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Table 1 Population analysis of atoms in the reaction of Al
and NO,
spin  spin  spin  spin B B B
S
Al 02 N 04 AlO2 N-O2 N-04 M Pa

M1 0.008 0.134 1.019 0.839 0.323 1.049 1.575 5.86 6.37
TS1 0.041 0.521 0.519 0.919 0.453 0.6945 1.717 5.79 6.49

M2 0.091 0.959 0.839 0.115 0.694 <O0.1 2.237 5.66 6.63

Note: 1)spin Al means spin population of Al atom. 2)spinO2 means spin
population of O2 atom. 3) spin N means spin population of N atom.
4)spin O4 means spin population of 04 atom. 5)B Al-O2 means bond
order of Al-O bond. 6) B N-O2 means bond order of N-O bond. 7)s,,
means reduced orbital charges of s orbital of Al atom. 8) p, means p

orbital of Al atom.

F2 AL NO R P R PR B A2 4k
Table 2 Population analysis of atoms in the reaction of Al
and NO

spin Al spin O spin N B AI-O B AI-N
M3 0.07 0.46 1.46 0.57 0.43
M4 0.01 0.05 1.94 2.18 1.13
Note: 1) spin Al means spin population of Al atom. 2) spin O means spin

population of O2 atom.3) spin N means spin population of N atom.
4) B Al-O means bond order of Al-O bond. 5) B Al-N means bond or-
der of AI-N bond.
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W7 FF 75 5 K 786 k) - mol ™ AU RE £, [N I R R) 1k M4 &
Az AL-N B BT 24 B #5287 1 14 e A LSRR A

W 2 R, 21t Mulliken F iE Fl Mayer 8 2% 43
Br & BR b 1] 4R M3 Al—O il Al— N 1% 5 9% 1k 24
0.5, [ I} O /Yy A g i f& y 0.46, N 1 A Jig fi &
1.46, W] i1 [E] & M3 19 52 BRIE X - N—=—O 4 F 1
 BUEE ) AL T AT A

XF Rl M4 (e 53 AT R FEA JE B TR AE N
F(1.80), B ALFI O M 25 B4 A1, 17 N HUBE T B4,
SR AT FI T X — a5

XF ok W A HE AT IR 2h 4 B 3R WA AE M — KR
(=265.71 em™) , 78 b i 45 1) B sl 455 =X v vl DL 31 4
sy E O 5 N R TR BE B3 m, Al N 5 O Ji 7
6] (9 07 1% 8l , 5 IRC I [l UE W 1 b 25 19 5 38

w3, s Ry CI) Y R ok i 5 H e e gk A
A TR 2T S WA Bk A O 2o I
BAR RS b B SIS ALGETE O A8 R T #E7EfE
HEALA N B R T AN R AR X R T
N,O 1 3P B XK (N—)=(N+)=0O,i£ & O Ji 7
BN R i fr A 22, DR e AL DR 78 32 30T ) A b ey
Je w51 BN R R ELE B b R M5, Bl S
Al—N2— N3 % f % 7 25 /N (163.25°—105.84°) ,
Al—N2 B K (1.832A — 1.947 A) ,N3—O K

®3 3L PR

Table 3 Energy changes during the three reaction processes

BEM(1.196 A — 1.224 A) JE 8 T 25U =2 04 & # pd
JCHIR S PR TS3, M5 & AR TR, AL-O BT A
N—N _F B N—N# KA %8 (1.213 A — 1.097 A) .

[F) B 0T 3k 308 285 3 47 4 3 43 A 46 WY A7 A e — S A
(=148.77 cm™) , 75 It J 4 () Pz sh A5 A rp i LLE 21 O
5 AV EE T I 8 N 5L, A7 T30 19 S b FIL3E
22 BEETLSW

THAR T A5 S 4 v R sk 9 2 R A 1 B
e . H M e B BE R B, AN LA 40 R S e B R X RE
EULER 3o N, LA, A, 7= Wy i) B e & E,,
Fe A (2) 15, SPER THE AT B B i BE, G I
FH A Za A TE - )5 15 8 1 0B97X-D3 115 i i A
B
E. = SPE,,, + G, — SPE,,,. (2)

FE ) — B2, AN [ 9 22 () B9 R X B i DA iz
WEAZ 1L, A 8 22 i A AR RE 1 5 S W W Y E
WA P NER 3 PRI, =R RN [ RE 22 4
M R=5,288,43 kJ-mol™. i (1 )AY A e 2 &
I, i FHAE R F 0 Y RE 22 RN B2 R BRI 1 iR 25, JL
R E S REIT A T RE 2RI A -5 kJ-mol™, 1l LA
INRIEERL 02, BT N AR 45 ) KA, X 5 4R
R B A& SR RN+ 5 Y
MG Ry . i) B A i BE 22 BL 288 k) -mol ™ fif
1) S5 e, 150 BT R M D A AR X R R A N—O B 54
)25 A ey = AN BP0, i TR B N A B 2, R
IR NAS G KA R CID) 28 g 1 40 B v oo 19 45

reaction SPE,/a.u. G, po,/a.u. SPE g,./a.u. E /a.u. E./k)-mol™
AH‘NO2 —-447.11476 —447.330434 -446.883967 -447.56123 474.79
M1 —447.39646 —447.52821 —447.18261 —447.74207 0.00
Reaction( 1) TS1 —-447.40156 —447.51565 -447.17319 —447.74402 -5.12
M2 —447.41771 —447.54656 —447.18202 —447.78225 -105.49
AIO+NO —-447.41260 —447.64584 —447.17723 —-447.88120 -365.30
Al+NO —371.93941 —372.17212 —-371.77509 —372.33644 539.96
M3 —372.22859 —372.39321 —-372.07971 —372.54210 0.00
Reaction( II ) TS2 —-372.13015 —372.27534 —-371.97325 —372.43224 288.44
M4 —-372.19376 —372.30675 —372.02949 —372.47102 186.62
AIO+N —-371.71826 —-371.91272 —371.50943 —-372.12156 1104.13
Al+N,O —426.69373 —-426.92436 —426.48001 —427.13808 436.30
Reaction( 1) M5 —426.96701 —427.10778 -426.77054 —427.30426 0.00
TS3 —426.96173 —427.08803 -426.76181 —427.28795 42.81
AIO+N, —427.05160 —427.20151 -426.83503 —427.41808 —298.84
Note: 1) a.u. is atomic unit, 1 a.u.=2625.56 kJ-mol™
Chinese Journal of Energetic Materials, Vol.32, No.4, 2024 (369—376) & He A A www.energetic—materials.org.cn



BR 5 A W R AR S LB Y T Al T SR R

373

FALE AR, BAR A R RES R 43 K)-mol " 4b T i,
{2 G PR AR 21 7= 40 14 FH VT fE £ 25 LL—299 kJ-mol T i
G, 5 R 2 CID ) 1A 1A AH L 32 i 1 NLO
Z 5B 2 A AR R E B B, X — SR ERAR B
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2.3 BAZTESHH

i F polyrate 17 #F" 4E IVTST (725 434 {4 14
A IS ) 45 A wigner £ 1E M ZCT £ 1E 2 3 H 5B
5 4% FE 0 2 B AE 2400~4100 K T 4 52 17 8 5 0
F a~6, HouT i i LA 15 ) 45 3K o0 I RN R R B
i 31 32 A8 b G ZR A BT 48 2 S 307 O B T EL oR R AR
1o B R AR AR R BT A JE 5 By R AN TS AL (R
W5 52 1% R 5 P Adams (9 = 2 50548 JE 12 3
D5 AR (R 3))HEAT LA, b k O AS )3 B R 0 S
R E R, A AR AT N LB, N RO I AL RE, m R T
BEL T AT LA 1 R*>0.995,
Ink =1nA+ mInT - £, (3)

RT

SR (T ) AI+NO,—AIO+NO fE 2400~4100 K
Tk B2 0 Bl P 52 07 AR U 9 45 2R Oy (kG Sk T SO 738
L ke R RN TR R
4282
RT
InkR=—1.85+2.02-|nT—M (5)

RT
26 4 1T UL, 7625 SR TR BESE BRI, R (T ) R

BRI R T 1.0° m*-mol™ «s™ AR X K (1) =

Ink, =45+ 1.5:InT -

(4)

%4 KRBT ARINO, I 3 J1 45
Table 4 Kinetic results of the reaction of Al and NO, at dif-

ferent temperatures

SRS e SRR LA 45 R () F(5) , HIE
NS AR FEL AR A 4.2 kJ-mol™, 36 52 W I Ak RE & il
276 kJ-mol™, I 3 2 5 36 Ak G X 501 s (1) i)
Sy KA BN AR, R O NO, G YRR BA
A AR M AR S B By SN ) AR v g 6% s P
RS E Y RIS R AR R s IR AR /N Y fig 22 R T
1 B 5 I A2 0, B A 2.2 719 X iy i AR Y g
SERTRLAL, RN C 1) A R B B — 20 B o e i T B
B AR BRI R N AR B K A B AR 5 O HL
T IE B 6 AL BE AR /DS, PR ik G E R R 3R KT
N R R B 2400 K FH 2 4100 KB, 1E [0 3 %
I 7 A Y 2 30 A5 I8/ 2 144 1 I B R
T8 A LU T Sy 3 A 3 2 I 3 A Ak T A HL 3 R
XA NS WA AR /N

Xt i (I ) AI+NO—AIO+N 7£ 2400~4100 K i
JEE 3 L P9 S g T8 A A R 45 SR (ke Ry DE T 0 2R
B, ke o3RI T R H

2.49 x 10°

Ink, = 8.2 + 1.07+InT - ————— (6)
RT
1.65 x 10°
Ink, = 8.8 + 1.06-InT—? (7)

W5 AT LLE H L E 2400~4100 K 22 [6] , 2 B
CI0) 9 s b i R A i, b B oz (1) A sz g (I ) AIG 3~4
AN R, MR O (D) Y = S B 18 Je 12 3 & 4l
Gai R (o) M= (7) AT A, HOE B R o ng i b fig
Byag s, o0 M 249 k)-mol™ Fl 165 kJ-mol™, 3% & H
T NO WE ML, A AR TS, LR FE S5 NO 1 I
%5 ARFEEET AURINO R 3 1 25 45 5

Table 5 Kinetic results of the reaction of Al and NO at differ-

ent temperatures

positive reaction rate reverse reaction rate

positive reaction rate reverse reaction rate

/K /m* mol™" 57! /m?-mol™"+s™" T/K /m?-mol™" s /m?-mol™"+s™"
2400 8.31x10° 2.73%10° 2400 1.56%10? 6.26%10°
2500 8.91x10° 3.14x10° 2500 2.69%10° 9.09%10°
2589 9.45%10° 3.53%x10° 2589 4.21x10? 1.24x10*
2778 1.07x107 4.44x10° 2778 1.00x10° 2.25%x10*
2967 1.19%107 5.47%x10° 2967 2.13x10° 3.81x10*
3156 1.32x107 6.62x10° 3156 4.17x10° 6.08x10*
3344 1.45%107 7.89%x10° 3344 7.59%x10° 9.21x10"
3533 1.59%107 9.33x10° 3533 1.30x10* 1.34x10°
3722 1.73%x107 1.09%10° 3722 2.11x10* 1.89%10°
3911 1.87x107 1.25%10° 3911 3.29x10* 2.58%10°
4000 1.95%x107 1.34%10° 4000 4.00x10* 2.95%x10°
4100 2.02x107 1.43%10° 4100 4.93x10" 3.42x10°
CHINESE JOURNAL OF ENERGETIC MATERIALS A A AL 2024 % H32% %44 (369-376)
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TE 0 R 24 30 Js 1 S AE X RN R IR N (T ) Y
T 0 R AR 2SR IE N 10 £5 2L L BB ALS NO
Te i B AR B ALO 724 . I HLH R i I 25 O-AL-N Y
AE AR &, 5 BOIE B o AR RN 3 N A R A I
B Re 4, R N (T ) A9 I B2 I 3 56 3 Jsz oy T 5
AR (1) ¥4I
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Table 6 Kinetic results of the reaction of Al and N,O at dif-

ferent temperatures

positive reaction rate reverse reaction rate

/K /m?-mol™" s /m? mol™" 57"
2400 1.51x10° 3.83E+00
2500 1.66x10° 6.62
2589 1.79x10° 10.4
2778 2.08x10° 24.8
2967 2.38x10° 53.3
3156 2.70%x10° 1.05%10?
3344 3.05x10° 1.95%10?
3533 3.40%x10° 3.39x10°
3722 3.76x10° 5.61x10°
3911 4.14%10° 8.85%x10°
4000 4.33x10° 1.08x10°
4100 4.54%10° 1.35%10°
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Fig.4 Ink at different reaction temperatures
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Quantum Chemical Caculation Study on the Mechanism of Homogeneous Chemical Reaction of Aluminum
and Nitrogen Oxides at High Temperature

XIA Wen-tao'?, DU Fang'?, LI Yi-heng'**, LIN Li-yun'*, QU Wei-chen'**, QIN Rui'**, TAO Bo-wen'’, GU Jian'*
(1. Science and Technology on Aerospace Chemical Power Laboratory , Xiangyang 441003, China; 2. Hubei Institute of Aerospace Chemotechnology »
Xiangyang 441003, China)

Abstract: In order to investigate the combustion characteristics of Al powders in NOx, the reaction mechanism of Al with three
nitrogen oxides (NO,, NO and N,O) was studied by means of density functional theory ®B97X. Firstly, the geometries of reac-
tants, intermediates, transition states and products were optimized with all parameters. The authenticity of intermediates and
transition states was confirmed by frequency analysis. The transition states were further determined by intrinsic reaction coordi-
nates (IRC) calculation, and then the detailed reaction paths and mechanisms were obtained. High precision single-point energy
of each structure was obtained by using the double hybrid functional PWPB95 combined with DFT-D3 correction and
def2-TZVPP basis set. The rate constants of the related reactions were calculated by using the variational interpolation transition
state theory, and the Arrhenius expressions for each reaction are obtained. The results show that the reaction process of Al with
NO and NO,is that Al and O atoms join together to form the intermediate of the complex, and then break the N—O bond
through the ternary ring transition state to form the product. When Al reacts with N,O, Al reacts with N atoms to form a complex
and then the elimination reaction takes place through the ring transition states. The activation energies of the reaction of Al with
NO,, NO and N,O are 4.3 kJ-mol™, 249 kJ-mol™ and 13.4 kJ-mol™, respectively. From 2400 K to 4100 K, the reaction rate of
Al with NO, and N,O is higher than 106 m*-mol™:s™", which indicates that the reaction is easy to take place and the reaction
rate is very fast, and the reaction rate of Al with NO is about 1/10000 of that of Al with NO, and N,O.
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