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Table 1  Experiment values and deviations of standard enthalpies of formation for 52 nitrogen-rich compounds kJ + mol™
name formula deviations experiment
B3PW91 B3P86 B3LYP M052X  M062X MO6HF B2PLYP
imidazole CyH,N, -55.2 -187.0 -24.3 .0 -33.9 -27.2 -35.1 .2 7 132.88
pyrazole C,H,N, -59.0 -190.4 -26.8 N -32.6 -24.3 -25.5 7 1 179.41
1,2 ,4-triazole C,H; N, -51.0 -177.4 -31.4 .4 -23.4 -18.4 -20.5 ] 3 192.72
1 H-tetrazole CH,N, -36.0 -156.1 -26.8 .3 5.4 7.1 17.2 3 9 319.99
1-methyl-1 H-tetrazole C,H,N, -62.3 -222.2 -46.9 .9 -23.0 -20.1 -19.2 6 0 322.88
5-methyl-1H-tetrazole C,H,N, -52.7 -212.1 -34.3 7 -10.9 -7.1 5.9 2 0 280.70
1,5-dimethyl-1H-tetrazole CyHN, —68.2 -267.8 -43.1 .5 .0 -29.7 -25.1 -20.9 6 4 273.22
2-methyl-2 H-tetrazole C,H,N, -85.4 -245.2 -68.6 N .3 -46.0 -41.8 -40.6 2 3 328.40
2,5-dimethyl-1H-tetrazole CyHN, -62.3 -261.1 -36.4 .4 .0 -22.2 -15.9 -10.9 3 1 251.21
1-aminotetrazole CH3 N5 71.5 -83.3 77.8 .6 .0 115.9 117.6 121.8 0 .3 323.80
5-amino-1-methyl-1H-tetrazole C,H;sN; -55.2 -250.2  -40.6 7 .0 -16.3 -10.9 -8.8 1 9 302.42
5-amino-2-methyl-2 H-tetrazole C,HsN; -71.5 -266.1 -55.6 .8 .8 -30.5 -22.6 -18.4 4 3 298.78
5-nitroaminotetrazole CH,N,O, 48.1 -149.4 73.2 .8 .7 132.2 126.4 205.9 9 8 252.00
4 ,4'-dinitrodifurazalyl ether C,Ny,O, -136.0 -435.6 -39.3 .6 .4 36.4 -9.6 236.4 2 2 422.79
trinitrosotrimethylenetriamine  C;H¢N,O;  —92.5  -389.1 -57.3 .6 4 -15.1 -29.3 19.7 9 3 394.55
RDX CyH N, O, -98.7 -449.4 -31.0 .2 .6 5.0 -8.8 131.0 6 7 191.63
1-phenyltetrazole C,HgN, -115.1 -374.5 -31.0 | A -59.4  -44.8 -13.8 5 7 447.98
1H-benzotriazole CeHs N, -109.2 -319.7 -30.5 .4 .6 -56.1 -39.7 -7.5 4 3 335.51
1,3,5-triazine CyH; N, —-60.2 -201.7 -36.8 .9 .9 -33.9 -26.4 -28.5 4 7 225.85
cyanuric acid C;H;N; O, 46.9  -150.2 94.6 .8 .6 54.8 53.1 100.4 5 .6 =564.09
2,4 6-trimethoxy-1,3,5-triazine C,HgN; Oy —174.1 -490.8 -115.5 N .9 -176.1 -179.1 -157.3 3 .9 -293.01
cytosine C,H;N;0 -86.2 -286.2 -44.4 .6 .4 -58.6 -47.3 -19.7 7 .4 -58.99
s-triazaborane BsHg N, -21.8 -192.5 -32.6 .5 .9 -42.3 —47.3 -76.1 .5 .9 -510.03
1,4-dinitrosopiperazine C,HgN,O, -72.0 -347.7 -29.7 .8 N -22.2 -23.4 2.9 9 .7 194.14
1,4-dinitropiperazine C,HgN,O, -89.5 -401.7 -26.4 .6 .5 -26.4 -28.5 54.4 7 .7 58.16
1-nitropiperidine CsH(oN,O, -62.8 -335.1 -2.9 ) 8 -35.1 -26.8 4.6 3 .6 —44.35
3-nitroaniline CoHoN,O, —97.5 -332.6 -20.9 3 1 —43.1 -31.8  38.9 5 0 62.34
2 ,4-dinitrotoluene C,H¢N,O, -120.9 -403.8 -18.4 .9 N -35.6 -34.7 101.7 8 .4 33.18
2,4 ,6-trinitrotoluene C,H;N; O  -108.8 —434.7 9.6 7 .0 10.9 0.8 202.5 9 .6 24.06
(dinitromethyl) benzene C,H¢N,O, -80.8 -361.9 19.7 .6 .8 0.0 2.1 130.5 2 .5 34.73
nitroglycerine CyH;N; Oy -103.3 -419.7 -33.9 .7 7 12.1 -21.8 212.5 5 .6 =279.11
dinitromethane CH,N,O, -29.7 -170.7 -5.0 .4 .9 44.4 31.0 134.7 3 .8 -58.87
tetranitromethane CN, O4 -59.8 -286.6 -2.9 2 %; 97.9 59.0 332.6 1 .9 82.42
hexamethylenetetramine CoH, N, -35.6  -368.2 41.0 9] .3 -72.8 -45.6 -138.5 8 .1 198.99
azidocyclopentane CsHg N, -30.5 -272.0 17.2 .3 .9 7.9 17.2 50.6 6 .6 220.79
benzyl azide C,H, N, -115.5 -360.7 -45.2 .6 .4 -56.1 —42.3 18.4 5 .1 416.31
cyanogen azide CN, -2.5 -90.4 -8.4 .7 .5 59.0 44.8 113.8 0 .0 451.87
dinitrogen N, 12.1 -21.3 4.6 .5 .9 13.0 11.3 10.0 9 .0 0.00
hydrazine H,N, -58.6 -146.0 -78.2 .8 .9 -53.6 —48.1 -66.9 2 .7 150.00
3 H-diazirine CH, N, 23.8 -49.0 28.5 .9 .2 49.4 36.4 61.5 4 .7 267.11
diazomethane CH, N, 16.7 -56.5 10.9 N .4 53.6 46.9 76.1 4 .1 215.02
dimethylnitramine C,H¢N,O0, -51.9 -227.6 -37.2 .8 .8 -17.2 -18.8 15.1 7 9 -5.02
dinitrogen tetroxide N,O, —61.1 -160.2 -44.4 .9 7 51.9 31.8 210.0 3 7 9.08
dinitrogen trioxide N, O, -31.4 -113.0 -28.9 .8 .5 56.9 35.6 164.0 1 1 82.84
tetrafluorohydrazine FyN, -49.8  -133.5 -49.4 .9 .9 -15.9  =25.5 7.9 N .7 =8.37
pentafluoroguanidine CF; N, -67.4 -199.2 -59.4 .5 5 -21.8 -36.4 6.7 N .0 95.69
trans-difluorodiazene F,N, -29.3 -87.4 -34.7 .9 .3 5.9 0.4 27.2 N .6 81.17
cis-difluorodiazene F,N, -25.5 -83.7 -31.4 N .2 14.6 8.4 43.1 .8 .0 68.62
propionitrile C,H;N -20.9 -138.5 -10.9 .2 -10.9 -10.0 -5.4 .9 .3 51.51
1,1,1-ethanetricarbonitrile CsHy N, -16.3  -176.6 7.1 .0 6.3 -4.2 36.4 4 .3 422.50
3-aminopropanenitrile CyHgN, -22.6 -175.3 -15.5 .9 -16.3 -12.1 -17.2 .2 .5  89.75
tetracyanoethylene CeN, -51.0  -206.7 -20.1 .8 14.2 -8.4 92.0 .1 .1 705.00
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Deviations of standard enthalpies of formation for dif-

ferent functionals as a function of compound number
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Table 2 Mean singed deviations and mean absolute deviations of standard enthalpies of formation for different functionals

k] - mol™
deviation B3PW9I1 B3P86 B3LYP X3LYP O3LYP MO052X M062X MO6HF B2PLYP G4
MSD -54.4 -240.6 -20.9 -28.0 -32.6 -5.4 -8.4 43.5 -14.6 -29.3
MAD 62.8 240.6 35.6 39.3 49.4 38.1 32.6 71.5 30.1 44.4
Note: MSD is mean singed deviation; MAD is mean absolute deviation.
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Table 3  Standard enthalpies of formation for representative
all-nitrogen molecules with cage type kJ - mol™
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Fig.3 Predicted enthalpies of formation for all-nitrogen mole-

cules with cage type as a function of nitrogen atom number
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Theoretical Investigations on Fundamental Performances of All-nitrogen Materials: II. Prediction of Enthalpies
of Formation

LIV Ying-zhe', LAl Wei-peng', YU Tao', GE Zhong-xue', LUO Yan-jiao’, XU Tao’, YIN Shi-wei’
(1. State Key Laboratory of Fluorine & Nitrogen Chemicals, Xi'an Modern Chemistry Research Institute, Xi'an 710065, China; 2. Shaanxi Normal University ,
Xi'an 710062, China)

Abstract. To accurately predict the enthalpies of formation of all-nitrogen materials, nine density functionals including B3PW91 ,
B3P86, B3LYP, X3LYP, O3LYP, M052X, M062X, MO6HF, B2PLYP52 were employed to calculate the enthalpies of formation of
nitrogen-rich compounds via atomization reaction. The calculation results show that double hybrid functional B2PLYP has the
smallest mean absolute deviation of 30.1 kJ - mol™, which is more accurate than G4 method. Hence, the enthalpies of formation of
five all-nitrogen molecules with cage structure, namely, N,(T,), N,(D,,), N,(O, ), N,,(Ds,), and N,,(D,, ), were predicted by
B2PLYP functional, and the corresponding results were 756.4, 1338.2, 1878.5, 2144.3, 2787.0 k) - mol™", respectively.

Key words: density functionals; cage structures; atomization reactions; all-nitrogen materials
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