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F1 N,H, MMH 5 UDMH 45 i i A U B8 & e iz B

I RE & M A 22

o7 3% P R ) A [Tl 2 3 ] 0 00 A 15 46 4 - o
B0 {8k 0.2225, 7] LLF W15 (E 5 50 PR 45 4 7F
4o INMMH F1 UDMH [ & 45 4@ H of 5l LLE
MMH 1 N1 BI{EE N(4){E K 0.0113, B N(1) 1]
fiE M 3% E A A5 UDMH e NCT) BB 58 N (4) K
0.0161,F W N(C1) A B8 A & PEAL A, 4~ C I 1 &
4 48 1 R B 22 0.0001, 45 S 45 A UDMH (1) X Fk vk
ik .

#3 N,H, MMH 5 UDMH H & J& T ) Hirshfeld H faf 5 f8] 45
I bR R

Table 3 Hirshfeld charges and reduced fukui function val-
ues of heavy atoms in N,H,, MMH and UDMH e

Table 1 The highest occupied orbital energy, the lowest va- Molecular atom  g(N) q(N+1) g(N-1) 0
cant orbital energy and the energy difference of N,H,, MMH 1(N) =-0.2006 -0.3443 0.1007 0.2225
N, H
and UDMH ev o 4(N) -0.2006 ~-0.3443 0.1007 0.2225
Molecular LUMO HOMO AE(gap) T(N)  0.1931  0.3099 0.0509 0.1804
N,H, 0.02276 —0.21431 0.23707 MMH 4(N)  0.1446  0.2176 0.1206 0.1691
MMH 0.00575 ~0.20666 0.21241 6(C)  0.0484  0.1407  0.0090 0.0749
DMH .0042 -0.2 7 20522
v 0.00425 02009 0205 1(N) =-0.1816 =-0.2732 0.0189 0.1460
Note: LUMO is abbreviated from the lowest unoccupied molecular orbital.
4(N) -0.0917 -0.1144 0.1454 0.1299
HOMO is abbreviated from the highest occupied molecular orbital. UDMH
AE(gap) is that the LUMO subtracts the HOMO. 5(C) -0.0481 -0.1159 0.0021 0.0590
9(C) -0.0481 -0.1158 0.0021 0.0589

#£2 N,H, MMHL5UDMHAIN(1)—H K
Table 2 N (1)—H bond length of N,H,, MMH and UDMH

A
molecular N(1)—H(1) N(1)—H(2) AVG
N,H, 1.02061 1.01623 1.01842
MMH 1.02591 1.01749 1.0217
UDMH 1.02297 1.02297 1.02297
Note: AVG is the average bond length of N (1)—H(1) and N(1)—H(2).

3.2 RREfIR
3.2.1 EHBEH I

K S R AT R R A3 ) b B — A L
HL - 501 s B 20 245 S A SRy S 2 T ek R o Tl s
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Note: g(N) is the number of molecular charges in the original state. g(N+1)
is the number of charges in the cation state with a positive charge. g
(N-1) is the number of charges in the anion state with a negative

charge. f0 is equal to the half that g(N-1) subtracts g(N+1).
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XFH 3 RS MR AT BT i UDMH 9 3/
0.240 a.u. N fe/N , [A] I 5 €8 DI Ry d5e R, A B sk
H UDMH B9 52 b 16 P d k. c. trans-HONO
i 4 A I RS ALIEJTIE T RAR — B0 WL m3  cisHONO \HNO, 5 trans-HONO {1 JL{i 5%
15 AE 3 FR IR ZERORE B, NGH, TE PE A 58 N(1) B8R Fig. 3 Geometric conformation of cissHONO, HNO, and
N(4) , MMH 3 #E 47 £ N(1), UDMH §§ P iz gy transHONO
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i cis-HONO i #£ 4 23.544 k)-mol™, N 3 5 %1%
32 /N, HNO, 1 #5& 2h 38.505 kJ-mol™, 4 3
&M BB R KRB, trans-HONO Y # 22 N
34.982 kJ-mol™ 47 , - TH A . cis-HONO #4 7~
Py i) B g2 G, DR O AE 2F AT Al AR B B S R
cissHONO X A~ ik # &2 & W, 7 £ | F = M
cis-HONO H, HNO, Fll trans-HONO % 5y % 4= , 45 %
hg B 7 B AR R cis-HONO, 20 1 o Hefig i 4
trans-HONO 5 HNO, ik , cis-HONO ¥ Jii # 4 & , A
U N B AR A By kA . AR fE MMH LUDMH 5
NO, & S, Az B B 7= ) 2 22k cissHONO
TE MR RS NO, 19 5 i 2o 72 b b & R B 2 —
AR R, 22 BAR ) cis-HONO & 4% %5 e 58 PEAE
A cis-HONO B8 He e T 35 KOE R 1 K
R ok X E 4 B NJH, . MMH L, UDMH 5 NO, 4 i,
cis-HONO Byl &R W #se T , an 1l 4 i s o

#£4 1£298.15 KF N,H, MMH UDMH 5 NO, il & % ¥ 1Y
W) R X
Table 4 Relative enthalpy values of N,H,, MMH, UDMH

and NO, hydrogen extraction reaction at 298.15 K kJ-mol™
molecular  conformations RV TS? IM ¥ p4

cissHONO 0 23.544 -8.229 27.659
N,H, HNO, 0  38.505 3.103  51.818
trans-HONO 0 34.982 -18.634 26.761
cissHONO 0 15.954 -13.110 25.442
MMH HNO, 0 18.545 -2.768 49.583
trans-HONO 0 51.476 —24.226 24.521
cis-HONO * 0 3.589 -29.810 13.751
UDMH HNO, 0 17.742 -14.682 35.122
trans-HONO 0 22.904 -34.971 10.024

Note: 1)R is abbreviated from the reactant.2)TS is abbreviated from the tran-

sition state. 3)IM is abbreviated from the intermediate. 4)P is abbrevi-

ated from the product. 5) The reaction of UDMH to generate cis-HO-

NO product did not get the correct product at the B3LYP/6-31+G (d)

level, so the calculation was carried out at the B3LYP/6-31G(d) level.

M E 4 FF AR T MMH B 25.442 k)-mol™ 5
N,H, 1 27.659 kJ-mol™ [ & W &5 , UDMH 1 2 I 4%
$913.751 kJ-mol™, ﬁ%%fir“ TR I TR
FAEARE S5 T R T 5B, UDMH [ 4
AP LN, N 3.589 kjemol, MMH R 2, l
15.954 kJ-mol™, N,H, B‘i%jt,j@ 23.544 kJ-mol™, %
XF KCEF K B LIS AR AL T TR AR R 1 0 R R A AE 3
ﬁﬂ#é@iﬁs*ﬂrqﬂ,UDMHLﬁNoﬁﬁifiﬂjﬁﬁ,%%ﬁﬂ
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Fig.4 Potential energy surface of hydrogen extraction reac-
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14 2 I8 5 R R, R NLH, 5 NO, 1Y 3 &R i
o, R cis-HONO |y 3 % 3, 2 2 = ) o

N XK 20214 %294 #1148 (1125-1131)



1130

R R, TR DT, PR R OR B

£5 7£298.15 K F N,H, . MMH . UDMH #I NO, Hl & & I 4
I 3 ) AR (1 2 7 R R A

Table 5 Reaction rate constants of three configurations gen-
erated by the hydrogen extraction reaction of N,H,, MMH,
UDMH and NO, at 298.15 K L-s™"-mol™
molecular ciss-HONO HNO, trans-HONO
N,H, 4.19%10? 1.55%10! 8.95%107"

MMH 1.59%10* 5.31x10° 4.21x1072
UDMH 9.81%x10° 1.30%10* 3.23%X10%
cissHONO, [, 7E MMH .UDMH 5 NO, #f & 2 i

o, AR 1 cissHONO By 3R fe bl

R T A3 AT 3 FP RIS IR RL 5 NO, 1 2 K HE IR 1 5 4k
AN RO R, BT 3 28R R L
cissHONO 1) | I 3 2 5 550, 76 3 F ik 2 B0 kL 5 NO,
Y 2 W2 H, UDMH 1 Jz 1 3 8 4 #08 9.81%10° Les™
mol™, 2 K T MMH 5 N,H,, B 7£ 298.15 K F 3 ff
JE 25 8, UDMH 5 NO, 42 i cissHONO B Jz i
B, 5 UDMH 5 NO, /Y % J JE 38 8 A X 4 i 1 3+
FAFF Ao

4 Zi

K % 3z bR B S O 34 6 NLH, O MMH L UDMH
AT S TE R DR I M TR A AL LA g

infiﬂj%% A TH RIS N R R BOHEAT T RS L 1 B &
BT .

(1) FH R 2SR Rt S5 07 336 M 1) IR /0N ke T8 5 2k 9iE SR
B[] K JE A AT AT . 7E 3 FPUE R R, UDMH
B B R G M e dr , 2 UDMH 5 NO, B i 3 I B
HR,

(2) RIS NO, By s E R W, cis-HONO 2y
FE Y, RN A2 5 RN R R ROR TN % K
FESR W [A] BT vl AT . AE 3 RO SRR 5 NO, A AR

cissHONO 1 & W F , UDMH 1 3 2 £ /N, N
3.589 kJ-mol™, UDMH 4 5z i 3 F % $ e K, K

9.81X10°L-s™" -mol™',

(3) F I, AT L 5 52 TEC ) D7 125 R e AR 7 284 4 o
FR B 3 K RS {FL 3 g S5 6 O U8 A7 A T AR R HLAE
WS ) 1] AL, PR O o B 3 B ol S B L Y e 4R 5 R g
R R R, R R B 00 A5 G 1k A LAY 36 HEE AR Y B
Sk BAEEEYL
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Kinetics of Gas Phase Hydrogen Extraction from Hydrazine Fuels with NO,

ZHAO Jian-shuo, HUANG Zhi-yong, JIN Guo-feng, GAO Min-na, ZHU Hui-xin
(Institute of Missile Engineering s Rocket Force Engineering University, Xi'an 710025, China)

Abstract: In order to analyze the factors affecting the ignition delay time in the gas phase reaction process between hydrazine fu-
el and NO,, the reaction process was simulated by using density functional theory. The reaction activities, active sites, potential
energy surfaces and reaction rate constants in hydrogen extraction reaction process of hydrazine (N,H,) , methyl hydrazine
(MMH) and unsymmetrical dimethyl hydrazine (UDMH) were calculated. The results showed that the energy difference be-
tween the highest occupied orbital and the lowest vacant orbital of UDMH was the smallest among the three hydrazine fuels,
which was 0.20522 eV, indicating that UDMH had the highest activity, so it has the fastest reaction rate with NO,, which in
line with the characteristic of the shortest ignition delay time. The active sites of three hydrazine fuels were identified, N(1) or
N(4) for N,H,, N(1) for MMH and N (1) for UDMH. The active sites of hydrogen extraction reaction of three hydrazine fuels
were calculated, it was found that the reaction barrier of UDMH is the smallest, which is 3.589 kJ -mol™", and the reaction rate
constant is the largest, which is 9.81x10°L-s'-mol™", which is consistent with the shortest ignition delay time, it is concluded
that in hydrazine fuel, the smaller the hydrogen extraction reaction barrier with NO,, the larger the reaction rate constant, and
the shorter the ignition delay time.

Key words: density functional theory; spontaneous combustion bipartite propellant; reaction kinetics; hydrogen extraction reac-
tion;ignition delay time;hydrazine fuels
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