16 % 456 W s B
2008 4 12

o #
CHINESE JOURNAL OF ENERGETIC MATERIALS

Vol. 16, No.6
December, 2008

B S 11006-9941 (2008 ) 06-0647-05

HEREFURMZERE

B S MBI E BT

AWE, REER, A 47, B
(WLERBEIRFMIFR ST 5T EFE I, TH & 210094
2. P EMAMKERNE Mk W+ =B, #d % 441003)
HE LT DFT-B3LYP/6-31G " K HF/6-31G " /KPS T8 45 5, 45 By 57 1k B R K 7™ 4% /) 9y P4k 22 2 X,
Xf 49 Fiv A SIS (A Y @ BE AL A W0 AR BUIERT TS . 5 S IR ME Y DR TK L R R B B3LYP/6-31G " K- 1y B 45
() HIRAL () ZIAETE RAF IR ME G R X 49 DMAREY) R y = -75.79 +0. 98« HIERE R =

0.990, tr iz fifs 22 SD = 28. 21, DL I i WU 1 v BE

= BE

B3LYP/6-31G ™ 454 Ji 4l 5 b7 A2 e B3k FH 1 T 4 4 e 3

P14 JRUT A SN IR A SE TR BRGS0 A A

65 W B0 A A BT A5 45 R 5 S 0 0 I 22 B/, R W

B BB A Y A BB 7 i o BT HE/6-31G7 K

KW Y B BN SRS Y BEZ KBS (DFT) 5 b5

HES %S TISS; 064

1 5 &

A AR AL G W 0 HE A AT A M T, E 25 9 A AR
PO ST R KT L R B8 X TR E
TeA Yy, oS 56 A BT 3 3 2 3 S 4% Bl T U 4
9 Bk A W 1 A P oE L S TR ok R 4% b BRGSO
VA P R TR Y BRI ] o
A b R AR E RE AL A W 1 AR A — B B T
S — M L P A R R 4y T E
107 AR Rl T T S b 2 AR AT AR B )
FHT 5 L2 33k 2 420 6 2 25 50 5 1 SR A5 9 A A 1 v
Pk ZUAH T 2 80w TSR MRS, BB T
AFI RS . Ab initio” " B DFT™™ &5 45 — 1 J5U 3 )y
T BEAE A 5 B 52 50 2 B0 1 00 F 28 H8 43 1 1 JL ] g 7
To Rt 9T HEAT IR B 40 BT, ME B M 45 5, T SE VR 4T 3
AR TAREN T IZ RN . 3B Gn A1 MPn %5 25 7K - 1
ab initio J7 1 AE 24 H 4 T f0 65 1 0 BE B, (EX 2607 1k
HiE G/ o+ 8 & R FEUR Z 0 s ae b & 9 o+
PASZIRT . DFT 97k n] 4k B3 e A 56 1] 85, HL T 75 2
[6] LI B 20, BORCR Y /T BT

S SR 7 1 1 A S A — O B
SRR B AR A B, U R T R R R T S B R

Yo %5 B #9:2008-04-18 ; £ [E H £ :2008-06-27

ESWE EHA T2 973 IR (4i %5 :61337) FlE K I 4 )5 B o2 & &
(%5 :20070411052) % ghmi H

fEE A« B 5% (1979-) , L, W), NS5 RERRL 70 7303 & X AT 4%
Her FHEREHTIY . e-mail : xiao@ mail. njust. edu. cn; qiulimei333@ 163. com

XEARIRAG A

B A RESR AL & W0 i A A o % B B vy A 4
JEF AL BT 0 R T A A R R
DA S J ok A T A RRE R
BCRE B Be W W ) O Wk, MO O . A SC R T
DFT-B3LYP/6-31G " J% HF/6-31G " /K F- iy #3615 45
SRR T4 BB, % 49 Fl £ 41 52 56 (E 1) =5 BE AL & 1 1Y
BT MEAE BRI T R BRI S S kAT
Fo A SRR 1o BT &t — ol 3 oot ] 5 1 R 3 P P 7 5
= BB B W AR A R T
2 HEAHE

A 3C 4y B 3E Al Gaussian 03 & ¥ £ iy
DFT-B3LYPHI HF J5 3k, 454 6-31G* L4, X} 49 i &5
REAL A W5 F HEAT JUAT A D04 T3 AR 15 L B2 gk
i AT IR BN Mok A5 SRR R IE g, 7E UL Al
15 B DA B g SR AR A R 4 A R . TS SIORG B
IR E N EAE, T A5 45 09 330 55 O 4R T 1 9 A /)N 55
(TCHEH) o

T LS Y ABH B, 5B A 5T RO
Kaaf i Bk & W 7E 298 K B bR AL R ik . 1
W00 103 i Ry F

A,B H, —xA +yB +zH (1)
V3% B R AE 298 KB I B 9 S A AHG (B 4) T
A B H, 1 FAbRE) =5
AHy = N A Hoyy = 3 AHoy o =
XA Hg « + yAH o + 28 Hyog = AHogg oy (2)



648 & fE

I %16 %

i, A, XA Hog o 53310 SR (1) H 7= R
I IFE 298 KA bR o 2R IR Z F s A Hoyg A Hog  Fl
A Hig A3 HIHIET A B A1 H 7E 298 K 47 i AR Ak,
AT B A5 A Mg 0 B 5FF ABH, 1E 298 K
AR 2R B, R T, R AR LT e R
AHY = AE,, + A(pV) (3)
AE,, = AE, + AE,,, + A(H — H;) (4)
A(pV) = AnRT = (x +y +z - 1)RT (5)
K AE, FIAE 43 BIHE 0 K i 7 1) 5 J 0 9 1 e fig
W22V KEAEZ 5, A(Hyy — Hy) & 0 K 1298 K
{19 5 B A T, X T 55, e T A (R Hogg = Hy)
TR 0, K Ik
AE,y = 5B, +yE,y + 2B,y = Ey 5 =
EZPE,AXBJIZ - AH;,ATB,UZ (6)
KL E Eg o Eo o Eg o 20900 BSR4 2 Y
J5F A B H fI4y 7 A B H, 1E 0 K ) s fE &, 1 A
[ — FE K TPHIGE 5 5 E g T AHG o 5350 58
T A B H, & S RE AR IE A, 71T IR 302047 345 10
MBS, GAaR02) ~R(6), kAW
AB H, 1E 298 K (R E2E AR A Hogg o o BIFTSRAS
AR Ly 1 R A A g S5 T3 B0/ T
HARF G I A Hr 0 OERAE X R IR 7S
HIXRB(R) bRl 22 (SD) . &tk R
15 3 2o KEIE 1 b 2R AR A HOG o O T AT
L S 22 A 1 4 X A 2 AX, R4 D7 MR 25 6
AX, = AHLGUNN = AHL (7)

AX)!
8 = lz(n ) (8)

3 GRS

XF 49 il OS2 B0 S AS PR oA I ) 85 R AL B 4
FETHIFE. 1AM T CH N O KT 508 < A5k
A AR I S MR R, R 2 WA ARG
WILE B3LYP/6-31G ™ 7K - i) 1 57 45 S Jo i F e 45 ¢
T A S SR A5 1 A R TR 1 S A A
A Hoog s () FSIAH A HO 4 () 19 SIS L
LB BN 2 IS B R LR A R RN
y ==75.79 + 0. 98«
FLEAE RIS R B R =0. 990, vl ffi 2% SD =28.21, %
2 ARG TR O ROR AR A HT AT LA
TG SR (AT A AR AT, 5 52 0 {1 24 X i 2 49 /)

T70 kJ - mol ™' oot 35 A B S i 22 45 %5 (/N T
30 kJ - mol ™', R AL BRI T1% o g (8) RAFIT
EE I B MR 22 8 =26. 78, Xt T & REM B, AR R
M E =M & EM TR R R #m,
Kamlet-Jacobs 24 20 1 FE R A R MR T 45 2 U
FHEVAE R o T2 44 SRR W AR RO A S5 1 RE 2 T 42
AN A A R T L S PR

AT A AR XTSRRI K P e e &
Yoy oy BER AL 5 (1 ~26) HARAETF H G Y
(27 ~34) FFEACEY (35 ~49) =Kt fr it — 0 Hr.
GORMANT : R G y = -65.98 +0.98x, R =
0.994,SD =24.93; HARAEFFHALEW: y= -78.82 +
1.0x,R =0.974,SD =36.24; &G : v = -103. 64
+1.06x,R =0.989,SD =21.20, £ 24590 M
KABRKR T 0.97, LR MEAR KA IR 47, H LUBEAR 1k
B A o X U] T A ORI A 2 A Y AR
HAE A g, X252 RE AL S P I BGE .

K3 ONF RS WAE HF/6-31G™ KFF T
BRI TR T A R ol D S 35 SR AT Y 2R R
AT LUE T 5 T A5 A A S S 56 L 1) A 7R AR K R 22
B, 5 DFT JF ik Ry e i E 8 TR S AR
Ey, o3 Hr 2 W W BT 50 05 3k 1 B, [RAF AR Q1R 2k %
F: By =1.00 % By o —4.93 KIEZEL R = 1. 000,
I Ey o bl Eq 4. 930 u. . 82 HFET HF/6-31G”
KPR TSR AG 2R by A SR SR A 19 2R IR S R
TR DL, ZPERI SR R AL R =0.243 R & 2
[ ANAETEL AR G

M Bk Sy B Al LUE Y, 3 T B3LYP/6-31G 7 K-
9 DA B 3 A T SRR R R AL 1 0 2R A T
BT HF/6-31G A R Ir s MATE 750 H A
IO J2 Je A Xk HEL AR 5% BB RS IE AN 8 S8 03, BT A R A
RERAFEBORIR%E .

%1 CHN.O BEFHIESBTIREERR AH,,,

REERKETHESZHEEE,
Table 1 Experimental heats of formation and

calculated total energies for C, H, N and O atoms

A/H(:lm“m” E,/a.u. E,/a.u.
/k] + mol~'  at B3LYP/6-31G * level at HF/6-31G* level
C 716.7 -37.84628 -37.68086
H 218.0 -0.50027 —-0.49823
N 472.7 —-54.58449 —54.38544
[0) 249.2 -75.06062 —-74.78393
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Table 2 The calculated E,, E,,., AH), AnRT at BSLYP/6-31G " level, A,Hg,,",,FT calculated from atomization reactions,

lgo ~ fz;
EAH R E M E R R AH

=

m

BE E,pp AKIEE AH, (AnRT 4B R T BETT 35
RxmE A(AH)

0, corrected

298,A,BH,

0 0, c | .
AHyy s AfHZ;,;";'j;‘;:, and A(AH) for energetic compounds
’ ’ z

No. title compounds E, Eypg AHY AnRT Anggs'D” Ang%'m, A/Hgég‘ji?;:tz ACAH)
1 nitromethane -245.00933 126.55 14.03 14.86 -43.71 -80.8 -118.69 -37.89
2 dinitromethane —-449.48725 134.11 17.26 19.82 -0.18 -61.5 -75.96 - 14.46
3 trinitromethane -653.95638 138.23 26.42 24.78 68.98 -13.4 -8.19 5.21
4 tetranitromethane -858.41329 139.78 33.52 29.74 165.61 82.42 86.51 4.09
5 nitroethane -284.32809 199.30 17.03 22.31 -61.84 -103.8 -136.39 -32.59
6 hexanitroethane -1306. 66563 219.31 50.47 47.09 292.35 179.08 210.71 31.63
7 1 -nitropropane -323.64195 272.19 20.20 29.74 -66.70 -124.3 —-141.16 -16.86
8 2-nitropropane -323.64575 270.83 20.61 29.74 -77.62 -138.9 -151.86 -12.96
9 1, 1-dinitropropane -528.12529 277.83 26.94 34.70 -35.75 -100.7 -110.83 -10.13
10 2-methyl-2-nitropropane -362.96153 340.89 24.03 37.18 -90.11 -177.1 -164.10 13.00
11 1 -nitrobutane -362.95539 343.89 24.19 37.18 -70.85 -143.9 -145.22 -1.32
12 1 -nitropentane -402.26920 415.99 27.85 44.61 -75.90 -164.4 -150.17 14.23
13 methyl nitrate -320.18944 137.99 15.74 17.35 -97.62 -122 -171.46 -49.46
14 ethyl nitrite -284.32658 195.2 17.63 22.31 -61.36 -108.37 -135.93 -27.56
15 ethyl nitrate -359.50872 209.96 19.30 24.78 -117.27 -154.1 -190.71 -36.61
16 propyl nitrite -323.64029 267.56 21.19 29.74 -65.98 -118.83 —-140.45 -21.62
17 propyl nitrate -398.82241 282.25 23.00 32.22 -121.75 -174.1 -195.10 -21.00
18 isopropyl nitrate -398.82707 280.70 22.85 32.22 —-135.68 -191 -208.76 -17.76
19 tert-butyl nitrite -362.95530 335.70 24.95 37.18 -78.03 -171.54 -152.26 19.28
20 butyl nitrite -362.95397 339.77 24.80 37.18 -70.63 -145.6 -145.00 -0.60
21 1,2,3-propanetriol trinitrate -958.16486 317.21 40.75 47.09 —-206.69 -279.1 -278.34 0.76
22 tetranitropentaerythrite -1316.46388 479.13 57.01 69.40 -259.42 -387 -330.37 56.63
23 isocyanomethane -132.71657 114.59 12. 64 12.39 210.36 163.5 130.37 -33.13
24 tetracyanoethene -447.51834 117.59 27.09 22.31 792.74 705 701.09 -3.91
25 cyanogen azide -257.00299 52.84 14.11 9.91 514.90 451.87 428.81 -23.06
26  N,N-dimethylformamide -339.65656 241.46 20.41 27.26 29.61 -5.02 -46.71 -41.75
27 cyclotrimethylene trinitrosamine -671.86076 319.19 30.89 42.13 440.89 394.55 356.28 -38.27
28 cyclotrimethylene trinitramine -897.41723 360.5 36.25 49.57 244.21 192 163.54 -28.46
29 cyclotetramethylene tetranitramine —-1196.55348 482.24 49.52 66.92 334.98 187.9 252.49 64.59
30 1 ,4-nitrosopiperazine -526.54341 358.23 26.63 42.13 261.99 194. 14 180.96 -13.18
31 1 ,4-nitropiperazine -676.91020 386.62 30.43 47.09 142.94 58.16 64.29 6.13
32 2-nitrofuran -434.51796 184.43 18.82 24.78 21.27 -28.8 -54.94 -26.14
33 N-nitrosopiperidine -381.21473 395.37 22.27 42.13 110. 84 16.6 32.83 16.23
34 N-nitropiperidine -456.39862 409.53 24.19 44.61 50.00 -44.5 -26.79 17.71
35 nitrosobenzene -361.53978 245.94 19.24 29.74 267.87 201.25 186.72 -14.53
36 nitrobenzene -436.75058 261.07 20.85 32.22 137.02 68.5 58.49 -10.01
37  4-nitrotoluene -476.06963 330.12 23.65 39.66 114.31 31 36.24 5.24
38  2,4-dinitrotoluene -680.56177 337.55 29.49 44.61 123.06 33.2 44.81 11.61
39 2,4 ,6-trinitrotoluene -885.04418 342.78 39.21 49.57 159.03 24.06 80.06 56.00
40 1,3-dimethyl-2-nitrobenzene -515.37931 401.86 29.49 47.09 121.93 8.79 43.70 34.91
41 nitromethylbenzene -476.06168 333.21 25.07 39.66 139.70 30.7 61.12 30.42
42 2-nitrophenol -511.95719 271.02 24.03 34.70 13.60 -128.78 -62.46 66.32
43 3-nitrophenol -511.96683 271.18 23.98 34.70 -11.70 -109.29 -87.16 22.13
44 4-nitrophenol -511.96901 271.45 23.91 34.70 -17.13 -114.68 -92.58 22.10
45 2 ,4-dinitrophenol -716.47390 278.84 29.71 39.66 -41.93 -128.1 -116.89 11.21
46  2-nitroaniline -492.10950 301.51 23.20 37.18 145.77 63.8 67.06 3.26
47  3-nitroaniline —-492.10498 302.86 24.82 37.18 160. 60 58.4 81.59 23.19
48  4-nitroaniline -492.10871 302.97 24.81 37.18 150.92 58.8 72.11 13.31
49 azidomethylbenzene -435.14492 334.19 25.37 39.66 494.76 416.31 409.08 -7.23

Note: The unit of £ is a. u. ,and the units of other items are kJ - mol =" ; the values of A/H(z)gx_e,\p

are cited from references [ 20 —21].
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Table 3 The calculated E,, E,,., AH), AnRT at HF/6-31G " level, Ang,x,HF calculated from
atomization reactions, and A,Hggsvm for energetic compounds
No. title compounds E, E, AH(} AnRT A/H(z)os,m‘ AngQS,rxp
1 nitromethane -243.6619833 137.4 11.33 14.86 1075.97 -80.8
2 dinitromethane —-447.1086428 149.78 18.52 19.82 1865.78 -61.5
3 trinitromethane -650.5391201 158.06 24.39 24.78 2692. 66 -13.4
4 tetranitromethane -853.9476165 163.25 30.48 29.74 3574.38 82.42
5 nitroethane -282.7009445 214.9 14.01 22.31 1351.93 -103.8
6 hexanitroethane -1299.851271 256.47 45.3 47.09 5493.85 179.08
7 1 -nitropropane -323.641947 272.19 20.2 29.74 -3382.61 -124.3
8 2-nitropropane -321.7398055 291.27 19. 64 29.74 1629.98 -138.9
9 1,1-dinitropropane -525.1872117 302.66 25.4 34.70 2415.41 -100.7
10 2-methyl-2-nitropropane -360.7751061 366.24 22.67 37.18 1913.38 -177.1
11 1 -nitrobutane -360.7703826 368.92 20.86 37.18 1926. 65 -143.9
12 1-nitropentane -399.8051983 445.78 24.34 44.61 2213.66 -164.4
13 methyl nitrate -318.4735618 151.88 14.91 17.35 1268.16 -122
14 ethyl nitrite -243.6686368 135.33 13.46 14.87 1058. 55 -66.1
15 ethyl nitrate -357.5141203 228.17 18.31 24.78 1539.44 -154.1
16 propyl nitrite -282.7083936 211.78 16.77 22.31 1332.01 -108.37
17 propyl nitrate -396.5489414 305.15 21.81 32.22 1826.58 -174.1
18 isopropyl nitrate -396.5525651 303.29 21.59 32.22 1814.99 - 191
19 tert-butyl nitrite -360.7772568 361.31 23.43 37.18 1903.56 -171.54
20 butyl nitrite -360.7778638 365.73 23.64 37.18 1906. 60 -145.6
21 1,2 ,3-propanetriol trinitrate -953.0982384 353.93 37.68 47.09 3693.83 -279.1
22 tetranitropentaerythrite —-1309.442194 532.51 52.76 69.40 5202.98 —-387
23 isocyanomethane -131.8943638 122.79 12.43 12.39 969.78 163.5
24 tetracyanoethene -444.9185292 129.97 25.77 22.31 2933.34 705
25 cyanogen azide -255.5514692 58.12 13.48 9.91 1805. 82 451.87
26 N, N-dimethylformamide -337.701057 261.2 19.34 27.26 1783.59 -5.02
27 cyclotrimethylene trinitrosamine -668.0885061 350. 81 29.21 42.13 3724.89 394.55
28 cyclotrimethylene trinitramine —-892.5053425 399.32 33.83 49.57 4347.43 192
29 cyclotetramethylene tetranitramine -1190.003017 534.68 45.81 66.92 5809.49 187.9
30 1,4-nitrosopiperazine -523.468881 387.98 25.53 42.13 3039.44 194. 14
31 1 ,4-nitropiperazine -673.0869133 421.11 28.52 47.09 3437.30 58.16
32 2-nitrofuran -432.0938896 201.49 17.71 24.78 1946.36 -28.8
33 N-nitrosopiperidine -378.8410703 424.39 21.26 42.13 2374.14 16.6
34 N-nitropiperidine -453.6507601 440. 85 22.81 44.61 2571.25 -44.5
35 nitrosobenzene —-359.3464534 264.83 18.2 29.74 2162.61 201.25
36 nitrobenzene —434.1752322 281.57 19. 66 32.22 2309.79 68.5
37 4-nitrotoluene -473.2136234 355 22.29 39.66 2583.13 31
38 2 ,4-dinitrotoluene -676.6742558 366.07 29.98 44.61 3335.45 33.2
39 2,4 ,6-trinitrotoluene -880.1231013 374.61 36.83 49.57 4115.34 24.06
40 1,3-dimethyl-2-nitrobenzene -512.2411058 431 28.09 47.09 2890. 86 8.79
41 nitromethylbenzene —-473.2100401 359.33 23.57 39.66 2598.15 30.7
42 2-nitrophenol -509.0190269 293.03 22.74 34.70 2413.88 -128.78
43 3-nitrophenol -509.0288172 292.96 22.81 34.70 2388.18 -109.29
44 4 -nitrophenol -509.0325033 293.37 22.62 34.70 2378.72 -114.68
45 2 ,4-dinitrophenol -1712.502406 304.28 28.2 39.66 3104.43 -128.1
46 2-nitroaniline -489.2047073 325.03 22.06 37.18 2658.59 63.8
47 3-nitroaniline -489.2027149 326.4 23.56 37.18 2666. 69 58.4
48 4 -nitroaniline -489.2077676 326.54 23.37 37.18 2653.38 58.8
49 azidomethylbenzene -432.4159027 358.49 23.83 39.66 3037.10 416.31

Note: The unit of E is a. u. ,and the units of other items are kJ + mol -1 ;

the values of A,nggvpxp are derived from references [20 -21].
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Heats of Formation for Energetic Compounds Calculated using Atomization Reactions

QIU Li-mei"?, GONG Xue-dong' , ZHENG Jian®, XIAO He-ming'
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Nanjing University of Science and Technology, Nanjing 210094, China;
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Abstract; Based on the calculated results at DFT-B3LYP/6-31G " or HF/6-31G " level, heats of formation for 49 energetic compounds
were calculated using atomization reactions and physical chemistry equation. By comparing the theoretical and experimental results,
a good linear correlation between the experimental heats of formation (y) and the ones calculated at BALYP/6-31G " level (x) is
obtained. For the investigated energetic compounds, the linear equation, the correlative coefficient and the standard deviation are
y= —=75.79 +0.98x, 0.990 and 28.21, respectively. Heats of formation obtained by using the linear equation are close to the ex-
perimental ones. The results show that by means of atomization reactions and using the results of B3LYP/6-31G " calculation, heats
of formation for energetic materials can be obtained. In comparison, the same method based on the results at HF/6-31G " level is not
fit for calculating the heats of formation for energetic compounds.

Key words: physical chemistry; heat of formation; energetic compound; density functional theory ( DFT) ; atomization reaction



