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The ideal gas thermodynamic properties of 27 organic nitro and nitrate organic com-
pounds and two of their radicals are presented. Most of these compounds are high ex-
plosives(TNT, RDX, HMX, PETN, NPN, and NG while others serve as propellants or
specialty fuels(such as nitromethaneThe thermodynamic properties were calculated
using fundamental molecular data. The molecular data were gathered from the literature
or calculated for this purpose. The enthalpy of formation of gaseous 1-nitropentane was
estimated to be- 164.431 kJ mol! (—39.3+ 0.5 kcal mol'%); that of 1-nitrohexane to be
—185.351 kI mol! (—44.3+0.7 kcal mor'?) for the ideal gas and-241.835 kJ mol*
(—57.8+0.7 kcal mol'?) for the liquid. All values refer to 298.15 K. €999 American
Institute of Physics and American Chemical SocigB0047-26889)00301-3

Key words: explosives; nitro-compounds; nitrate compounds; thermodynamics.
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culated usingGAussIAN 94'® and mostly, semiempirical
methods such asiopAc.®® In all cases the calculated data
were supplemented where possible with experimental data.
Checking with group additivity methods was done where
possible using thenisT 94 thermodynamic program and
databasé! and Bozzelli's Therm prograif.

It is known that theab initio methods are by far more
accurate than semiempirical ones, but lately the difference
has been narrowed, and the semiempirical methods of today
are almost as good as tla initio ones regarding the opti-
mization of a molecule’s structure and the estimation of its
molecular vibrations. However, the estimation of the enthal-
pies of formation are still unacceptable by semiempirical
methods.

The list of compounds that will be covered in this work are:
Nitromethane CENO,,
Nitromethaneds CD;sNO,,

Nitromethaned, CHD,NO,,
Nitromethaned CH,DNO,,
Nitromethyl radical- CH,NO,,
Dinitromethane CHNO,),,
Trinitromethane CKNO,); (TNF),
Tetranitomethane @lO,),,
Methynitrate CHONO,

Methynitrate radicat CH,ONO,,
Nitroethylene CH=CHNO,,
Trans-dinitroethylene INHC=CHNO,,
Nitroethane GHsNO,,

Ethylnitrate GH;ONO,,
Nitropropene-2 CHCH=CHNO,,
Nitrocyclo-propane gHsNO,,
Nitroglycerin GH505(NO,)s,
Nitroazetidine Cy(CH,)3N-NO,,
1,3,3-Trinitroazetidine G44,N(NO,)3,
Hexogen 1,3,5-trinitrotriazine {ElzNgOg (RDX),
N-nitropropane GH;NO,,
N-propylnitrate GH,ONO, (NPN),
Octogen Cyclotetramethylene Tetranitramine;HENgOg
(HMX),

N-nitrobutane GHgNO,,

This is an attempt to publish the detailed thermodynamic$enta-trithrytoltetranitrate 4Elg(ONO,), (PETN),
of a list of organic nitro and nitrate compounds, some ofN-nitropentane ¢H,;NO,,
which are known as explosives, and others as propellants dtitrolbenzene GHsNO,,
specialty fuels. The detailed thermodynamics of most propelN-nitrohexane gH;3NO,,
lants and explosive compounds are not known or are unpult,3,5-Trinitrobenzene §l3(NO,)5,
lished in the open literature. The thermodynamic and ther4,3,5-Trinitrotolluene CHCgH,(NO,)5 (TNT).
mochemical properties are involved in most computational There are 30 compounds covered in this work. Their struc-
aspects of these compounds including the enthalpy of readures are given in Table 1. The fundamental vibrational fre-
tion, the adiabatic flame temperature obtained during comguencies, the bond lengths, and the moments of inertia were
bustion, the temperature and pressure obtained dligas-
eouq detonation, safety aspects, etc.
The fundamental molecular data such as molecular vibrainitio calculations. For simple molecules, the Brinkman and
tions, moments of inertia, internal rotation barriers and enBurcat prograrh was used to calculate moments of inertia
thalpies of formation were taken from existing sour¢Ese
NIST Webbook for the experimental infrareiR) spectrum
and the experimental enthalpies of formation, Melius’ BAC/ The enthalpies of formation were treated in each case sepa-
MP4/MP2 collections? and the open literatuyer were cal-

calculated usinguoPAC 6 semiempirical method¥ PM3,
PM3/UHF, AM1, and AM1/UHF as well aSAUSSIAN 94ab

and internal moments of rotation. The results have been
compared to existing experimental ab initio calculations.
rately as reported in the following sections. In Table 2, all

J. Phys. Chem. Ref. Data, Vol. 28, No. 1, 1999
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CH;NO,
Nitro Methane

* CHNO;,
Nitro-Methyl-Radical

CD;NO,
Nitro-Methane D,

CHD,NO,
Nitro-Methane D,

CDH,NO,

Nitro-Methane D

NO,CH;NO,

Di-Nitro-Methane

/NOZ
NO,CH_
NO;

Tri-Nitro-Methane

NO; .-NO;
N0y~ “NO,

Tetra-Nitro-Methane

CH;0NO,

Methyl Nitrate

ALEXANDER BURCAT

TasLE 1. Configuration formulas of the nitro and nitrate compounds.

*CH,ONO,

Methyl Nitrate Radical

H H

Nitro-Ethylene

H\ _ /NOZ
/C—C\
NO{ H

trans-Di-Nitro-Ethylene

CH;CH,NO,
Nitro-Ethane

CH,CH,0NO,
Ethyl-Nitrate

CHy  NO;
/C=C\
H H

cis-Nitro-Propylene 2

CH3CH,CH,NO,

n-Nitro-Propane

CH;CH;CH,ONO,

n-Propyl-Nitrate

CH;CH,CH,CH,;NO;

n-Nitro-Butane

H2C\—(?CH2
Noy” CH

Nitro-Cyclo-Propane

H,-ONO,
H—ONO,
CH,-ONO,

Nitroglicerine

O

y
NO,

Nitro-Azetidine

NO, NO,

&5

N
NO,

1,3,3-Tri-Nitro-Azetidine

NOz_ A~ A0

-

RDX

NOZ?\' /\N _NO,

)

N N

No;7”~ NO,

BMX
CH,0ONO,

NOZOHZC—([‘—CHZONOZ
CH,ONO,

PETN

CH,CH,CH,CH,CH;NO,

n-Nitro-Pentane

NO,

Nitro-Benzene

NO, NO,

NO,

1,3,5-Tri-Nitro-Benzene

CH;
NO, NO,

known values for the enthalpy of formation found in the formation are not mentioned. The IR spectfuwas adopted
literature are listed. Finally, recommendations were maddor the thermodynamic calculations, although McK&an
published an assigned experimental spectrum. The actual dif-
ference in the calculated thermodynamic défy ,S, etg

was less than 0.3 calories when using the McK2and the

and thermodynamic tables were calculated accordingly.

2. Thermodynamic Calculations

The thermodynamic calculations were made with the®
McBride and Gordon thermodynamic programyersion
PAC97 at a standard pressure of 1 bar. The fundamental co
stants were taken from Cohen and Taytbgnd the atomic
weights from DeLaeter and HeumathWhere needed, the

IR spectra Thus the IR spectra was preferred for the sake of

ompatibility with nitromethyl radical, the deuterated ni-

tromethanes, nitroethane, nitropropane, nitrobutane and ni-

f{robenzene. The molecular data available are listed in Table

4 and the thermodynamic calculations are listed in Table 5.

calculated fundamental frequencies were supplemented with

internal rotation information taken from other nitro com-

pounds as shown in Table 3.

3. The Individual Substances
3.1. Nitromethane CH 3NO,

has been investigated both experimentillyand by

states as seen from the vibrational results of P8&e

J. Phys. Chem. Ref. Data, Vol. 28, No. 1, 1999

3.2. Nitromethyl Radical: -CH,NO,

The experimental and calculated vibrational spectrum of
this radical was published by McKé&é,and calculated by
Melius in 1997%° The PM3/UHF calculation resulted in a
transition state. The experimental values were adopted and
the two missing vibrations were taken from tBaussIAN
Nitromethane is the simplest organic nitro compound, and-31G* calculation of McKe&® The PM3 moments of iner-
tia were chosen and the reduced moments of inertia were
calculations. All MopAc calculations resulted in transition calculated with the Brinkmann and Burégtrogram. The
molecular data available are listed in Table 6 and the ther-
imaginary vibration. Therefore the calculated enthalpies of modynamic calculations are listed in Table 7.
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3.3. Nitromethane- d; CD3;NO, 3.6. Dinitromethane (TNF): CH,(NO,),
The vibrational spectrum was calculated by Bastkal3 Dinitromethane is rarely mentioned in the literature. Me-
usingab initio methods at HF/631Glevels.MoPAC calcula-  lius calculates only transition states for this molecule. For the

tions for PM3 and PM3/UHF have resulted in transition statethermodynamic compilation, the PM3 calculations were cho-
species only, as can be seen from the enclosed vibrationsen. The vibrations were not scaled since comparison of
The experimental spectral resdltwere adopted. The mo- PM3 values of nittomethane showed no need to scale, if the
ments of inertia were calculated using the Brinkmann andribrations are compared with the experimer(i&d) values!
Burcaf program. The enthalpy of formation was calculatedFor the internal moments of inertia as well as energy barriers
from the value of the nondeuterated molecule according téhe Melius’s value® from nitroethane were taken. The ex-
the equations: perimental enthalpy of formation recommended by NIST
97*% was taken. The molecular data available are listed in
Table 14 and the thermodynamic calculations are listed in

—AEcompt AEeiements Table 15.

A{Hy(deuterated comp=A:Hy(Parent compound

where

3.7. Trinitromethane: CH (NO,);

AEomp= > v(parent compound
This propellant is mentioned in the literature where mea-

sured enthalpies of formation in the liquid and solid form are
— 2 v(deuterated comé presented.Bensor gives an estimate of its gaseous enthalpy
of formation. ThemopPAC calculations for AM1 and AM1/
X2-859 121ca|ories/mo|e UHF have failed, resulting in transition states. The PM3 and
2 PM3/UHF were successful with enthalpies of formation very
far from Benson'’s estimate. The other values are very close

AEgiement=N E Vin,~ E Vip,| =NX 1.8 kcal/mol, together. For the thermodynamic calculations the PM3 vibra-
tions were chosen since this species caused St¥viaali-
wheren is the number of hydrogen molecules fthat were ~ brate the PM3 system. The heat of formation found experi-
deuterated. The molecular data available are listed in Table @entally by Carpentérwas chosen. The internal rotation
and the thermodynamic calculations are listed in Table 9. values were taken from MelitSor estimated. The molecular
data available are listed in Table 16 and the thermodynamic
calculations are listed in Table 17.

3.4. Nitromethane- d, CHD,NO,

The experimental spectrum was published by McKean and 3.8. Tetranitromethane: C (NO,),
Watt3® As with all the deuterated and nondeuterated meth-
ane molecules thelorPac PM3 and PM3/UHF calculations  Tetranitromethane served as one of 28 nitro compounds
showed transition states. The enthalpy of formation was calised by Stewatf to calibrate the PM3 method for the en-
culated from the CKNO, value, using the equations de- thalpy of formation of nitro compounds. Our calculations
scribed for the previous species. For the thermodynamic calwith AM1 and AM1/UHF resulted in transition states only.
culations, the experimental values were adopted togethefrhe values of the calculated enthalpies of formation for PM1
with the moments of inertia calculated using the Brinkmannare very far apart from those of Stewart. ThieT 97 experi-
and Burcat program. The molecular data available are listedmental value was adopted. The molecular data available are
in Table 10 and the thermodynamic calculations are listed itisted in Table 18 and the thermodynamic calculations are
Table 11. listed in Table 19.

3.5. Nitromethane- d; CH,DNO, 3.9. Methyl Nitrate: CH ;0NO,

The experimental vibrational spectrum was measured by Experimental values are given by Brand and Cawthon,
Engelkeet all’ As with all the deuterated and nondeuteratedand also by Czuchajowsky and Kucharskiyho calculated
methane molecules theorAc PM3 and PM3/UHF calcula- part of the vibrations. Additional BAC/MP4 calculations
tions showed a transition state. The enthalpy of formatiorwere made by Meliu& The vibrations of Brand and
was calculated as described in the former deuterated specie@awthorf were adopted, and the Melius moments of inertia
For the thermodynamic calculations, the experimental valuewere preferred since this configuration is tighter than that of
were adoptelf together with the moments of inertia calcu- Dixon and Wilsont® The NisT 97*° recommended that en-
lated using the Brinkmann and Burégirogram. The mo- thalpy of formatior® be used. The molecular data available
lecular data available are listed in Table 12 and the thermoare listed in Table 20 and the thermodynamic calculations
dynamic calculations are listed in Table 13. are listed in Table 21.

J. Phys. Chem. Ref. Data, Vol. 28, No. 1, 1999
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TaBLE 2. Listed values of the enthalpy of formation at 298 K for nitro and nitrate species in kcal/mol.

PM3 AM1 NIST Experimental,
Name PM3 JUHF AMI JUHF Melius Pedley 94° (NIST 97
Nitromethane —15.¢ -9 —16.85-2.1 -7.9 (-15.1 —-19.3+0.3
CH3NO,
*CH,NO, 21.83 36.44
CDyNO, —18.008
CD,HNO, -16.971
CDH,NO, ~15.686
Dinitromethane —-11.91 —-11.91 74.41 2.91 —-11.87+4.2 —-14.7+0.3
CH,(NO,), 2.9
Trinitromethane 165.75 165.65 - - - -0.2 -3.2
CH(NO,); —-4.7 25.¢¢4
Tetranitromethane 189.57 189.57 224.39 224.39 (19.69
C(NO,), 6.4
Methylnitrate —-32.4£ -31.3 —26.12+3.55 -29.x1.0 —29.6 —29.16-0.3
CH;ONO,
CH,ONO, 23.65
Nitroethylene 7.17 7.17 15.95 15.95 7.94 13.4
H,C=CHNO,
Dinitroethylene —26.42 —26.42 —-19.42 -19.50 85.12-5.22 14.2
CoH(NO),
Nitroethane —-20.9 -16.9 —24.8+1.2 —24.4 —24.6 -23.8
C,HsNO,
Ethylnitrate —38.03 —38.03 —-38.11 —-38.11 —34.50 —37.04+
C,HsONG, 0.7
Nitropropene 2.392.12 5.5
CH;CH=CHNO,
Nitrocypropane 4.2
C3Hs5NO, (6.42
Nitroglycerin 17.96 17.96 18.92 18.92 —81.5 —66.70-0.65
—76.6 -71.2 -92.8
Nitroazetidine 27.285.1
CaHgN-NO,
Trinitroazetidine 30.7
RDX Hexogen 141.65 198.31 45.89
Nitropropane —26.21 —26.21 -23.8 —23.58 —-29.7 -29.5 —-30.0¢
Propylnitrate —42.68 —42.68 —44.38 —44.38 —41.60 —42.60
HMX Octogen 93.37 174.98 174.45 24.1
Nitrobutane -32.1 - -30.4 —29.6 —-34.4 —-34.4 —34.4
PETN —98.2 —-95.3 —89.89 -92.5
n-Nitropentane —-36.9 —36.9 —-35.5 —-35.5 —39.3 —39.3t0.5
Nitrobenzene 14%5 25.3 14.18+2.6 16.38-0.16
Trinitrobenzene 189.65 94.64 136.84 14.9
CeH1sNO, —44.3 —44.3+0.7
Trinitrotoluene 3.8 89.73 41.8 5.76-1.0
12.9

®Data reported by Stewdftas part of the optimization of theorac AM1 and PM3 methods.
bvalues in parenthesis were evaluated with the prograerm.*®

3.10. Methyl Nitrate Radical: -CH,ONO, the Melius values including the enthalpy of formation were
adopted. The molecular data available are listed in Table 24

This radical was calculated by Melifiswith the BAC/ and the thermodynamic calculations are listed in Table 25.

MP4 method at the HF/6-31&/level. These data are used
for the thermodynamic calculation. The molecular data are
listed in Table 22 and the thermodynamic calculations are
listed in Table 23.

3.12. Trans-dinitroethylene: O ,NHC=CHNO,

3.11. Nitroethylene: CH ,=CHNO
y 2 2 There are three possible isomers for dinitroethylene, the

The only source for this species is that of Melius cis-form, thetransform and the 1,1-form (Ck=C(NO,),).
BAC/MP4/6-31G* calculations. Themopac calculations  No calculations were found for this species. Melfussing
are in very good agreement with those of Melfaghus all MP4/G2 calculated transition states only. It was decided to
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TaBLE 3. Internal rotation values for different nitro and nitrate compounds.

69

1(CHs) 1:(NOy V(2NO? V(3)CHz* V(2NO,° 1,(CXa) 1(NOy°©
Compound (X10*g cn?) (X10*g cn?) (kcal/mol) (kcal/mo)) (kcal/mol) (X10*g cn?) (X10*g cn?)
CH3NO, 5.1666 59.60 9.1 0.0 5.187 59.316
&CH,NO, 3.46 59.32
CD3NO2 10.36
CHD,NO, 8.64
CDH,NO, 6.91
C,HaNO, - 59.710 5.04 - 48
C,HsNO, 5.1666 59.548 0.08 3.50
CH;CH=CHNO, 5.1536 59.606 1.50 8.8
N-nitroazetidine 4.6
CeHsNO, - 59.350 3.11 - 2.8-3.3
CH;ONG, 5.280 17.4 2.32 9.1
(CHZ),NNO, >9

3/alues taken from Meliu>
bvalues taken from Habibullahzad@h
“Values calculated using Brinkmann and Burcat's progfam.

calculate the most abundant of the isomers, tthesform,  chel, Britt and Bogg® published the moments of inertia
although the differences between the isomers should bexternally and internally. The enthalpy of formation was es-
minimal. The PM3 calculations were adopted. TheT 94" timated usingNisT 94%' The molecular data available are
estimation was used for the enthalpy of formation. The modisted in Table 34 and the thermodynamic calculations are
lecular data available are listed in Table 26 and the thermolisted in Table 35.

dynamic calculations are listed in Table 27.

3.13. Nitroethane: C ,HsNO, 3.17. Nitroglycerin: C 3HsO3(NOy)3

_ No information was found in the literature for nitroglyc-
erin, except for the heat of formation. In our case, the

PAC, restricted Hartree—FockRHF) and UHF calculations
gave the same results, as predicted by the theory, and the
gifferences between PM3 and AML1 calculations are mini-
mal. The PM3 results were chosen for the thermodynamic
alculations, and the enthalpy of formation recommended by
IsT 97.%° The molecular data available are listed in Table 36
and the thermodynamic calculations are listed in Table 37.

The thermodynamic properties of Nitroethane were pub
lished by Stullet al>® BAC/MP4 calculations were done by
Melius and the enthalpy of formation was recalculated with
the MP4/G2 method in 199%.The IR vibrational spectrutn
was adopted and supplemented with the missing vibration
from Melius’ calculations. The enthalpy of formation of Me-
lius (1997 was adopted. The molecular data available ar€
listed in Table 28 and the thermodynamic calculations ar
listed in Table 29.

3.14. Ethyl Nitrate: C ,HsONO; 3.18. N-Nitroazetidine (Cyclotrimethylene

Ethylnitrate was estimated by Stt al>® and calculated Nitramine ): (CHz)sN-NO,

by Melius. ThemoPAC calculations gave results very close to  This compound was calculated by Melit'sNo other
those of Melius. The Melius values were adopted for thesource is available. The molecular data available are listed in

thermodynamic calculations, and for the enthalpy of forma-Table 38 and the thermodynamic calculations are listed in
tion, theNisT 97*° recommendations were included. The mo- Taple 39.
lecular data available are listed in Table 30 and the thermo-
dynamic calculations are listed in Table 31.
3.19. 1,3,3-Trinitroazetidine: C 3H,N(NO,)3

3.15. Nitropropene-2: CH 3CH=CHNO, This compound was investigated, measured and calculated

This compound was calculated by Mel#fsHis values by Yu, Zang and Bauet Their assignment and calculation
were adopted for the thermodynamic calculations. The molS adopted, except for an internal rotation of the NNgboup

lecular data available are listed in Table 32 and the thermoconnected to the N ring atom. They seem not to have in-
dynamic calculations are listed in Table 33. cluded internal rotations of the nitro groups. The two nitro

groups on carbon atom 3 were not considered to be rotors
and the vibration assignment of Baustral®® was adopted.
The enthalpy of formation is the one proposed by PolifZer.

Holtzclaw, Harris and Busi have published the vibra- The molecular data available are listed in Table 40 and the
tions and internal rotation barrier for nitrocyclopropane. Mo-thermodynamic calculations are listed in Table 41.

3.16. Nitrocyclopropane: C 3;HsNO,
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TaBLE 4. Fundamental vibrations, moments of inertia, bond lengths, and enthalpies of formation for Nitromethi@, Qidolecular wt=61.040360}

PM3 (transition state

i-42.3 476 607 621 949 1016 1025 1361 1373 1385 1610 1905
3048 3063 3153
Melius®
18.7 470.5 627 657 938 1100 1134 1402 1436 1446 1507 1679
2922 3005 3039
Bock et al’
34 465 592 639 885 1093 1146 1366 1430 1436 1458 1503
2916 3010 3043
Experimentd
483 607 661 922 1102 1119 1376 1410 1428 1438 1562
2966 3044 3078
IR spectrurfi
598 639 666 928 1083 1157 1380 1400 1440 1481 1561
2484 2767 2962

Principal moments of inertia in units of 16° g cn?

PM3 la=65.300 430 1-84.208 414 |le-144.302 455

Melius la=65.029 Ib=77.264 Ic=137.079

Brinkman la= 64.50241b=82.4944Ic=141.8103

Brinkman I{NO,)=59.31583 I({CH3)=5.186 56 (reducedl=4.769 52V (2)=0.0 kcal/mol ROSYM=2
PM3 heat of formatios —15.9 kcal/mol(transition state

PM3¥ AH;(298)= — 15.9 kcal/mol

AM19 AH(298)= — 9.9 kcal/mol

Melius® AH(0)=— 13.43AH(300)= — 16.85 kcal/mol spir1 S?=0.3050
Melius MP4/G2 1997 AH(298)= — 18.76+ 1.02 kcal/mol

NIST 1997AH(298)= —19.3+0.3kcal/mol"

Pedley and Rylanée\H(298)= —17.9+0.2 kcal/mol

Stull et all AH(298)= —17.86 kcal/mol

TRC AH; solid(298)= —27.03 kcal/mol

PM3 zero point energy 30.76 kcal/m(tansition state

R(CN)=1.4787

R(CH)=1.0754—1.0789

R(NO)=1.1908-1.1923

&The properties marked with bold characters were chosen fSee Ref. 20.
for thermodynamic calculations. 9See Ref. 52.
PSee Ref. 35. "See Ref. 23.
‘See Ref. 5. 'See Ref. 44.
ISee Ref. 33. ISee Ref. 55.
€See Ref. 1.
3.20. 1,3,5-Trinitrotriazine  (RDX, hexogen): NIST WebBook! The Morpac RHF and UHF calculations of
C3HgNgOg the PM3 method gave almost exact values as predicted by

, , the theory. The AM1 calculations failed, but AM1/UHF was
This comggund known as high explostevas calculated g\ ccessful. For the thermodynamic calculations the IR spec-
by Wu et al.” The MOPAC-PM3/UHF and AM1/UHF calcu-  4rm was adopted and supplemented with the missing vibra-

lations failed. For the thermodynamic calculations thesns from PM3. The enthalpy of formation of Pedley and
GAUSSIAN 94values of Wi® were adopted including the mo- Rylancé* was accepted. The molecular data available are

ments of inertia. The vibrations were scaled by a factor ofigieq in Table 44 and the thermodynamic calculations are
0.9. The internal moments of inertia for MQvere taken |isted in Table 45.

from Melius and the rotation barrier from

Habibollahzadeh® calculations for Nitropiperidine. The

enthalpy of formation is the experimental value chosen by

NIST 1997 and based on the publication of Pepekinal*®

The molecular data available are listed in Table 42 and the 3.22. N-Propyl Nitrate (NPN): C3H;0NO;

thermodynamic calculations are listed in Table 43. N-propy! nitrate is a known explosivd. The thermody-

namic data of this species were estimated by Ul >° For

this calculation the PM3 vibrations were adopted and the
Stull etal®® have calculated the thermodynamics of moments of inertia were taken from AM1 because it showed

N-nitropropane. The IR of this species is presented in the tighter molecular configuration. Stuffsestimate for the

3.21. N-Nitropropane: C ;H;NO,
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TaBLE 5. Ideal gas thermodynamic properties for nitromethangNiDj

T Cp H-Hagg S «(G-Haed/ T H AH
(deg K (J/mol K) (kJ/mo)) (J/mol K) (J/mol K) (kJ/mo) (kJ/mo)) LogK
o e -12.610 - e —93.361 -66.590 = -
100 37.655 —8.866 235.722 324.380 —89.617 —71.758 28.6270
200 43.933 —4.859 263.252 287.545 —85.610 —76.486 9.4024
298.15 55.528 0.000 282.863 282.863 —80.751 —80.751 2.6636
300 55.767 0.103 283.207 282.864 —80.648 —80.826 2.5764
400 68.766 6.331 301.036 285.207 —74.420 —84.408 —1.0155
500 80.800 13.822 317.701 290.057 —66.929 —87.157 —3.2549
600 91.177 22.435 333.376 295.984 —58.316 —89.166 —4.7898
700 99.913 32.003 348.107 302.389 —48.748 —90.555 —5.9074
800 107.224 42.371 361.940 308.977 —38.381 —-91.431 —6.7563
900 113.342 53.408 374.933 315.591 —27.343 —91.883 —7.4215
1000 118.475 65.006 387.149 322.142 —15.745 —91.998 —7.9552
1100 122.793 77.076 398.649 328.580 —3.676 —91.841 —8.3917
1200 126.440 89.542 409.494 334.875 8.791 —91.466 —8.7545
1300 129.533 102.345 419.740 341.013 21.594 —90.925 —9.0600
1400 132.170 115.434 429.438 346.986 34.683 —90.255 —9.3199
1500 134.427 128.766 438.636 352.792 48.015 —89.484 —9.5436
1600 136.371 142.309 447.376 358.433 61.558 —88.642 —9.7375
1700 138.051 156.032 455.695 363.911 75.281 —87.747 —9.9069
1800 139.512 169.912 463.628 369.232 89.161 —86.818 —10.0558
1900 140.788 183.928 471.206 374.401 103.177 —85.866 —10.1878
2000 141.907 198.064 478.456 379.424 117.313 —84.905 —10.3051
2100 142.894 212.305 485.404 384.307 131.554 —83.942 —10.4101
2200 143.767 226.639 492.072 389.055 145.888 —82.986 —10.5045
2300 144.542 241.055 498.480 393.674 160.304 —82.041 —10.5896
2400 145.234 255.545 504.647 398.170 174.793 —81.113 —10.6669
2500 145.853 270.100 510.588 402.549 189.348 —80.209 —10.7371
2600 146.409 284.713 516.320 406.815 203.962 —79.326 —10.8012
2700 146.910 299.380 521.855 410.974 218.628 —78.474 —10.8599
2800 147.363 314.094 527.206 415.030 233.342 —77.649 —10.9139
2900 147.774 328.851 532.385 418.988 248.100 —76.857 —10.9635
3000 148.148 343.647 537.401 422.852 262.896 —76.099 —11.0093
3100 148.488 358.479 542.264 426.626 277.728 —75.371 —11.0521
3200 148.800 373.344 546.983 430.313 292.593 —74.682 —11.0915
3300 149.085 388.238 551.567 433.919 307.487 —74.030 —11.1282
3400 149.347 403.160 556.021 437.445 322.409 —73.412 —11.1626
3500 149.588 418.107 560.354 440.895 337.356 —72.833 —11.1947
3600 149.810 433.077 564.571 444.272 352.326 —72.292 —11.2247
3700 150.016 448.068 568.679 447.579 367.317 —71.790 —11.2530
3800 150.206 463.080 572.682 450.819 382.328 —-71.327 —11.2796
3900 150.383 478.109 576.586 453.994 397.358 —70.901 —11.3047
4000 150.547 493.156 580.395 457.106 412.405 —70.519 —11.3283
4100 150.699 508.218 584.115 460.159 427.467 —70.173 —11.3508
4200 150.842 523.295 587.748 463.154 442.544 —69.868 —11.3720
4300 150.975 538.386 591.299 466.093 457.635 —69.605 —11.3921
4400 151.099 553.490 594.771 468.978 472.739 —69.385 —11.4113
4500 151.215 568.606 598.168 471.811 487.854 —69.201 —11.4296
4600 151.324 583.733 601.493 474.594 502.982 —69.059 —11.4470
4700 151.427 598.870 604.748 477.329 518.119 —68.954 —11.4637
4800 151.523 614.018 607.937 480.017 533.267 —68.889 —11.4796
4900 151.614 629.175 611.063 482.659 548.424 —68.863 —11.4950
5000 151.699 644.340 614.126 485.258 563.589 —68.883 —11.5096
5100 151.780 659.514 617.131 487.815 578.763 —68.933 —11.5238
5200 151.856 674.696 620.079 490.330 593.945 —69.025 —11.5374
5300 151.928 689.885 622.973 492.805 609.134 —69.153 —11.5505
5400 151.996 705.082 625.813 495.242 624.331 —69.319 —11.5631
5500 152.060 720.285 628.603 497.642 639.533 —69.519 —11.5753
5600 152.122 735.494 631.343 500.005 654.742 —69.754 —11.5871
5700 152.180 750.709 634.036 502.333 669.958 —70.022 —11.5986
5800 152.235 765.930 636.683 504.626 685.178 —70.322 —11.6097
5900 152.287 781.156 639.286 506.887 700.404 —70.652 —11.6204
6000 152.337 796.387 641.846 509.115 715.636 —-71.011 —11.6309
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TaBLE 6. Fundamental vibrations, moments of inertia, bond lengths, and enthalpies of formation for nitromethyl @@ldsNO,) (molecular wt.
=60.032420}

o 150 440 593 612 713 986 1037 1283 1614 1891 3105 3158
Melius BAC/IMP4

262 409 496 676 705 988 1066 1381 1416 1647 3027 3173
McKee 6-31G°

291 457 555 756 789 1106 1194 1546 1586 1845 3391 3554

Experimentdl
693 719 986 1095 1297 1419 1461 3055 3200

Principal moments of inertia in units of 16° g cn?

PM3 la=63.203120 Ik-78.014956 le 135.435 809

Melius la=63.450869b=67.566103c=131.016 97spin=2 S?=0.773

Brinkmann la=62.478 |1b=75.9714 Ie=136.1148 I(NO,)=59.315 83 IfCH,)=3.457 11 (reduceg=3.26725V(2)=0.08 est. ROSYM=2
PM3 heat of formatior21.8 kcal/mol

Melius AH(0)=38.68 kcal/molAH¢(298)= 36.44kcal/mol

PM3 Zero point energy 22.32 kcal/mol

STATWT=2

#The properties marked with bold characters were chosen for thermodynamic calculations.
bSee Ref. 35.
‘See Ref. 32.

enthalpy of formation was adopted. The molecular dataNylor*® and NisT 94! was included. The molecular data
available are listed in Table 46 and the thermodynamic calavailable are listed in Table 50 and the thermodynamic cal-

culations are listed in Table 47. culations are listed in Table 51.
3.23. Cyclotetramethylene Tetranitramine  (HMX): 3.25. Penta-Erythritoltetranitrate  (PETN):
C4HgNgOg CsHg(O-NOy),

Octogen is considered the most powerful explosive mate- No experimental value is known for this explosive mate-
rial available today. It is roughly 50% stronger than TRT. rial. It was calculated by Meliu¥® The moments of internal
No thermodynamic data were found in the literature. This isotation and the rotation barrier were taken from Melius’s
the first attempt to calculate its molecular properties. Themethyl nitrate. The enthalpy of formation was taken from
MOPAC calculations result in distorted molecular configura- Cox and Pilchel? The molecular data available are listed in
tions; therefore the confidence in these results is very lowTable 52 and the thermodynamic calculations are listed in
The PM3/UHF calculation has failed to give any nontransi-Table 53.
tional state, while the others give values quite different from
each other. The AM1/UHF calculation is preferred because it 3.26. N-Nitropentane: C sH;;NO,
has the lowest distortion. The enthalpy of formation was es-
timated using the difference between the solid and the gas- This species is not mentioned in the literature. It is calcu-
eous enthalpy of formation of RDX and other explosives.lated here for the first time using theorAc program?* For
The value estimated at 44t kcal/mol is in itself very the thermodynamic calculations the PM3 results were cho-
doubtful. This species has the lowest reliability of all thesen. The enthalpy of formation was estimated graphically.
groups. The molecular data available are listed in Table 4&ee Sec. 4. The molecular data available are listed in Table
and the thermodynamic calculations are listed in Table 49.54 and the thermodynamic calculations are listed in Table

55.

3.24. N-Nitrobutane: C 4HgNO,

55 . ) _ 3.27. Nitrobenzene: C gHNO,
Except for Stullet al>” the species was mentioned in the

literature by Stewart and by Cox and Pilchéf The MoPAc Nitrobenzene was calculated by Stetlal,>® by Stewart?
PM3 and PM3/UHF have failed by giving transition states.and by Melius®® For the thermodynamic calculations the IR
However, the values found for the RHF and UHF transitionspectrum was used and supplemented with Melius’s values.
states were identical. For the thermodynamic calculation th&he enthalpy of formation was taken from Pedley, Naylor
IR vibrations were adopted and supplemented with theand Kirby#® The molecular data available are listed in Table
missing vibrations from the AM1 calculation. The enthalpy 56 and the thermodynamic calculations are listed in Table
of formation recommended by Stu#t al.>® Pedley and 57.
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TaBLE 7. |deal gas thermodynamic properties for nitromethane radc&H,NO,

T Cp H-Hogg S «(G-Haed/ T H AH

(deg K (J/mol K) (kJ/mo) (J/mol K) (J/mol K) (kJ/mo)) (kJ/mo)) LogK
o —-13.143 - e 139.322 161.858 -
100 38.259 —9.389 238.511 332.402 143.076 158.200 —88.7115
200 46.980 —5.192 267.253 293.215 147.272 155.009 —47.7287
298.15 58.862 0.000 288.218 288.218 152.465 152.465 —34.5012
300 59.083 0.109 288.583 288.219 152.574 152.423 —34.3364
400 70.213 6.589 307.147 290.675 159.054 150.545 —27.7413
500 79.347 14.084 323.834 295.666 166.549 149.261 —23.8263
600 86.596 22.395 338.967 301.642 174.860 148.414 —21.2348
700 92.387 31.355 352.766 307.974 183.820 147.887 —19.3925
800 97.103 40.837 365.421 314.375 193.302 147.602 —18.0145
900 101.014 50.748 377.091 320.704 203.213 147.511 —16.9442
1000 104.303 61.019 387.909 326.890 213.484 147571 —16.0880
1100 107.095 71.592 397.984 332.900 224.057 147.751 —15.3868
1200 109.481 82.424 407.408 338.721 234.889 148.030 —14.8017
1300 111.531 93.477 416.254 344.348 245.942 148.382 —14.3055
1400 113.300 104.721 424.585 349.785 257.186 148.790 —13.8790
1500 114.834 116.130 432.456 355.036 268.595 149.240 —13.5085
1600 116.168 127.681 439.911 360.110 280.146 149.717 —13.1832
1700 117.334 139.358 446.989 365.014 291.823 150.212 —12.8952
1800 118.356 151.143 453.725 369.757 303.608 150.714 —12.6384
1900 119.256 163.025 460.149 374.347 315.490 151.216 —12.4078
2000 120.051 174.991 466.287 378.791 327.456 151.713 —12.1996
2100 120.756 187.032 472.161 383.099 339.497 152.198 —12.0106
2200 121.384 199.139 477.794 387.276 351.604 152.667 —11.8383
2300 121.945 211.306 483.202 391.330 363.771 153.118 —11.6804
2400 122.447 223.526 488.403 395.267 375.991 153.547 —11.5354
2500 122.898 235.794 493.411 399.093 388.259 153.949 —11.4015
2600 123.306 248.105 498.239 402.814 400.570 154.327 —11.2777
2700 123.674 260.454 502.899 406.435 412.919 154.674 —11.1627
2800 124.008 272.838 507.403 409.961 425.303 154.994 —11.0558
2900 124.311 285.254 511.760 413.397 437.719 155.282 —10.9559
3000 124.588 297.700 515.979 416.746 450.165 155.536 —10.8625
3100 124.841 310.171 520.069 420.014 462.636 155.763 —10.7753
3200 125.073 322.667 524.036 423.203 475.132 155.953 —10.6931
3300 125.285 335.185 527.888 426.317 487.650 156.111 —10.6159
3400 125.481 347.724 531.631 429.359 500.189 156.236 —10.5432
3500 125.661 360.281 535.271 432.334 512.746 156.327 —10.4747
3600 125.828 372.855 538.813 435.243 525.320 156.384 —10.4098
3700 125.982 385.446 542.263 438.089 537.911 156.407 —10.3485
3800 126.125 398.051 545.625 440.874 550.516 156.395 —10.2904
3900 126.258 410.671 548.903 443.603 563.136 156.350 —10.2353
4000 126.382 423.303 552.101 446.275 575.768 156.268 —10.1829
4100 126.497 435.947 555.223 448.895 588.412 156.154 —10.1332
4200 126.604 448.602 558.273 451.463 601.067 156.005 —10.0859
4300 126.705 461.267 561.253 453.981 613.732 155.820 —10.0407
4400 126.799 473.943 564.167 456.453 626.408 155.598 —9.9977
4500 126.887 486.627 567.017 458.878 639.092 155.344 —9.9567
4600 126.969 499.320 569.807 461.259 651.785 155.056 —9.9175
4700 127.047 512.021 572.539 463.598 664.486 154.735 —9.8801
4800 127.120 524.729 575.214 465.896 677.194 154.382 —9.8443
4900 127.189 537.444 577.836 468.153 689.909 153.994 —9.8101
5000 127.254 550.167 580.406 470.373 702.632 153.566 —9.7773
5100 127.315 562.895 582.927 472.555 715.360 153.115 —9.7460
5200 127.373 575.629 585.399 474.701 728.094 152.626 —9.7158
5300 127.427 588.370 587.826 476.813 740.835 152.107 —9.6870
5400 127.479 601.115 590.209 478.891 753.580 151.555 —9.6592
5500 127.528 613.865 592.548 480.936 766.330 150.973 —9.6327
5600 127.575 626.621 594.846 482.950 779.085 150.361 —9.6071
5700 127.619 639.380 597.105 484.933 791.845 149.720 —9.5826
5800 127.661 652.144 599.325 486.886 804.609 149.051 —9.5589
5900 127.701 664.912 601.507 488.810 817.377 148.355 —9.5362
6000 127.739 677.684 603.654 490.707 830.149 147.634 —9.5144
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TaBLE 8. Fundamental vibrations, moments of inertia, bond lengths, and enthalpies of formation for deuterated nitromeffid®g) Cmolecular wt.
=64.058846}

PM3 (transition state

i-16.3 432 538 600 801 842 863 1011 1020 1128 1608 1900
2261 2264 2271
PM3 UHHK(transition state
i-16.5 432 538 600 801 842 863 1011 1020 1128 1608 1900
2261 2264 2271
Book et al®
25 419 535 610 866 877 948 1049 1051 1088 1376 1466
2090 2231 2263
Experimentdl
435 542 631 885 898 942 1038 1046 1075 1404 1548
2147 2283 2317

Principal moments of inertia in units of 16° g cn?

PM3 la=70.506612 Ik=102.650 884 le-162.783 371

PM3 UHF la=70.506620 Ib=102.650 905 le=162.783 392 spir0 S?=0

Brinkmann la= 69.6802lb=100.1365lc=159.4523 Ir=59.6 ROSYM=2 V(2) = 0.16kcal/mol [estimatedt V(2)=0.063 kcal/mdl
Brinkmann 1NO,)=59.31583 1(CD;)=10.36439 (reduced=8.82277

AH{(0)=—18.008kcal/mol[calculated from CENO, AH(0)= —15.915 kcal/mad|.

#The properties marked with bold characters were chosen for thermodynamic calculations.
b

See Ref. 5.

‘See Ref. 17.

3.28. 1,3,5-Trinitrobenzene: C ¢H3(NO,); 4-nitrotoluene and 2,4-dinitrotoluehevere analyzed and
) ) ) combined and the missing vibrations were added using the
The fundamental properties of this species were not Menyy|cjateduorac PM3/UHF. The internal moments of iner-
tioned in the literature. ThetoPAC/AM1 calculation failed ;5 for NO, and CH, were taken from Melius, and the(2)
since it optimized a transition state. The calculations of PM3, ;e for the rotation barrier of NOn the para position from
PM3/UHF, and AM1/UHF disagree with each other althoughyjitrobenzene. The {2) values for the two N@groups ad-
the S* values found in both PM3/UHF and AM1/UHF are j,cent to CH have been estimated to be approximately twice
very small. For the thermodynamic calculations the PM3 valiha free (para NO, value. The enthalpy of formation was
ues were taken and the enthalpy of formati