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Fig.1 Principles and applications of quantum chemical cal-

culations in thermal decomposition mechanism studies
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ular dynamics in thermal decomposition mechanism studies
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XF T e AR E 1 Y A R S RE LB W), TG-FTIR 4
A [I R SR R # . TATB 5 DATB B9 #4430 Br 45
WEW ,DATB T2 286.3 °CHi 3 W i () 4 fb g ke
1M TATB A UL il B0 4, V5T 40 7 [ &0 5k 1) 39 3 &%

Bl TATB BA W m iR E . FTIROGIE R, =%
FEES A=Y NO HCN .CO, #1 CO, H b NO #¢ 5e
B, R AG  Be kRS R . 45 A TG-FTIR 41
P AT, TATB F1 DATB (1) 43 i 9 4 B B 35 28 77 4 408
—NO, 5—NH, I AR, A AR I 0k A 28 v ) 4k
B J5 % v ) AR B A2 B NO VHCN | CO 46 <44, [] I

N o W51 DSC g 439l 24 345.3 °C 5 375.2 °C, & JE LG MRBERAE A .

1 EFHEMEE TG/DSC-FTIR &4 T 1Y 4 43 ff A AE 1R 5 25 AH =)

Table 1 Thermal decomposition characteristic temperature and main gas-phase products of EMs (TG/DSC-FTIR)
energetic thermal decomposition characteristic .
main gas-phase products references
compounds temperature / °C
NC (raw material) T,: 209.9 *; 209.2 **
€0,,CO,CH,0,NO,,NO,N,0 [25]
NC (aerogel) T,: 201.5 *; 197.8 **
RDX 205 (melting) ; Tp: 248 ** N,O0,NO, CH,0,C0,CO,,H,0,HCN [26][28]
193-199 (B—4 polymorphic transition) ;
HMX A N,O, NO, NO,, CH,0, HCN, CO, N,, HCNO, CO,, H,0 [27][29]
280 (melting) ; T,: 285 **
TATB Tp: 375.2 ** NO ,HCN.CO, CO (31]
31
DATB Tp: 286.3 (melting) ; 345.3 ** NO .HCN.CO, CO
AP (raw material)  T,: 245 (melting and polymorphic transition)
AP (raw material) 331 ** (LTD); 430 ** (HTD) N.O .NO>.NO .H,O,HCI [32]

HM-AP Tp: 307 **

Note: T, peak temperature; *, DTG data; **, DSC data; LTD, low temperature decomposition; HTD, high temperature decomposition.

1AL FI 28R B TG-DSC-FTIR £ R #8758 T 45
A 8 2 X0 B i AT R R S R JEURE AP ) DSC
2R HAT AR I, 43 5% B T 24 245 °C Y5 il e
W (AR IR AL i — IR ST 7 f) KA 331 °C A1 430 °C
(IR 5 1 R ik TR D TR 43 5 A 25 0 BER AP
(HM-AP) Y 2 B — Bl g (2 307 °C) , 350k
AP Y B TR 0 R IR BT 29 120 °C, B2 T1 4 7
¥, 2 B 25 O TR 45 4 B 3 00 T VI S S RUR T
S T o f B N E AR . TG-FTIR [E] 2k I 87w
HM-AP 1) £ 25 HH 7 1246 N.O \NO, . NO .H,O FI
HCI 4, H i NLO 5 N O, Wi 78 T AR B o 20 HL e
SR VRO, 2% B ik ok R O A PR Y I i )
) R RO 5 DSC il 44 e A B 8] 1 5 B % o, 3% B
TG-DSC-FTIR $£ AR BE % 8] 2 ik B #4880 0 5 AR A B
TE AR, S B SECAR R AR 1 25 4 - s I P R AL R T
KA -

FE LB 4R v, B2 B 4k T 7 A o T e
FESAR R, LU R B 7 Y 0 S R 5 G E S
MR L R4 . W TR R 5~10 C-min™, 8K
(N, 3% Ar) i 1 4E 57 75 20~50 mL-min™", UL 5 7= 4
TR EL R o S By 1k ¥ B, FTIR A% i 45 4k 5 AR 15
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29200 CHYTE L . FE SR T O BS 34 50 08 3 &) 4l
B, DA B4 S AN B o BCHE A BT B R R #fE TG-DSC
5 FTIR{G 5 M i ] 3L 26, 45 & DSC e # b 1i AL
FES M (4N CO, NO, N,O) I 5 , A] 4 57 “ #8400 <,
A R B DG R N T 2 R A A ik
F 0] SR s AR 2% LB A A i A DL S B AR
Y1) 5 e R o

LTI FH AR 1 B B A T IO 5 f e AR b
B TRL 2P o 1% 1k R 8 [R] B 3R A5 3000 A 2o A v 1) I i
PR AT N 5 A G B 588 2 B B O 1Y E
A5y, XS REAMEHE S IR R, TG/DSC-FTIR REf%
T MR A 8B B (—NO,.—C—O—C— ,—NH,
EoB NN LY D5 PN A i =-d I RIE i s S SR =|
L Jy BR A A 21 A/ 0 5% /A7 e 8 0 R WA e A
o, PR I R 55 WAL R AT (N, L O, ) X DAk o 1 3 51 5
] B SR AE S e 4 B RS 0 B T BE 53Ul SR
o A, TG-FTIR 324 g Wl SAH 8 Ak, X T [ 4H 5% 22
G540 A5 A0 BB S B T 45 G XRD B XPS AR
RIEATENFES> T o UL, 78 25 BE A4 R0 45 i AL B A 58
t, TG/DSC-FTIR # 1E R #47 Ry 5 SAH 2 I 1Y L it
fEF B, I 5 I 67 XRD 28 BCRY 44 45 1 A0 45 8 &%

N XK 2026 % F 344K H 24 (198-214)
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XPS & I 14 ¢ 17 25 28 A AR 25 B, DA 52 B o fif 2ot
W R F N R AL RN N A P
fitt A7

LR Z T, TG/DSC-FTIR 5 TG-MS i R 7E
hfie b HAT W B AME . BT RE A B UNE g AR
BIRRAE 38 F T o0 & 4 & A AR R B S e A
BAT Ry 5 10 J 5 MRG0 Ar b 23 % D B, %o 21 A/ i o 55
To WIS AE 1 SR (TN, .CO W H, \.CH, %) LA B
RGP0 WSS S B POY CE RE T
T A 5 A5y 2H R [R] 2D A AT, DT A B A 1
A HT S LA E T T AR AR B AT A R4S B . X
R R A T K, R R R MR ER )
fift Z 42 Wi IR R EE 0],

AT, TG/DSC-FTIR 3 A 75 & AE b1 B 17> i
R A REEE . BEE & R B 28 5 P <R
L4 RS0 % e, TG-DSC-FTIR (4 I [7] 43 9% 2 5 46 1)
K B W 1E— 2B T T T 25 45 )2 R S 4T A SR 5
R G3 fifk 3o 72 1Y) 22 RUBE b [R) 2R ALE
2.2 Py-GCMSH R

PR SR €835 - T R B AR (Py-GC/MS) & —
oo bl gt P B Ml 5 AR A3 B L B AS I AR 45 B 1 2R S
SRR o B R E R TE A S0 B AR
(if H 400~800 °C) , {2 i H & A= 24, I X A i) <
i A S WA 7 i o s =~ D s V[N G s Rl
M EE, Py-GC/MS B 76 B4R 43 f L 101 R 58 1 418 2
5 R 48 7R Ak 27 B U 0 B 3= S s 3 G
HTG-FTIRESAHEBIETBARL , HEZ AR TP H
A i 2 A3 4 PR Sy ) A O3 i L B RN 45 4 - g
P ST

TERH B ae Ak & W R R i 58 b, Py-GC/MS
FARAESAE A AR ) 5 43 ik B AR A BT O T LA 3
Pe#. Naik & F]H Py-GC/MS 7£ 800 °C I Xf CL-20 i
frlesdi 2 i, kB E EAREE o m/z=81(C,H,N,")
5 m/z=96(C,H,N,O") , X i F ML W & N-S ML e J7,
KRR N—NO, 5 C—N#K#H = 5. Ko
THESAAN, N,O HCN ,CO, %5 1y A= 1 £ B /LR HE 1A
Ji B8 5w Ak W A LR AL AT . 45 A DFT B 45 SR 4
W, CL-20 [ 43 ik 28 15 WA 2k -F 30 - HE” 228 )0, B
LY R E LR S5 xS SRR Py-GC/MS
B 1% A7 200 AT 28 IR A e Ak 5 W A v i 45 1 T 19 2 B B
SR AL, 0 AR RO 2 A v TR 5 e B AR AR
M7 T BT RO

TEWE 5T & & AR B9 B 53 i DL, Py-GC/MS £
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AR BE S48 7 5 22 U & b (ARG A 5 = WA BAE . X
F & 4 m R B AW (TAGP) i 2 2% /9 HMX
(qy-HMX) , Py-GC/MS 3 Bt b7 H: F 2R i 2 5
B-HMX A — 5, ¥ LI N—NO, Fl C—N g2 i Jy ¥,
EASHE = 0 W AR R LB A AR A S R B L E
350 CHf, HCN . NH, 5 H,O 4= 5ig & B & 5400, i
CO, 5 NO, & =K, £ W TAGP 43 f# 7= ¥ 5 HMX I
S 7= Wy [ A7 AE B R S8, 40 NH, 5 NO, W A2 BN, 5
H,OP . %45 Ui W, Py-GC/MS AL RE 5 i1 ) 2 &
T RE AR FR Y A A A IR RE 4 s 44 ) 9 Ak A
BRONE , hy PR 235 40 20 R 5 Ak 2 R e A pL P 4 1
BRI
T e T FR, Py-GC/MS TR #f J B 78
il AT Ak 2 A 5 24 A I A O T R O A AR i AR AR
(NC) B il WF 78 v, Py-GC/MS F R m T & & &
XA PR MRS O AR BB, SRR FR R
4 =W A4 NO NO, .CO.CO, HCHO .HCOOH #i
HCN, H NO 2 FEWA ALY . MEAT &
L R AR S S AU PR L S R, R A
FOh 2T R B A R A3 A RN T A o
5 Rl B A B 22l E ORI DT A R S R LG,
T LR T 4 th 7S o0 & SR 2R FR A A 1 PR B T BR K
AW R AN A A S5 e EHE, R A S
W R T ZRBGF R EA R K. SR
Py-GC/MS $5 AR fE 5 M\ 53— )2 T8I Fff AT 280 5t X A6 A
TR figt fi 1 K b ) AR S AR B B L DR 38 R S RE S T
AR ik B i HE 5 07 B AL R AL T R S SR
AN EEZH 3 B AR ZE T, Py-GC/MS £ R i —
EZRE N DO I 1 1R s o8 v N i VA R R = A
HMX 5 1i% filt 241 4 LLM-105 T8 il St ks e, 1k & 12
A NO \N,O \HCN .CO, 5 H,0 /Ny F S M, Ul ]
Ho it BT A N—NO, 5 C—N B 2 = (B SAH
W) A AR A . HCN W63 B 38 i 4 0 LLM-105 43 F
HR & FE (—NH,) T 5 NO, [ 3 ) B A il NH,NO,
Rl A, I 0E— 2 20 o N, FTHL,OPY L % BF g R,
Py-GC/MS $ R TE i b 52 45 & fe bR 9 4k 2% B R] 5%
INE 55 43 fige B AR VR 95 D7 T LA IR RR L
£ Py-GC/MS S 56 i T 7™ 48 42 il 28 fifk Tk B I <
PRI 55 U DR AR R M S o A vt Pk ol
i I8 5 B AE 400~800 °C, IAR U175 fiE b4 R 3443 1
P S NS . AR CH O 4l He 5k N,) It 58 4E F5 76
0.5~1.0 mL-min™", LLERAIE 7 4 S i) A% i 5 3 e — Ik
J I o B — A AR 0.1~1.0 mg, LA 1k 24 i
N Lk
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AN GE A BAF S WA . B A AT e 07 AR A SO 3 R
BA Bsf i) 5 J5 1% R I S R W ) PR W R AT IR B 5 R i
Bro UL Z# 7= M) 40 4% NO, .N,O .CO, .CH,O .HCN
A HARE S 7 (m/z=44 30,27 %) a4 E2H 4
T A AN [ B R R TR 7 ) A A R AR Ak AT R A R E
b5 (I N—NO, .C—N .C—O) B K7 24 i 15 5 J5 i
BEAR o 25 R M 5 R R R R R AR AR, W] —
A ) A3 figE ) B BB AR S B 5 BE A R W0 4 A i
BLER A 5E BB

Py-GC/MS 1 £ B AL T H m R 5 4 5 4y
Beae ). MECT TG-FTIR 8 A |, B RE W i BT 43 ik
TR v AR R 22 A e ) A5 R B AUMR R L TR
6 Ao B A AR R o AN % vk AT AR R TR A 2%
PR 36 R 2L ) R AL, R R Re A 2L Y
5 22 30 T8 I FRAE S ALER AT 5T 4R 0O A 4 454
UEHE o SR, Py-GC/MS 1 Jay BR 7 78 T 24 i 2 1k 5 &
TSR AEAE 22 R D TR T BB S & T A
N, 5 B0 R R AR SO Y E R IR 2R R
R SR 5 24 e 7=, o R 8 R 4 4 A B R e
B =W B IR S %2 5 3 B AR B AR g TR
B, I, Py-GC/MS 45 il # F5 5 TG-FTIR . XPS
SR, DL A - AR AR S B AN TE

SR F , Py-GC/MS 45 R 76 5 68 M FHA 73 fif B
RS B AR O B TR A DR R R
B85 1 o3 BRI 0 kR B i — 2D BRI B R I B[R]
Oy R E RN A BB RE AR I i 4 it
T 1) RS B 38 R 5 RN AR T A, Sy A 2 R N B
T 2 AL B A O B S 56 AR B
2.3 NEECITHIERE

St OB K 47T B A i 3% (Photoionization
Time-of-Flight Mass Spectrometry, PI-TOF-MS) J& —
T2l & B3 SR AM G i 5 AT I [ 53 4 v s 1) 43 %
AT HAR o K &2 R SO S RS
Az Y R S R A R AN T IR AL B R R AR
RS BB 5 B A IR — I R T ARE BT L (m/2) 22
S ST Bl R AT A R E AR A T AR B

TE A e 25 & Re b & W R o g oE s h
PI-TOF-MS 45 R g 8 75 22 0 ) A 552 9 v [) A 19 512 i
AR, Ay S AT S 0 U0 6% 4 fe G B AL R o B
FER W, RDX W] 46 43 i 2 #2477 HONO H B . OH
THER NO,THER NOHER 5 O I bR 55 22 4% 35 4 I
1o AR AT RN LA Ay 7 BB Sy 3, o HONO
B B IR BB OH 51 NO B 42 5 i 78
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WA T B NO, 5 O IH BR B 42 1o 35 1 0 | W] I A
T30 B A M P A (an C,HN, CCHLNL S8 228 [
G SN FERERAAT EAE D EAEZEM. %
G5 A8 7R T RDX W)Uk 43 itk 6 A58 0 BR 858 s ) B A4t 7k
FEE WRSLERIESE T OH 5 O T4 Bk B 42 i A7 76 ° .

5 RDXAH E , HMX 43 45 # 58  XF R, 43 ik o
B LR IFATERIE . PI-TOF-MS &5 3 8 R, Hod
U6 3 i £t HONO W BR 5 N—NO, B W 2 = 5, JF
AV 43 1 Bk ol 24 A A b TRD R INT 148 5] iR A6
F Z A C—NZ2 A wE R (W C,H,N, (C,HNL) L Bt B 4
fiff o R P PR R R A S R R A LS M R R B
TR A E 7= 0 3% T WO AR S R O R R
W A K S0 /AL EHEAT . A AT
~,H,O . HCN . NO.N,O 5 NO,Z% /N3 F 5 FTIR £
I 25 5 B — 20, [ B R A I 3 NH, .CH,—NH 5
CH,N, S A2 . (M EENZE, NOWME
0 B A, 2 L HMX PR 19 3 B S S Ak
Y1, HE NO, . 145 TR W, PI-TOF-MS $ K BE % 76 I
[E1] 5 235 ¥ 79 A 22 T () 25 gk A 5 BB 43 1 SR 0T B A 5
PR Ak, S b A e DS A ) Y 22 38 T 4 ik A TR R AL

FERBUZR 30 & RE AL A5 0 NTO Y #143 f iF 55 o,
PI-TOF-MS 2545 43 3l 1 2 L0078 6 7R ) 16 B g 6 A%
5 SH 7 Wy Ak v B e R S A
KW, EFESMTY A H,O.CON, . HN, NO 5
CO, %, Hrf N, 5 H N, {5 5 e ik, 2 B 0 40 ok 7 o 4
PR B A 3 S A . R K I 2 NO, B HONO 4
W™ W), Ui B NTO #9146 43 % 91 C—NO, 8 1Bt
Mk mEL2mEE TR SaEBEREs. »F
B 1 F R AE— 25 55 E T IZALEE, #E7s NTO 78 #0i #%
NG R R M £ 0 AR N B D A
ST L PI-TOF-MS £ R BB 98 7r 22 B0 KU | S i
F5 v TP IRLA B 2 I A 9 45 BRE T AORS B A M I
N7 Ay ) AR B BB AL B R s AN S ST RS
BB AL T G H 5 30 4K 4l o

5 NTO 26 R 8E 25 FOX-7 78 03 it i 72 R
I LUBLAE N T 0 Z 0 B W ARE . PI-TOF-MS %S
@R HAREE T 445 H,0.CO . NO FINO,, Hi
NO, - F NO H#, R W 43 fif 1 72t C—NO, S W 243
B, KR T A (NH,) C—=C=0 5 (NH,),C—=C=0
ik — 2 U B 8 A 5 P Bk ST 5 R T B RV . A
T8 2L gE IR R FOX-7 B 43 4 1 C—NO,
G2 UE S EHEAE L C=0 . C—NO 2 L KB

N XK 2026 % F 344K H 24 (198-214)
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NH, H&EZ LR, &AM N, NH, .CO, % ke =
Yy, BARGE R F W] FOX-7 BP0 1 LA A 15 e 26 4T
B A K 5, AR B PI-TOF-MS £ R 78 31 91 48 % i o
V] 4% 5 565 F 9 Gy S5 O, 368 3 TR ) 2 R R A

TESEH AR AE B, PI-TOF-MS X R A5 1E 5 H B 4%
PREE R . B HE R FE AR T R TR (10°~
10° °C-s™") LA il =¥k B g s 48 A6 T4 5 i 2ok 2
R EZS AN VUV, ALK 70~180 nm ) B kT 4 22
O, HL B BE R I TE 7~18 eV it Bl , LU IE o [ 43 1
SERCRE IS, TRAT IR R] S5 X N G B T 2R i A U
5 WG 1 R X 5 B 5 B[] 43 A n] T o BT Ak B g
SH5HEAERENE. &5 TG .DSCHLIME T F L
SRAE T ST R B B T -2 R R R G R S B
AR S AT .

PI-TOF-MS (1) 5k 25 A0 345 E T FL AR 5 5 ) vy 1 (1)
Oy HEI S A 2 — TR G A HL S Y O R AR
W oy 8 15 85 53— J7 10 A] 76 B 28 o A b S e 3R
SR H A oz R e S TS ek G e
A O S S AR R AT o
5 GC/MS 5 TG-FTIR A [t , PI-TOF-MS 1E fi# fr B Fa 25
SIS Al 8 5 2 B AR B ) A T B A R L
SR, AL AR WAEAE — 2 Jm) BRAE A5 5 5 B ) 32 A o it
BT Ak 8 T 5 I R R A 43 R R A A R 5 b
Hh,PI-TOF-MS 38 {3 B AR o 72, W58 2R AR 235 70 722
A TR, DR IR 5 AR R BF S T 5 FTIR (XRD 5
] 25 4 B AR 25 A5 1 .

BARKTE ,PI-TOF-MS AR FT R HL B 5 22 B0 94 ) []
Gy HERE T AR AR R T RE AT REEA A3 i 30 1 e D 24 ) 5]
Wk 25 v ) R 5 4 s o T8 7 T LA B O B
Py-GC/MS B35 F F 76 i Tt 2% 14 it b7 #8040 fife 1 3% 1k
AR KRR R e A TP R AR RN W R . A
J7 2 B ] A B R A B e 22 S AR B
MR A 58 PO R R A I AN R . KRR LA A
T3l 12 Z BRI T B, A 5 S I\ W) I o
W 24 3] i ¢ 7= 4 A B R 4 ol BR OB R L AR A RE A R
TG fifk 1) 22 IR i Iy A 7R i 38 T i 18 S 11 S 5 S A

3 RIESEMRIERAR

I M IR P A T 3 [ A R R 5 SR =
8, AR Tl T R 8] 4 AR U R B BE B o) ik A
Je A 45 PSS TN 5 S PR B2 N AT O B R . AR,
WS T7 9k F2 B TR AUME AL i A 0 T B SR A 25 A
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L5 MY KRS AR Wik, ik — iR
I o AR R SR S R T A AR AT O R T AR RS
AL I OGS S A5 A R AR R R, DA EE SR AR 2 1 58
S i

3.1 XRD R L RAE#H 5 R IE

X W 417 9F (X-ray Diffraction, XRD)J&—fj 5 F
st A PSS D X A S X B T U I A A S R R
(14 45 ¥ e AF 7 1 o AR A B 5 B nA=2dsing, 1 fif
BT Sl A B A R A R AR AR XS RE A
BHIM 5, XRD Jo Ho3E F 48 7 #8053 fff ok 72 v 780 4
AR G5 R HHE B R IR 7 R SRR o b, SR
I XRD (in-situ XRD) B& 8 7E &2 45 F+ i 55 /F T 52 1B
5 b RS M T AL B A B 5 IR AR AR Bl ) 2 i T R
FE.

5 25 e AT RE R AR AFF 5T P O XRD HER T2 B T
3 R T A TR O AR 55 R R AR AT L B G i o R v O 2R
HZE R I RAE . AE CL-20 B 3GF 5 5 B0 5 28 BiF 5
JEAE 5 3k XRD 48 7 1 AE T A v i o 28 Ak R
L g B OR , e-CL-20 7£ 115~120 CIF 14 & 2k
ey AR, Z9HE 130 °C Y 58 5648y y M, %3 B K
ST 36 R AR S I T e FE Y 32 AT G 0
568 85 % AT U 55 T IR By R 08 5 A S 0 (29 26=14.9°
15.3°.16.2°) i Mi b e e 1 fhds EHE L R . &5 A
Rietveld K & 25 5l 1, £ A6 22 1 Ik B2 30 B DY A d =
B I 3 T v AT R, 2% B AR TR Y BEAE T
2 1 [ P A A K B . i 9 R B, I XRD R4
A R 7R CL-20 Ay A% S5 A A8 2o 8 B A B2 ik A58
Shy B R A 14 25 KA RS 1 S B 1 ML AR T
2 14 52 55 UE 4l

BE AN, 78 HMX 1 #4035 S 40 A8 0F 58 o, J5A 1 1
XRD # FH T 48 7~ oI\ B A 1) & M 5% AF A &5 49 3 1k B
el g R R, B-HMX E THIR 2 £ 205~210 CH
TFUR R AEARAE I e 58 5L Al S-HMX . AT Bl
H B R R AIE I (24 14.69°) Fifi i B TF 755 34 7 0 55 9F
A%, TR IF 6 AF AR BT I (10 13.26° .17.16°) B W1 58, Ul
B R D5 T RS oy TR B b B, S T
S EHES AR BT . UL, B A R TR XRD RS E
L8 7R HMX TE SROfI T 14 A0 25 S 46 38 5 5 45 4 v b
A, HE— 25 BT i R TR 6 e 25 5 BE A L AH AR
FEH I S EEAE .

FE 25 BE AT RE I A3 gt ok B B0 BB B AR R A XRD
AT H TR SRS R T T Ak S A AT . FE
CL-20/MTNP 3 19 5535 0 i iF 58 v, I 462 28 3 XRD
At
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s T A I A b R 25 R AL A R R
7 Bl TR T 3 AT S0 (24 20=10.7°.12.1°) 1%
R 555 5 9 %, TRLRE H B y-CL-20 R AF 1 (24 26=13.0°
XFRE(1 1 0) ST 14.2°%F 0 (2 0 0) fh 1T ) , F K &R
FERRNFL T DT Ay L) y 25 EHE . %
F 5848 78 T CL-20/MTNP & £ [ 3 Il 175 5 34 5 f# ML
H, B MTNP 23 7 76 Th i 2 & b A Je 45 &, 00l 1A 3
T Ja ¥ O B 3F % & CL-20 B 45 /b o Mt il 0L, R
XRD BE W A7 % FRAE T e A RE 43 ff 2k B2 v 358 3R AH 19 A4
S A AL 5 AT R, o B A R O T T A R S AR
T T3] AH 245 K 3 AL AL P AL T A S AR

FE S RE A RE A 2 it 1) B8 SR AHAUE 5 b, DA AR IR
XRD # A AE 5 52 1 46 7 b 1A 45 4 1) AR M 5 4
YRR AR AE o R TKX-50 A9 IR 43 947 5 0 b 36
B, M OBHE—80 2 180 CiL Bl N &5 W fae , R &
FAAE . Bl IR TR & 180~200 °C, A7 5 B3 o i 3
BT S0 R T AT R R ABTOX IZA S5 5 15
Y H G HE— 2 R SR A A ) © AR IR S LY
TERLIT &A= 25 & o e AT L U2 XRD fE 96 45 R0 32
TKX-50 #4473 fiff 77 1 114 35 5 AH 7= ) A6 i K it A 465 4% 7
6, Ay D BH 5 RE Ak 0 ik Ao R v it A 2R R 5 A FHE AL
TR T B M ZE R RS

FE SIS AR 7 T, XRD MR 75 7 B R R s 5 T
WA o IR S5 R SR ] 5~10 °C-min™' {9 FF
TR LR UE AT S 06 A8 1k Y AT o3 HEE 5 X6 5 40 i
Sy EALRE L BT AR (I Arsl N, 2R R ST
o B b BT 0 457 8% 5 5 B AR Ak Rl 4 Rietveld
R 16 41 I A% 2 B0 8HH B A 2 08 5 T 1A B R
RS 5 A8 . 454 DSC 8 ] 52 30 FH 28 Tt X -4
BN XTI A BT, DT 2 d Al IR AR AR Bl 12 AT . W
BEVE B AR 53 I 5 AR AR A S 0 5 8 A2 Ak S R
FR G AR B SR 2 RORE i 2 B s ) 6 AT G A 1 5
Wi, P I T 45 A5 T A0 s B = o ik 5 R E AT 58 UBGIE
DI R A ie T SR

JLAE XRD 848 7 ity (A 45 46 8 4k J 1 HL A 7 2 )
Gy PR E AL H IR S R KR A P4
a6 o3 fife ak B bR Y TG TR SRR 2 A T R
FEATBR o [a) B Do e ek 5 30 0 A it A4 Tl R K
o R R A, IR & e RHE IR AR 1 R AT R
K AR w2 BRI T4t IR S PR R [ 43 R
R, 7 B AL ERAE 58, XRD W 5 DSC 2T Ah s 7 2
J i A5 R A T DAARAS T 2 B AR Ak 5 45 4 v Ak
F B A o TR 25 A G e TR PR R R A R L I 43
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RN 25 (8] 23 B BT AR AR AE 1 5 o ol 25 F
TR AR 5 R R O B, AR AR AZ 4 T I A
O fifk 1 A TP O R AT AT R — PR ROk TR
A0 S5 P = A Bl AT S AR e i s 23 B o
figk BT 5 RE AR B 20 M 1) i 25 205 4 A A B R 1) F 5

M 4419, 47]
o
uniform grinding
orientation
correction

A

new phase
precipitation temperature/

: . atmosphere setting
revealing pyrolysis

pathways and kinetics in-site environmental
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Table 2 Changes in infrared absorption peaks and corresponding mechanism analysis of EMs under heating conditions
energetic absorption X X X peak response with temperature  structure or
_, Vibration assignment ) ) references
compounds  peaks/cm increase mechanism analysis
asymmetric stretch- eak intensity undergoing three
1608 ) P . Y 818 corresponding to CL-20 crystal thermal ex-
ing of —=NO: stages: linear decrease, acceler- ) o
pansion, & — vy phase transition, and ther-
symmetric stretching ated decrease, and further ac- S
1329 mal decomposition
of —NO; celerated decrease
same as above, but with a slight
) ) ) ) C—H bond is more stable than
3047 C—H stretching increase in starting temperature
N—NO: bond
CL-20 at each stage [48]
same as above, but with a sig-
884 C—N stretching nificantly increase in starting C—N bond is more stable
temperature at stage 2 and 3
peak intensity undergoing one
831, 820 C—C stretching accelerated decrease phase, v-phase formation
with a new peak (834 cm™)
a- and B-unsaturat-
. initial bond breakage and
1685 ed aldehyde C—0O new peak appearing L . .
L oxygen-containing intermediate formation
vibration
a- and B-unsaturat- . initial bond breakage and
CL-20 1492 . . . new peak appearing o . . [49]
ed nitro vibration oxygen-containing intermediate formation
1747-1751  amide carbonyl peak new peak appearing internal amide structure formation
. ammonia removal and nitrogen heterocycle
2146 —N=C=N— new peak appearing .
condensation
1346, . peak intensity weakens and dis-
C—N Stretching C—N bond breakage
1202, 1145 appears
peak intensity weakens, later
. ) ) N—NO, bond breaks, but the breakage
HMX 830 —NO, deformation  than C—N stretching peak dis- . [50]
rate is slower than that of C—N bond
appearance
3036 methylene asymmet- peak intensity remains, but ab-  increased ring tension and ring
ric stretching sorption peak shifts to 3054 cm™'  self-reorganization after bond breakage
symmetric and ) ) ) ) )
. blue shift, and peak intensity hydrogen bond interaction weakens
3220, 3320 asymmetric stretch-
. weakens gradually
ing of NH,
asymmetric and
TATB ) ) ) ) [51]
1450, 1230  symmetric stretching blue shift hydrogen bond relaxation
of NO»
scissoring and wag- . change in molecular orientation and
783, 730 . red shift .
ging of NO, uncoupling
fE , 13 B A5 A R A5 5, T A ot % p A2 iR as 5 40 Y 2 T AL 7 A LAY BB TR R LN 1 5 O s
AR X T A AR E L XPS AT AE MBS N A5 S W R, T C 1 ZH 23 A 0F 1Y 5, 3% Wl IR R G
B 5 XA i TR AT E AT, N A2 R (—ONOR) 7R TRl ad 2 f g 20 2y e, 1 b6 W 0 ) 26 T

TG itk 2o R v A2 B DT B O A T 7 K W AR LA G
B,
TE 5 BB MBI A 3 i 0 58 Hh L XPS 45 R BB 65 5
1B R A i RO B BRI R S T A R AR Ak, R
T A 4 7 BB R S R Ak A R . FE AR AR (NC)
B RS XPS 7R T HAE 120~160 Ci [l N
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F15515400.6 eV 7 AR IE R 35 ARSI
ARG EIE (29 403.2 eV) LT K , R ASMI—NO, B
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C 1s A 25 R R ,284.5 eV(sp? C—C) ,286.3 eV
(C—O = C—N) 1 288.3 eV(C=OHN—C=0)15
SRR 3R B R I BT L C—N
C=N ]y F 0905 &4 Ao s 480 . il W, XPS
FE 0% B0 AT TATB #R 43 fiff ik 72 v i 56 00 24 1 42 4
A BB AR A AR A T 2 A AR b Sk B A DY A
R Ak A W0 Iy R 5 B SRR T Ak AL 3 AR 1L OC
W

UEAh , XPS 5 i (MS) 6 ik — 254 e 17 Hife
Sy fRPLERBE X T B 25 2 BERE T . AE CL-20 Y L F 3
Vh S0 i WF 58 o, XPS-MS JELN7 ] 4 4» HrdB R T He 3k
T 25 5 A = P B B R A SR R B R A
BFEIER N 155 O 1sfF 55 B R, 1 C 1515
SHhR  RUMK R DA A il B . N Ts
LT 407 eV 1 N—O FRAF 06 i 35 5 0k, 158 B i 3 45
PG SE Wi 24 O 1s 15 5 ik 55 S b i SR PR S RS
PR By B i — 2R B H,  H,0 .CO/N, .
NO K N,O/CO, % B F W J , & W 4 fif b 72 £ B 40 fk
W RN 5 R A . A5 B, XPS-MS X
FH H R AR 6% 52 30 BE 3R AH 5 A0H A9 [R) 28 00, O BT
CL-20 7EAE #2510 TF 1Y) W7 24 ) 301 5 s 7 ok 4% 4
BT S A

5 ARARL, JE A7 XPS 454 FTIR BY B [H] 43 B . 78 Ot
I i A R b B AR O B . 7R HINS 19 6 300 il
WEFE T XPS #g 7R T 43 1 h i 2k 1 S+ 4 b 5 3% T Ak 2

®3 AR BN LR

WAL, MO E ON 1sOGiE % 406 eV AL gAY
LU A BHT A K PR 4 BE 0 (29 401 eV) |, X R T
—ONO Z5#), £ &4 T NO,—~ONO A1k [ )i
[E B FTIR 3% 76 1020 cm™ H 31 C—O il 45 & 35 W ke
5XPSEE R 8, i — LRI T a0t
7% 22 W1, XPS BE 5 A U $E HNS 43 fff i 72 Hh N—O
AR5 R R S T8 B, O B G IS AR i LB Y N T
BE R AR T A .

E 52 30 4 4E 55 8088 A% B 5 1D, XPS T 75 7™ A% 45
A it 2R R AR 5 I A, DA DR 5 A AL LS
WAk 27 A R R SRR i 3R TR U DA
/b B i B BB RO L 0 3 R B A L D A S
g ef THE R B FRAE 1~5 °Comin™', I 3055 2 %
R R R R NIV = W Al VA P U O
C 15N 1s & O 1s 45§85 2k (1 W 43 i, 1T 5 £ 38 BE AN [
HBEH MM &AL, 45 & 2515 LG o BT L ] 3R AT Ak 2
DT 2 5 R 2 ) T AR

XPS H AR TEWF I B BE AR il I3 b ) B K AR
PAE T H RO 3R AN A B 15 B N A 45 1 J2 1 R
Bk 2F 5 24 5 B AR A 6 At B 9 H XPS 76 & i fh2#
AT 91 5 07 v Bt EL A B v 1) R . AR, Pl TR T
R TR A B, XPS F2 2 S A i R 2 (29 5~10 nm) Y
2R 5 XY o il A U AL 2 BB (5 5 ) 22 iU
AR A=A T N1 S = ARSI | ) N = B/ NP L P A 3
B 5 RN 2 0] A S 8O BN E M, N I 7 R
T 25 Ak I 75 &5 A 2040 B = Rk RS A5 R E AT A8 X
ISE .

ST E  XPSAE N &40 F B, R 7R & g b
B fif o B b A S T Y R A e Ak M OT R RS
J7 1 EL A AR . Bl A [ 2 4R S s B TR 43 B XPS
BEAR MY % 8, FLXT % 25 Ak 24 25 A8 Ak 1 4 B2 A8 s 0k —
AR T TR A S R A RE RS i 0 F )2 R PILARI
PRAMLOC B S S HE

Table 3 Comprehensive comparison of different research methods for EM decomposition

methods main information

mechanism issues limitations

reaction potential energy surfaces,

quantum chemical calculations o
initial bond cleavage

molecular dynamics simulations

heat release behavior, product com- reaction stage identification and

coupled thermal analysis techniques .
position

spectroscopic and structural charac- phase transitions, structure and va-

terization techniques lence states

reaction networks, energy transfer

initiation decomposition pathways small sample size

reaction pathway evolution short time scale

information on transient in-

products verification termediates only

structural evolution and residue ) ) o
o time resolution limited
characteristics

Chinese Journal of Energetic Materials, Vol.34, No.2, 2026 (198—214)

Sttt

www.energetic-materials.org.cn



o HE AR A AL BE S A7 5 2 W BOR o R

211

4 ZRERE

R R I T AR LR R R S M
TERE A A IR, XA B M R LB k43 7 45 4
H5E I T AL SR A EER L, AR
BregiR T UL AR R AE B REAORE A AL BT 5 4R Y
B R P B ML 50 NI B R Rl 3 W N e R DA
B A BT IR SOME BT A I ROl T 5 6 4 R AE A
LA R o X Ty vk L TS5 4 F Bl 2k B 2 0
I F R AT R 2 ROE B R T & e 1 K )7
AR 2R 0 BN AR BT, W45 K A T RE A ) 58 1Y AR S L
PR TEHESE

HLI AR U 5 S 56 FAE /Y A R EBLR i BE AL
G D A s A S S N e e = W 2
HL 23 T s Ak 2 B T 2 L R N # R T K ) Ak 2
3 Ak, 2 3R B B B I I AR AR e R 0 A Y B
WF 5 T B o0 1 3h Jy A B LA 5 K ] 5 4 ) R
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CHR AL 55 AR 7 AL R AR S B R B B 5
Wy A B B TR 25 1% BT 5 T XRD L FTIR L XPS %55 4% 5 45
R AE F B W38 s T R o B b R B S AR Mk
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Advances in Analytical and Diagnostic Techniques for Thermal Decomposition Mechanisms of Energetic
Materials

SONG Zhao-giang, CHAI Gui-quan, QIN Yuan, YAN Qi-long

(National Key Laboratory of Solid Rocket Propulsion , Northwestern Polytechnical University, Xi’an 710072, China)

Abstract: To better understand the thermal decomposition behavior of energetic materials, recent advances in key theoretical
methods and experimental techniques, including quantum chemical calculations, molecular dynamics simulations, coupled
thermal analysis techniques, and spectroscopic and structural characterization methods were summarized. The capabilities and
limitations of these approaches in identification of reaction pathways and characterization of energy release and structural evolu-
tion were discussed. Quantum chemical calculations provide detailed insights into potential energy surfaces and initial bond
cleavage process, but due to the limitations of computational scale, they are primarily applicable to the small molecular systems.
Molecular dynamics simulations enable tracking of atomic motion and energy transfer, making them suitable for analyzing typi-
cal decomposition pathways, but with limited time scales. Coupled thermal analysis techniques allow simultaneous characteriza-
tion of thermal effects and gaseous products but have limited ability to identify transient intermediates. Spectroscopic and structur-
al characterization methods can probe the processes of phase transitions, bond rearrangements, and valence state evolution, yet
their resolution often hampers the observation of rapid structural changes. Based on the comparative analysis of different tech-
niques, future studies should emphasize integrating theoretical simulations with in situ high-resolution diagnostics, combined
with machine-learning potentials, high-throughput computation, and multiscale modeling to promote the research on the ther-
mal decomposition mechanism of energetic materials towards multi-scale coupling and predictable modeling, and enhance the
ability of characterization and prediction of complex thermal decomposition behaviors.

Key words: energetic materials; thermal decomposition mechanisms;theoretical simulation;thermal analysis coupled with spec-
troscopy; spectroscopic and structural characterization

CLC number: TJ55;V512 Document code: A DOI: 10.11943/CJEM2025251

o
I

Chinese Journal of Energetic Materials, Vol.34, No.2, 2026 (198—214) o A A A www.energetic-materials.org.cn



