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Table 1 Bond lengths (nm) and Wiberg bond order(a.u) (in parentheses) for
THDCPD and its nitro derivatives at the B3LYP/6-31G level
No. exo-THDCPD 4 4,9 4,8,9% 3,4,8,9¢
Cc(1)—C(2) 0.1558(0.987) 0.1557(0.987) 0.1559(0.980) 0.1561(0.979) 0.1561(0.978)
C(2)—C(3) 0.1554(0.998) 0.1551(0.994) 0.1551(0.994) 0.1550(0.994) 0.1553(0.972)
C(3)—C(4) 0.1549(1.007) 0.1541(0.995) 0. 1544 (0.987) 0.1541(0.996) 0.1540(0.978)
C(4)—C(5) 0.1549(1.007) 0.1541(0.995) 0.1545(0.987) 0.1542(0.995) 0.1536(0.998)
C(5)—C(6) 0.1554(0.998) 0.1551(0.994) 0.1550(0.995) 0.1550(0.993) 0.1553(0.992)
C(6)—C(7) 0.1558(0.987) 0.1557(0.987) 0.1558(0.987) 0.1558(0.982) 0.1585(0.979)
C(7)—C(8) 0.1556(0.997) 0.1555(0.996) 0.1556(0.992) 0.1561(0.968) 0.1544(0.986)
C(8)—C(9) 0.1572(0.998) 0.1572 (0.998) 0.1553(0.991) 0.1573(0.961) 0.1573(0.962)
C(1)—C(9) 0.1556(0.997) 0.1555(0.996) 0.1562(0.965) 0.1543(0.986) 0.1560(0.968)
C(1)—C(10) 0.1553(0.990) 0.1553(0.990) 0.1551(0.992) 0.1549(0.990) 0.1552(0.992)
C(7)—C(10) 0.1553(0.990) 0.1553(0.990) 0.1552(0.992) 0.1551(0.991) 0.1549(0.990)
C(2)—C(6) 0.1586(0.971) 0.1588(0.970) 0.1586(0.972) 0.1588(0.971) 0.1586(0.971)
C(4)—N(11) 0.1521(0.874) 0.1520(0.875) 0.1522(0.874) 0.1518(0.877)
C(9)—N(12) 0.1521(0.875) 0.1520(0.874) 0.1517(0.884)
C(8)—N(13) 0.1515(0.885) 0.1525(0.874)
C(3)—N(14) 0.1524(0.871)
N(11)—O0(15) 0.1260(1.498) 0.1261(1.488) 0.1259(1.500) 0.1260(1.489)
N(11)—O0(16) 0.1260(1.498) 0.1259(1.508) 0.1259(1.501) 0.1253(1.514)
N(12)—0(17) 0.1260(1.488) 0.1254(1.507) 0.1260(1.514)
N(12)—O0(18) 0.1261(1.504) 0.1258(1.497) 0.1254(1.480)
N(13)—0(19) 0.1260(1.482) 0.1253(1.507)
N(13)—0(20) 0.1256(1.510) 0.1258(1.499)
N(14)—0(21) 0.1252(1.523)
N(14)—0(22) 0.1261(1.481)
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Fig. 1  The relationship between the total energy and

nitro groups’ number for nitro derivatives of THDCPD
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the total relative energy for dinitro derivatives of THDCPD
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Table 2 Total energies E, relative energies E

r » enthalpies H  and standard enthalpies of formation

A.H' for nitro derivatives of THDCPD calculated by B3LYP/6-31G

No. compound -E/a.u -H%/a.u AH/K] » mol ™"V Ey/k) - mol 7'?)
nitro
1 3 595.021524 594.764113 -111.60 1.23
2 4" 595.020013 594.762768 —-108.07 5.20
3 9 595.021994 594.764643 -112.99 0.00
4 3ex3) 595.011901 594.754219 —-83.39 26.50
5 4 595.017651 594.760092 -98.81 11.40
6 9 595.018370 594.760877 —-100.88 9.51
dinitro
7 3,4 799. 427400 799.165728 —-110.65 35.10
8 3,8 799.440764 799.178752 —144.84 0.02
9 3,9 799.439882 799. 177895 -142.59 2.33
10 4,9 799. 440772 799. 178665 - 144.61 0.00
11 8,9" 799.425202 799.163584 -105.02 40.87
12 3,4% 799.420005 799. 157981 -88.08 54.52
13 3,87 799.431916 799.169729 -118.92 23.25
14 3,9 799.429488 799.167507 -113.09 29.62
15 4,9% 799.436628 799. 174459 -131.34 10.88
16 8,97 799.421385 799.159729 -92.67 50.90
trinitro
17 3,4,8" 1003. 846567 1003. 580366 —-143.89 0.00
18 3,4,9" 1003. 845596 1003. 579408 —141.37 2.55
19 3,8,9" 1003. 841751 1003. 575491 -131.09 12.64
20 4,8,9" 1003. 840385 1003. 574355 -128.10 16.23
21 3,4,8% 1003.837731 1003. 571225 -117.66 23.20
22 3,4,9% 1003. 836057 1003. 569645 -113.51 27.59
23 3,8,9% 1003.831478 1003. 565071 —-101.50 39.62
24 4,8,9 1003. 837243 1003. 570791 -116.52 24.48
tetranitro
25 3,4,8,9" 1208. 245094 1207.974734 -123.90 0.00
26 3,4,8,9™ 1208.235513 1207. 964937 -95.96 25.15

Note: 1) The estimated enthalpies derived from the standard enthalpies of formation for [ CH, : —74.4 kJ + mol -1 , CH;NO,: -74.3 kJ - mol “'in Ref.
[16], exo-THDCPD: -73.7 kJ - mol =", endo-THDCPD; -61.9 kJ + mol =" in Ref. [2]. Enthalpy H® from B3LYP/6-31G calculations in this
work [ CH,: —40.461368 a.u, CH;NO,: -244.863308 a.u, exo-THDCPD: -390.347698 a.u, endo-THDCPD: -390.344053 a.u].

2) The total relative energy of 9", 4,9°" /3 4 ,8" /3.4 8 9" as the zero point of nitro-, dinitro-, trinitro-, tetranitro-, substituted THDCPD, respectively.

3) 3 and 4,9°" represent 3-nitro-exo-THDCPD and 4,9-dinitro-endo-THDCPD respectively, as well as others.

3.3 RAEMR

K 3 41 T THDCPD fif§ B fi7 4= 4 7£ 100 ~ 1500 K
RESEE I C, H, MR EERER B4 5T €, H,
BEAT A9 A 2R A H R 2R 0o NI 3a Je 3b B i,
C, K H, FIBERBETh g hn, 5 e oA i B T e 5|
EIRSIR T EC B C) K H, B BRI
Se—E TR B 800 K )5, €, Fift i B T g B 38
(EEHHEZE , W0 H,, W B B2 T = 3 e i . o
Sb, Toive H O SR A2 1, AR (] il 25 5 F 4% 524 1A 1
C, K H, Wi 28 A0 i o R0h R =5 e — ik, 1

RS THMEC, I H, EE

B/
o

Wi PRI 2 T 2314

BIX)C, Je H, W2 W iR/h, WK 4a J4b FHH,C, I
H S5WmAYWHHEREERRTWELEXR, &
T =300 Kif, &3 fin — A wg &L, €, K& H, B 53 0 38
37.27J ~mol ™' - K'FI17.03 kJ - mol ', 3X FEoR ISy %
bR C, K H, B RIF AN, ¢, & H, FEiR
JEARAR T LA 4G A 2 50
C,=A+BT+CT" +DT" +FT™* (R=0.999) (6)
H =A+BT+CT* +DT° +FT> (R=0.999) (7)
Hh&EWAEMSEA,B,C,D FHLER3 H, XL T)
2 R RN ARG AW 5T THDCPD fif§ 5477 2E ) 1Y
e A R e TR T A MERE B



372 & BoR 416 %

o>
(W

%3 THDCPD BEST4E Y 100 ~1500 K H#E C, Bi& H, HETRAMUE
Table 3 Polynomial fit of heat capacity C and enthalpy H  at 100 —1500 K for nitro derivatives of THDCPD

CI‘I) Hm2>
No- -A B/10 72 -C/107° D/10 7% -F/10° -A B/10 72 /10 ~° -D/107% F/10*
nitro
1 100.27 117. 648 74.213 17.441 6.2 2.73 -0.021 39.124 9.043 -4.6
2 99.46 117.381 74.224 17.342 6.4 2.26 0.006 39.156 0.037 -4.5
3 99. 64 117.514 74.305 17.396 6.4 2.49 0.020 39.163 09. 040 -4.5
4 96. 84 116.248 72.635 16.706 6.4 3.43 0.715 38. 647 8. 642 -5.5
5 95.50 115.845 72.764 16.585 6.4 3.34 0.772 38.788 8.623 -5.1
6 96.50 116. 161 72.588 16.685 6.5 3.51 0.743 38.597 8.634 -.52
dinitro
7 85.02 127.478 83.853 19.885 5.8 6.30 2.868 41.816 9.694 -6.2
8 86.53 128. 116 84.471 20.134 5.9 6.21 2.890 41.548 9.702 -6.3
9 88. 81 129.370 85. 645 20.900 6.1 4.47 2.132 43.214 10.188 5.3
10 88.05 128. 891 85.127 20. 691 6.2 4.13 2.085 43.147 10.183 5.1
11 82.92 127.030 82.968 19.793 5.9 6.11 3.003 41.996 9.678 -6.1
12 81.17 126. 042 81.742 19.110 6.0 7.15 3.768 40.625 9.237 -7.0
13 83.00 126.476 81.546 19.227 6.1 7.02 3. 669 40.556 92.551 -7.0
14 87.99 128. 902 85.379 20. 661 6.5 3.74 2.075 43.586 10.205 4.9
15 87.28 128.548 84.927 20.529 6.4 3.76 2.073 43.489 10. 190 4.8
16 79.59 125.451 80.123 18.905 6.0 7.27 3.775 40. 894 9.226 -6.8
trinitro
17 68.43 136.414 90. 644 21.657 5.3 11.45 6.610 42.766 9.853 -9.1
18 68.14 136.381 90. 833 21.656 5.3 11.41 6. 644 42.846 9.847 -9.1
19 69.99 137.603 92.718 22.478 5.5 9.64 5.847 43.221 10341 -7.8
20 69.19 137.198 91.263 22.313 5.5 9.31 5.820 43.322 10.337 -7.7
21 67.52 136.219 90. 890 21.583 5.7 10.77 6.666 42.877 9.858 -8.7
22 67.63 136.236 90.762 21.583 5.7 10.79 6.655 42.951 9.860 -8.7
23 66.35 135.793 89.957 21.440 5.7 10.73 6.672 42.842 9.852 -8.6
24 64.97 135.411 89.583 21.329 5.7 10.61 6.744 42.756 9.832 -8.6
tetranitro
25 50.85 145.596 98.571 23.856 4.8 15.10 9.698 44.953 10.439 -10.7
26 54,67 147.386 100. 329 24. 850 5.5 12.51 8.716 46.344 11.012 -9.1

Note: 1) Units: € ,J+mol ™' K™ '; A4, +mol™" « K ';B,J-mol™' K 2;C,J-mol™" K3, D,J-mol™! - K*; F,J]-mol™! - K.

p?

2) Units; H, ,kJ - mol "5 A kJ -mol™'; B,kJ-mol™' - K~'; €, kJ+mol™" - K 2; D,kJ-mol ™" - K, F kJ-mol™'-K.
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Fig.3 The relationships between the thermodynamic functions (C , H, ) and the temperature

po> Hm
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Table 4 Standard enthalpies of formation A,H®, average molar volumes V, theoretical densities p

and the calculated values of O, D and p for nitro derivatives of THDCPD

No. compound - A 0 1 3 v IR P 3 b _1 f)
/kJ + mol ™! /k] - g /em” + mol /g ecm /km s /GPa
nitro
1 3en -111.60 2.05 137.53 1.32 4.50 7.31
2 4en -108.07 2.07 137.60 1.32 4.51 7.34
3 9en -112.99 2.04 137.87 1.31 4.47 7.19
4 3o -83.39 2.21 139.10 1.30 4.54 7.35
5 4 -98.81 2.12 138.42 1.31 4.51 7.32
6 9 -100. 88 2.11 137.00 1.32 4.53 7.41
dinitro
7 3,4 -110.65 3.79 153.25 1.47 5.75 12.91
8 3,8" -144.84 3.63 154.47 1.46 5.67 12.48
9 3,9 -142.59 3.64 153.71 1.47 5.70 12. 66
10 4,9 -144.61 3.64 155.15 1.46 5.67 12.48
11 8,9 -105.02 3.81 153.14 1.48 5.79 13.13
12 3,4 -88.08 3.89 154.71 1.46 5.76 12.90
13 3,8% -118.92 3.75 151.10 1.50 5.82 13.38
14 3,9 -113.09 3.77 154.87 1.46 5.72 12.72
15 4,9 -131.34 3.69 152.96 1.48 5.74 12.93
16 8,9 -92.67 3.87 153.01 1.48 5.81 13.22
trinitro
17 3,4,8" —-143.89 4.82 169.74 1.60 6.54 17.65
18 3,4,9" -141.37 4.83 170.76 1.59 6.51 17.44
19 3,8,9" -131.09 4.87 172.08 1.57 6.47 17.08
20 4,8,9" -128.10 4.88 170.27 1.59 6.53 17.53
21 3,4,8% -117.66 4.91 170. 69 1.59 6.54 17.60
22 3,4,9% -113.51 4.93 172.42 1.57 6.49 17.19
23 3,8,9% -101.50 4.97 168.99 1.60 6.59 17.93
24 4,8,9¢ -116.52 4.92 170. 06 1.59 6.54 17.61
tetranitro
25 3,4,8,9™" -123.90 5.44 187.67 1.68 7.08 21.35
26 3,4,8,9 -95.96 5.53 186.47 1.69 7.14 21.78

Note: 1) Average volume from 140 single-point volume calculations at the B3LYP/6-31G level.
2) 3 and 4,9°" represent 3-nitro-exo-THDCPD and 4 ,9-dinitro-endo-THDCPD respectively, as well as others.
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Thermodynamic Properties and Detonation Performance for
Nitro Derivatives of THDCPD by Density Functional Theory

SONG Jing', LI Chun-ying®, YANG Jian-ming®, Li Jian®, WANG Wen-liang'
(1. Key Laboratory for Macromolecular Science of Shaanxi Province, School of
Chemistry and Materials Science, Shaanxi Normal University, Xi'an 710062, China;

2. Xi'an Modern Chemistry Research Institute, Xi'an 710065, China)

Abstract: The geometries of tetrahydrodicyclopentadienes (THDCPD) and its derivatives were optimized at the B3LYP/6-31G level,
vibration frequency analysis was also involved. The heat capacity and enthalpy at different temperatures were obtained by statistic
thermodynamics. In order to calculate standard enthalpies of formation for the derivatives of THDCPD, isodesmic reactions were
designed. The average molar volume and theoretical density were estimated using the Monte-Carlo method based on 0.001 e « bohr ~*
density space. Furthermore, the detonation velocity and pressure of the derivatives were estimated by the Kamlet-Jachos equation.
Results show that the total energies with the number of nitro groups are linear, and the derivatives of endo-THDCPD is more stable than
the exo ones. The possible mechanism may be started by C—NO, bond breaking, not the homogeneous cleavage of framework C—C
bond. With the temperature increasing, the heat capacity and enthalpy increase, and the increments of heat capacity is degressive,
which is conversed to the enthalpy. Also,the detonation velocity and pressure increase evidently with the increasing of the nitro groups’
number.

Key words: physical chemistry; tetrahydrodicyclopentadienes ( THDCPD ); nitro derivative; density functional theory;

thermodynamic property; detonation velocity; detonation pressure
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Catalytic Decomposition of RDX-CMDB

I . Thermal Decomposition at High Pressure and its Correlation with Burning Rate

XIE Ming-zhao, LIU Zi-ru, HENG Shu-yun, WANG Han, ZHANG La-ying, ZHAO Feng-qi
(Xi'an Modern Chemistry Research Institute, Xi'an 710065, China)

Abstract: The thermal decomposition of RDX-CMDB propellants with burning rate catalysts [ lead-gallate (GDPB), Cu( II )-p-
aminobenzoic acid (PAC) and carbon black (CB) ] was investigated by pressure differential scanning calorimetry (PDSC). The
effect of nano and un-nano catalysts on its thermal decomposition was compared. Results show that the pressure and the burning rate
catalysts with different components affect the characteristic values of PDSC and the relative releasing heat of RDX. The characteristic
values of PDSC( <14 MPa) and pressure can be correlated to burning rate using an empiric equation by binary regression. The
equation includes parameters that show the contributions of pressure and exothermic rate to burning rate. At high pressures
(8 =14 MPa), the plateau effect of propellants and the effect of composite catalysts with different components on burning rate can
be described by this equation too.

Key words: physical chemistry; pressure differential scanning calorimetry ( PDSC ) ; thermal decomposition; burning rate;

RDX-CMDB propellant; burning rate catalyst



