 1613, 1227, 485, 402 (a"). The A{H® value was taken from
ref. 62.

(CH;),N-NO,, N-methyl-N-nitromethanamine

Ideal gas thermodynamic properties for N-methyl-N-nitromethanamine
are given in Table AS. The product of the principal moments of inertia,
InIgl-=11752 x 1077 g* cm®, for the structure of C,, symmetry (¢ = 2)
was calculated using structural parameters determined from an electron
diffraction investigation [43]. Vibrational frequencies (3033, 2948, 1462,
1441, 1304, 1248, 1023, 838, 626, 427 (a,), 2993, 1456, 1144 (a,), 3033, 2948,
1528, 1454, 1411, 1292, 1110, 619, 350 (b,), 2993, 1450, 1050, 762, 225
(b)) are those observed from infrared and Raman spectra [63]. Internal
rotation of nitro and methyl groups was accepted: V,(NO,)=2800cm™!,
Vo(CH;3) =1050 cm™" [46], [,.4(NO,) =3.94 x 107* gcm?, I 4(CH,) =
0.59 x 107* g cm?® The A;H*® value was taken from ref. 23.

C;H;N;, 1,3,5-triazine

Ideal gas thermodynamic properties for 1,3,5-triazine are given in Table
A6. The product of the principal moments of inertia, I Iyl = 4478 x
107 g cm®, for the planar structure of D,, symmetry (¢ = 6) was calcu-
lated using structural parameters determined by electron diffraction [64].
Vibrational frequencies (3042, 1132, 992 (a}), 1350, 1038 (a3), 925, 737 (a3),
3056, 1556, 1410, 1174, 675 (e'), 1031, 340 (e"”)) recommended by Wiberg
[65] on the basis of ab initio calculation were adopted in this work. The
A;H® value was taken from ref. 38.



