2B AR P 23 T ) A PR A R A R R R

889

XEHE:1006-9941(2020)09-0889-13

BEEERSTERBEFERNTRER

% #

(FEIRYEF R ICTHBIRH, DI %H 621999)

HET

OB TR RE SR OB R Y ik ST A A T R J i A ORGSR T BRI RE AR TR A e
RE AR A4 1 R FIE R o AR SCIPSR T 3% RE RS A b 23 T 18] 0B S m-e M FRVE T B HC X 23 T M U S i o % 5 P22 8 T ) 5
WA 5 A i A R 23 DA AR R 8 o 0 A e RIS 7R A0 2 (1) {0 RE b R AT LU e 8 v B A A S iR 9 B 5 (2) T -TE
- S BRSBTS ) 2 ME AR5 (3) BB O3 T TR AH EL AR T B G A o S P 2 — 0T o R A < R Y A
TRERME 5 (4) —BRIBIG IR 43 T[] 05 T Al S BORh IR i IR 22 g MR 25 o U A, 43 7 B0 RH T A0 T 1 e Al 40 5 5 R 0 7 TR 0 3 £ R

RS RV E A
SRR - SRR R S0 T AUAR EL AR T s i R s IR E
HESES:

NERARE: A

DOI:10.11943/CJEM2020142

1 51§

TR EAE R, W B B VE, £145 van de Waals
YR AR s A R (PR 1) s iniAk s |8 R IX )
R A (HB) (< 8 - HE R Lo-mr . p-m SEAH EAE X
A DX 43 32 B LA B A 2 2 RN 25 A T R Y R
TR R LR/ o AR — Z& SR 2k, - Ml AH B
YEFB: 35 g 4 308 1 29 SR 7E [ 08 1Y d A L, B2 T
e AR NS B I S N A 1 B s e LS WSO I (S
XF A KT Fr e i A v J3 - BCRS MEFR 5 1 Gk S HE AR
SR ERE MR CEM)MERE R S LA A R X,
X LA FBE S EM BT BE SE A

HAr, B &5 M CHNO 4r FAM , B A A & AH
TR TR RS EAER (MOF)' T ik
e AR ER T R oK ) AR R M R S 2
AR E AR R0 Gy g 4 1ok, Hoh K o 1k &
HHA X5 T4 5 CHNO LA W 19 3 41 8 5 9 4544 .
JE L, SEBR A B N B EM 9 AT AR R i b bk

s B #3: 2020-06-15; € E HH#: 2020-06-21

™ 2& H ki B #3: 2020-07-16
EL2WB:HR AR %A (21875227;21673210)

TEE B A KW (1971-), 95, 098 5L, 32 5N 3150 & B 1 kL 2

5% . e-mail: chaoyangzhang@caep.cn

CHNO 701 ¥ B 149 75 BE 73 1 it A , 10 05 18] AR E A ]
EE B AR IR [, H AR T R
RER TEL , R A O A HLE 7, B 1 A I
TR R TP T, B TR HDEAR S B T [ A A
PRIt AT LU 0 T AH ELATE P A S B R AR G e P

R e RE A BHE EMBIFSE B — S Ty 1], Al %
I U R BEAL & W1 R AR X AR G B .
IR NE A & BEAL & 1 AR 3 181 AR ELAR AR i
7 2% WL FE (U JRR 38 ) ) 5 28 AR A A O B i B i o )
FORERT . PRI, AR SOR B4 & RE 2 7 i iR 5 & RE RS 1 i
PR O LR TCHLES 5 R0 2 ) v 201 (B A FL A P A4 A
3 TRV AH EL A P GE SR AR G5 R 15 o B 8 A 22 7 1 Y 52
M R, LA KA (8 ) JRes RE Al A 2 1) AR LA P X it
7R DU S — 0 35 BE W R b 2 181 AH ELAE T Y
BT R, A BT B SO RS RE AL 5

2 SHEEFSTFEEEERANTR

H AT i JC AR & ek & 9 i W 2 S e mr kAT
ZEFE| TNT A RDX & BLAR EM LR A 10 3% 8
SCREHE (B = T RDX JE T B EALF INTHL G
MRS R G . A E Xk A AR E A
BRI A 41 FOX-7 \NTO HI LLM-105 K& 38 5r & RE 25 1

SRR kP . AE A M TP 4 AR AR A R R R R D] & RE A KL, 2020, 28(9):889-901.
ZHANG Chao-yang. Characteristics and Enlightenment from the Intermolecular Interactions in Energetic Crystals[J]. Chinese Journal of Energetic Materials
(Hanneng Cailiao),2020,28(9):889-901.

CHINESE JOURNAL OF ENERGETIC MATERIALS

N XK 2020 % F 284 # 9 (889-901)



890

ik & FH

o BT, AU TINT BUE IR E Re ik &9, B 4
BT TNT K T INT AL A9 . X R, T &
IORENER NN | I SIS I R 7 X P AL D R
Boo MO A A5 P el S AR 20 b A sl R e L 3T
TR R RAFRZ AR T B dh k. AR kg —
o 0] AU JB% v BB R I RS A iR 2 L Y
SR, R T SRR R AT O L L e R R B A
oy (R AE AR PR .
2.1 HFESE

TRES; TR B R AATE HE L X O 4 )
HB I AEFEZEE T LR &1, ik Ma FREMRT
G HL BT CHON EM H i) 43 - 8] &SR T, A0 5 11 Fib
iR 8 5 BE 1k & %) TATB .NQ . DAAzF . DAAF , DATB,
DNDP.NTO,TNA ., a-FOX-7 . LLM-105 5 TNB #l 10

B Low sensitive energetic molecular crystals

average d/ A

average E,;, / kJ-mol’

1 fRGEE B S RS> T A 1] HB B LA 5 e
Fig.1 Geometry and

FFE S5 e v DL e 4> AL frh A3 3], an gl 2
JE s, KA 43 CL-20 & 3 i vh A7 72 8 | 19 43 1 [
HB, 248k , ik 6 U5 B 12 LR 59 0 Al i A HE T
e-CL-20, K& 433 5 vh 19 53 7 18l HB 34 51 (O -+ H 4 firh
A1 JE AT, 3 6B 43 F ) HB A 38 58 T B % 3 b 3t
i B B B Bl e 5 R Ay Y A R R R A L, A E
53 3 fih v A3 TRDAH AR 2 78 K i 8 O oK R A= U2
HB a8 B AR AN K, DRI It A 385 o e A O 2 e O 1) e
FEMPSFHER, B, CL-20 F 3L Fih 43 HB
B340 RS2 o B CL-20 2l 2H 43 T B A LA, IR hy

Chinese Journal of Energetic Materials, Vol.28, No.9, 2020 (889-901)

Fl £ B EM ONDO. PETN, TNAZ . RDX. B-HMX .
BCHMX, e-CL-20 . BTF HNB il ONC'"*™"' [[fi J5 , Bu
SEON EM ) SR AT T 4Rk . TR
43 F 18I HB AR E T AT 11 F IR JER 55 i & 4 v Fn R 43
& H R AR AR D, U TNAZ T AN f7 78 43 F [l
HB, X 2 5 BOLIE BRI . &1 iR, 7
E AR 5 BB A R T Y 43 F 0] HB B T 58 T e 8%
T, R T A HB R K (d) V& P 4 5 RE (E,p)
LSRR (SE,) o K3 = B A 1A v BT 58 1 HB AJ U 45
FH TG AY HB 25 78 N—H AT 8 B R T A CH .
— T L AR GE I PR S A SRR A A, A
6] HB J3 A1 i H Fe B 4 5 (D EO8 B ) B4R IR Jeffrey
Xt HB AR 55 1 43 28 JEL 00 A S 1A HB IH S T 55 &
S, BRIV A 1% R B R AR TP R ANt

I Sensitive energetic molecular crystals
180
170
160
150

average 0/ (°)

YE. | kd-mol’

energy of intermolecular HBs in traditional single-component energetic molecular crystals

Oy F WA 1 2 AR TE Sy T UM AR T 2R 2 05, I 3 5 )
FIRFA A A AE— B IR0+ i

IEAh , Meng S A BFGE T SRR B TR Y 4
Bl HB, 85 ¢ T M (HA) B T3k E 3 s, &
AE S 7 b 7 T HB — M B i AR S RE T i
R TREE FEPMHEE T, HAT NH, \N,H;" .
G .AG" . DAG M TAG", il & M58 HB 45 1, BT 19
CHB 4y ] B 2 5 HB AZ 44 s b Ah , S B B Tk h o 7
] HB J& T #L 8 () 8 7 8 HB, i 7 A 4> T Mk 19 HB
o TR Bk s T PR S 30 AR B AR b 4 1R HB
&g

www.energetic-materials.org.cn



& AE A R T 40 1) A AR R R R % R R

891

PR E R, E 3R EEA d, KA E, FISE o
B4 18] HB WG S B0 e 2 FEh il BB A = i ME R R 4K
(PC)!" FIMIE fi o RS

I 0+ oo WoN Other

o
o o
:DU ;

,_
o

2<
Sa2
Lhro@mrol

St
O
=
o

,_.,.
I I§5Nl_
=
Srocaoas
TR0 Lo SR mrs L

000
Znn—pfo
{=)

TSI

,-f

2
=8
L.
(%]

"’EN
T

[=3
ju
ig?ggz

B85
28

=3
0|

P22n

o 00ollo

,_
o
S
R=TNE=N
oSrors
S=

Rl T
=0

(o]
O,

CL-20/BTF
Oy =
0% 20% 40% 60% 80% 100%

2 CL-20 &3t 4w L CL-20 2 H b0 52 9 43 1 i) J5 5 [f] 3
e fuh A Jie K

Fig.2 Populations of close intermolecular interatomic con-
tacts of the CL-20 molecules in CL-20-based cocrystals

2.2 w-mH#ER

- HEAR BB R X S A w0 T TR R
MEMRENESART#OER, HTHAHREME
WE5F R Ko, X 02 m-m HEB Y 20 F 5L 6l

I Energetic ionic salts

average d/ A

average E., / kJ-mol’

0
& *P O &P &
o R LIS
g S SIX
X X

3 HREE T SES A RS T AR TR HB Y AL

S RN i 7 e i AR R = AN M O S Drek e 82
Jn, A Bl T AR EM AR s G, R w By TR
WIS RE SR . i 4 BTR K w oy T rh
HEAH E RS —E Wk, #1418 H 431 BTF . TASH
M TAT A K =i,

- HE AR AT A3 S AN & 5 i /s Y DU R b
S Z2 1 ) 2R B HE AR SO0 EM R4 o B n] AR B
K FEI , BOKAE S TS o AR AR oA o4 F 18 HB
HIAFAE , B]KE 2 43 oA HB B B (B TG HB 1Y) - MERHL
6 7 H T 2 MU RE A HB B Bl Y 1 - 18 -
BLEWR 278 HB 32 78 T X S 2 et s (R &
PG 0 2 ] HB B FEAE o X SRy 2 A R T B B R
FRIZ B ot se vk . PR IE , 3 BB AR AR S o0 i HB ik 44
HB A2 14 F1 T AT 1] A A I 5 22 250 T - 1T - HE AR
THIAELE L Bk RS 58 CHON (1943 F d i
W, A TRDAH BRI 485, X R A B AR FHZE 3T o8
ok P R ME ; T AE R, (R,=NE{ O)—H---R,(R,=N &
O) M B AR vl & B 8 T3 b, 4> F 18] HB ¥4 1 3 1Y
SR KE A BT AR R ) B R S T

Kl 778 T =R JC HB Eh B A m-m HEAR , A0 45 BTF
B9 IR A B - HE ALV HI TASH 5 TAT (9 1 -1 - HE
FRio RS AR R R EE R L Rl T
A -1 - HE ALK, TASH F TAT 1983 a2 ik

I Neutral single-component molecular crystals

180
170
160
150
140
130
120
10
100

average 0/(°)

Fig.3 Comparison in intermolecular HB between energetic ionic salts and traditional energetic molecular crystals

CHINESE JOURNAL OF ENERGETIC MATERIALS

N XK 2020 % F 284 # 9 (889-901)



892

ik & FH

.. - e O e o L " A
[ ] : = z) - - .
) L] L] e L] L °

PR . B

oo
<
L ]
L ]

[ ] L]
L ] . . » L .
l - ] A . e - ° [ N
v v v v " v v
- - L] - _ - L
i i ke B d o e f.
® . ° L] = ] -

%"“"O’W'M‘W—-ﬂﬂ-ﬁ—%—-

(a) TATB, (b) TNA, 7° (c) TNB, (d) DATB, 7% () DNDP = _ (D LLM-105,
R ¢ P “o [ I . —. e
L] ° < o - e u P “ . . L - . a -
- « v ° © Y Y 1 e eo
¢ o, e o 0. L .4 A o, e
—em—om-Se— —— W2 —— s
() NTO, () DAAF, (i) DAAZF, ! (yNQ, 7y (K) FOX-7,

4 FET RS B ST Y I T S 00 T AR A

Fig.4 Front and side views of planar w-bonded structures of hydrogenous energetic molecules

_— v
— Ryt NACAR
g A NAAR
v
v
v
a \|
\l
|\
alb b 1
d d d
(a) face-to-face (b) wavelike (c) crossing (d) mixing

5 EREAR A PO o AR K A TR /20 T N ERE (p) -1 RS BE B (DRI SC R, a M b oy B RO B T5 7 B A2 A ST G

Fig.5 Four types of m-w stacking in energetic crystals and inter/intra-molecular potential (p)-sliding distance (d) dependences

of the four kinds of stacking. a and b denote the sliding along right/left and front/back, respectively

12 - -
— A

P e i ey
S i S

.. () DAAF

e

e srmmasms 4w

S e s e

e rmemes rmsames s rosaman s e

(d) BTOH,0 () NNN-G
Bl6 7 AE MR HB P A T - m-mr HERR . B4 7 b iy
T3 AR TR A R 15 18] HB (4 i 48 ) Al - MEAR

Fig.6 HB-aided face-to-face w-m stacking in energetic crys-
tals. The top and the bottom in each plot show the intralay-
ered intermolecular HBs represented by green dash and the

w-m stacking, respectively

Chinese Journal of Energetic Materials, Vol.28, No.9, 2020 (889-901)

- e i s e e

(b) TASH (b) TAT

(a) BTF
B 7 JCHBMIAY - HERR
Fig.7 Non-HB-aided - stacking in energetic crystals
— & RALY . TASH R TAT (9 2r THEBUR K 5
T RATTXSTC HB BBl EM i A HE B A DG, (ELAT
e ZHE— 2 Y ERR 0, o A 2 S T - - M
AN DN RT3 S e N S o O S T R T
YRI5 119 J2= 45 A8 i S — b 23 5 RS R A i 15
B A R I F I HB L HE T B A AN
JEL - Al LA B R AP AE AR, ARl T B A 2
[] ] A7 AE — € B (B0 51 5 e S AR A X nT DL
IHEHTGE R AR Y PR . R XA TR
L HIHIA
A et At

www.energetic-materials.org.cn



2B AR P 23 T ) A PR A R A R R R

893

2.3 S FEEE

SR b S W EM D UL (R B R T
B3 0 B 7 SRR K R ST EM. i, =M A R RN
gL S A ok T B A4 5 )& DADP/TCTNB .
DADP/TBTNB"**'fl DADP/TITNB*,

Hor  DADP/TITNB J& — A~ 3 7Y (1% 38 5o 3 4 184 58
51 AV AH AR 5 et - M ARURE =X 52 IR 43 o Je
BEJRAT PR LA S FRBEAR 0 41 . [l 8a F ] 8b 435l
/AT DADP/TCTNB Hl DADP/TBTNB 1 )2 4 43 111
AH HAE ] 9 TCTNB A1 TBTNB A [8] 43 7 8] #9155 A
L BIO---CIM O+ Br, X 5 A 5 L AR L. A L
TELZH Gy, S 0 i BEE TS B O TC I AR AR IR
DADP/TCTNB O---Cl ) R( [ 4 K 5 #H 3¢ Jit i i A
ARz M) TE 0.99~1.0 Z 1] (& 9a) , 5 HgH 43
TCTNB 1 0.98~1.04 fH22Jc L. 1M ¥l 8b ff 7R 1) O---Br
B RTE 0.95~0.96 Z [A] , & % K T TBTNB HL 41 43 1)
0.88~0.89, 3% WA It 5 J5 , TBTNB [ &[] A9 41 5.1
W55 L X & DADP/TBTNB /K2 5 0 M3 AR JiE R 122024
5 Hi7 1 W9 R AL 5 ORS R], DADP/TITNB JZ N 43 1 1] 4 H.
YERALE T W& 8c FTn i 1-+-O i 4 (TITNB (19 | JiL
5 DADP H iy O J&L 7 ) il C—H---O ) HB(TITNB
14 3 O JiL 75 DADP W i H I F) L FE B2 H 1O
AT F B2 43 A K R 0 R R, AL 0.90~0.97 T [ |
0.84~0.94 ([ 9¢), W TITNB [ & [d] B 4H 5. 4E H 2
FHaaE . [AEE, X t F EDADP/TITNB fit 3 BB X 2
SR AN A]F DADP/TCTNB #1 DADP/TBTNB, & 3l T i
F 053 RVAH FAE A A& ) S v 2 2R HE AR rp 2 43

. . s beer s 3 o 3. [y
e vt - v "-‘"‘-"-' »-e ‘e (% =2

i > . < S '
’ PR : » ‘ ;... ‘ Pant
N < T . T el
= i o o . .: - . .":“:
> : b N Y ey £ ': c 0 » N W
X Sg TEES <t R
(a)»DADF’/'I_'CTNB ) (b) DADP/TBTNB
M -+ @C
- ey .4 &H
Py vy ®N
% et 0
9 ®Cl
> - > @ bBr
o @]

(c) DADPITITNB
8 A E R LA RN () MZ I R ) 2> 5 A A BAR
I3 L&k 0 5 8 1R 2R
Fig.8 Intra-(left) and inter-(right) layered intermolecular in-
teractions of the three cocrystals represented by green and

purple dashes, respectively

CHINESE JOURNAL OF ENERGETIC MATERIALS

TR AH B R R TR AR EAE T (181 8) o X 3R]
34 5 71 1) AH EL A B 4% o S 2 R SCHL R IR
B — A E LAY F i, Matzger %0 & BE TITNB
7R T E— D KR E o-fL (o-hole) , AT LR V7
Z He i e 7 sm 2R TR RS E AR & . X AT IR R
— A E A A

gL
1.00 0.99 %:z‘ v § g 0.95 (J%’_; i—
0.96

1.00 0.99 095
1.00 0.99 0.95 0.96
O
1.00 0.99 0.95 0.96

(a) DADP/TCTNB

(b) DADP/TBTNB
uxﬂ

33t

(c) DADP/TITNB
9 Sk I i v R S B AR AR R AR RN AR (R)
Fig.9 Ratio (R) of the halogen bonding distances to com-

bined van der Waals radii of the three halogen cocrystals.

3 ATEHBEERAMEREHNSETREN

1

B BE AR R T 4y TR AH B AR R R L HE R 4y 77 AR
F SR, B, 4 A VR FH O 5K S SO R G
B Bildn, xfF TNB FIH: = Fp g 3477 49 TNA [ DATB
5 TATB, BT PC B 4 Bk 1 2 1 H R 9 20 3L 1L
AT G, 4y 2 0.72.0.74.,0.78 F1 0.79'% £ B
PC Fl 43 % B (d,,) B 3, JCHE R BE (d,) A 3
(d=PC-d) , %+ %l & 1.676, 1.773, 1.801 g-cm™ FlI
1.937 g-cm™. % BE A 3G Tt $2 5 EM A PR RE 2 A
FIEY o R, BT 50 5458 5 23 [ AH BLAE A8 4k
X DU Ak A i HE FRURE X AR A5 Ok A R T B Ui
B, ol I o B L AR X DU R B LA T R Y
& WHh, 5T W55 FIEE HB 13 68 i 5 % 2
XU FI i, 815 EM BB it -2 M I R K ZE M, X 238
TR B = O RS TR IR AN 2 W, .

Ty —A-58 4 F 18l HB A7 B T4 & d i 1]+ 2 %
fi £k o Meng %558 i b 4 M & B, 6 TRl — 41 2
FHFEE TGRS TR RS THhET
HA R dAREPC(ET). BT d=PC-d,, A

N XK 2020 % F 284 # 9 (889-901)



894

ik & FH

1 FREE TS IUME W &AM AR PC(in% ) 1 HLE .
Table 1

ionic salts and some common EMs.

Comparison in PC (in% ) among various energetic

explosives NH,OH* NH,* N,H,* G* AG* DAG® TAG*

BT? -based 81.8

77.9 75.2 75.6 76.8 63.9 725

BT,0? -based 82.2 77.3 75.3 74.9 77.0
DBO?* -based 82.8 82.0 74.5 73.1 763
DNABF?"-based 84.1 79.8 80.1 77.8 74.3 76.7
DNBTO? -based 83.3 77.3 80.7 783 77.7

BTO-based 84.9 80.2 80.0 75.3 72.8 80.6
AFTA -based 80.3 76.6 72.4

NTX -based 79.9 75.2 74.8 74.6 74.0 72.7
TATB 79.4

FOX-7 80.0

LLM-105 78.4

B-HMX 79.0
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Table 2 d, of various cations in BT*-based energetic ionic
salts and their d_

density
d. ,g-cm™ 1.68 1.24 1.50 1.80 1.87 1.93 1.94
1.590 1.531 1.586 1.568 1.520 1.535

NH,OH* NH,” N,H,* G* AG" DAG" TAG*

d.,g-cm™ 1.742
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Table 3 Comparison in thermal decomposition temperatures
(T,cs °C) of series of energetic ionic salts

Cations

Anion HA*  NH,* N,H,* G* AG* DAG*" TAG*
BTO?" 210 290 220 274 228 - 210
BT 205 312 234 316 251 208 207
BT,0" 172 265 - 331 255 - 217
DNBTO?* 217 257 228 329 246 - 207
AFTA™ 213 277 216 - 258 231 216
DNABF?™ 141 230 230 280 215 - 203
NTX™ 157 173 - 211 185 174 153
DPNA~ 166 195 180 171 200 - -

— AT RS O T, T HEAT 1 M AR AS B
P — 2l X 2 AR o 1 /8 T AT AL A AR A
PA I AR ol R N TN U T N 42 U e o N
bR U S I T R ) e R (RS B N AR )
(8] (4 56 2, 3t 13 3R A% — b 20 0 1t 194 s 1 SRR 45
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Fig.11 Substituent Effect on the crystal stacking type
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Symbols  Full name

AFTA 4-amino-furazan-3-yl-tetrazol-1-olate 4G FEN -3 (1R FE- P s 5L )
AG Aminoguanidine AL ER

ANTA 5-amino-3-nitro1H-1,2,4-triazole 5--3-HHEE 1TH-1,2,4-—1
ANTZ 5-Azido-3-nitro-1H-1,2, 4-triazole, 5-% A HE-3-HHE-1H-1,2, 4- =1

BCHMX  cis-2,4,6,8-tetranitro-1H,5H-2,4,6,8-tetraazabicyclo(3.3.0)octane iz 2,4,6,8-DUfiiHE-1H, 5H-2,4,6,8-P4 %22 XWH (3.3.0) ¥ ki

BQ para-benzoquinone X AL TR

BT 5,5'-bistetrazolate 5,51k Pgme R

BT,O 5,5'-bis(tetrazole-2-oxide) 5,5"-(pum:-2-4 1)

BTF benzotrifuroxan I = AR

BTO 5,5 -bistetrazole-1,1'-diolate 1,1 - -5, 57 -1k Py

CL-20 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane  2,4,6,8,10,12-/Nf4-2,4,6,8,10,12- N E 44 F A 25 ¢
CPL Caprolactam N Bk e

DAAF (Z)-1,2-bis(4-amino-1,2,5-oxadiazol-3-yl)diazene 1-oxide 3,3/ - & -4, 4 A

DAAZF (E)-4,4’-(diazene-1,2-diyl)bis(1,2,5-oxadiazol-3-amine) 3,3/ - a4, 4 AR

DADP diacetone diperoxide TR A IR

DAG Diaminoguanidine TR AT

DATB 1,3-diamino-2,4,6-trinitrobrnzene 1.3- 232,04, 6- =LK

DBO 5,5 -dinitromethyl-3,3’-bis(1,2,4-oxadiazolate) 5,5 - AL H -3, 37X ( 1,2, 41 T mk )
DMF N, N-dimethylformamide, N, N- 2 H 5 B i frie

DNABF  3,3’-dinitramino-4,4’-bifurazane 3,3/ - i A4, 47Kk R

DNB 1,3-dinitrobenzene 1,3-h4 3L

DNBT 5,5'-dinitro-2H,2'H-3,3'-bi(1,2,4-triazole) 5,5 - i F-2H, 2H -3, 37-4L( 1,2, 4-= 1)
DNBTO 5,5 -dinitro-2H,2'H-[3,3"-bi(1,2,4-triazole) ]-2,2'-diol 5,5 - A HE-5,57-80(1, 17 - 1,2, 4-= W)
DNDP 4,6-dinitro-1, 3-diphenol 4,6-hFE-1,3- T

DNG 2,4-dinitro-2,4-diazaheptane 2,4-fif5E-2,4- R AP

DNP 2, 4-dinitrophenol 2,4- i B R

DNPP 3,6-dinitropyrazolo[ 4,3-cpyrazole 3,6- Gl FLE eIt [ 4, 3-c | me

DNT 2,5-dinitrotoluene 2,5- g S OR

DO 1,4-dioxane 1,4-" 5N

DPNA n-(3,4-dinitro-1h-pyrazol-5-yl)nitramidate 3, 4- A B -5 - e k-1 H - e

DTAN N,3-Dinitro-1H-1,2,4-triazol-5-amine 3-fiF FE-5-AE Il HE-TH-1, 2, 4- =14

FOX-7 2,2-dinitroethylene-1, 1-diamine 2,2-ZfE3E- - ESE O

G Guanidine A

GTA glyceryl triacetate = ORI R

HA Hydroxylamine F I

HMPA Hexamethylphosphoramide 7N TP R b — e

HMX 1,3,5,7-tetranitro-1,3,5, 7-tetrazocane 1,3,5,7-PUfil3E-1,3,5, 7-DU A 4 R b
HNB Hexanitrobenzene aYE-T S

LLM-105  2,6-diamino-3,5-dinitro-1,4-pyrazine-1-oxide 2,6- 7 K3, 5- A1, 4-ME R - ALY
MAM methoxy-NNO-azoxymethane F AL BE -NNO- AU b

MNO N, N’-dimethyl-N,N’-dinitrooxamide NNY-Z0 N N - i i B
MTNP 1-methyl-3,4,5-trinitropyrazole 1-HI3E-3,4,5- = fgFEntpms
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Symbols  Full name

NAQ 1,4-naphthoquinone 1,4-Z5TH

NG Nitroglycerin il Ak 3

NNN 5-Nitro-2 H-tetrazol-2-ol 5-fiff k- 2 2k U R e

NQ Nitroguanidine il HE K

NTAZ 3-Nitro-1,2,4-triazole 3-fik-1,2,4- =AM

NTO 5-nitro-2,4-dihydro-3h-1,2,4-triazol-3-one SR -2, 4- A -1,2,4- k-3

NTX 5-nitrotetrazolate-2N-oxide 5-fif§ ik U - 2N -4 AL

ONC Octanitrocubane I\ ST T b

ONDO 1,1,1,3,6,8,8,8-octanitro-3, 6-diazaoctane 1,1,1,3,6,8,8,8-/\fi§3L-3, 6- A 44 i
PA Trinitrophenol EYE S 0

PETN pentaerythritol tetranitrate 2 IR I i D i 7R i

PNA Pentanitroaniline A L e

RDX 1,3, 5-trinitro-1,3, 5-triazinane 1,3,5-=fif9E-1,3,5- =AM e

TAG Triaminoguanidine AL

TASH 2,5, 8-triazido-s-heptazine 2,5,8- =& AFhE

TAT 2,4,6-Triazido-1,3,5-triazine 2,4,6-=F/AHE-1,3,5-= 1

TATB 1,3,5-triamino-2,4, 6-trinitrobenzene 1,3,5- =2 3-2,4,6-—fiff 3K

TCTNB 1,3, 5-trichloro-2,4, 6-trinitrobenzene 1,3,5-=4-2,4,6- K

TBTNB 1,3, 5-tribromo-2,4,6-trinitrobenzene 1,3,5-=98-2,4,6- = fif AR

TITNB 1,3,5-triiodo-2,4, 6- trinitrobenzene 1,3,5-=-2,4,6- = fif HE %

TNA 2,3,4,6-tetranitroaniline 2,3,4,6-U il 3L i

TNAP 4-amino-2, 3, 5-trinitrophenol 4-50%5-2,3, 5- A B OR

TNAZ 1,3, 3-trinitroazetidine 1,3, 3-= g H A 24 3R T I

TNB 1,3, 5-trinitrobenzene 1,3,5-=fig oK

TNDP 2,4, 6-trinitro-1, 3-diphenol 2,4,6- =M1, 3- K

TNT 2,4, 6-trinitrotoluene 2,4,6-=fifFEH 2

2 ik [8] Chen S, Yang, Zi, Wang B, et al. Molecular perovskite

[1] Eremets M I, Gavriliuk A G, Trojan I A, et al. Single-bonded high-energetic materials [J]. Science China Materials, 2018,
cubic form of nitrogen [J]. Nature Materials, 2004, 3 (8) : 61(8): 1123-1128.

558-563. (9] s2RAL, Houk, 2300, 45 . AR PR & BB AR — g XU /e [ 4R 7

[2] Zhang C, Sun C, Hu B, et al. Synthesis and characterization I S AR LR AR ] ST REAT R, 2018, 26(3): 198-200.
of the pentazolate anion cyclo-N;-in (N;),(H,0),(NH4) ,Cl PENG Cui-zhi, ZHENG Bin, QIN Jian, et al. 1 5 1 & fE 44 #
[)]. Science, 2017, 355(6323): 374-376. —— i RS/ [ 4R £ 3 3 5k s Pk R RE AL BLL) ] Chinese Journal

[3] XuY, Wang Q, Shen C, et al. A series of energetic metal pen- of Energetic Materials, 2018, 26(3): 198-200.
tazolate hydrates[)]. Nature, 2017, 549(7670): 78-81. [10] Lyu) Y, YuJH, Tang D Y, etal. Unexpected burning rate in-

[4] Gao H, Shreeve ] M. Azole-based energetic salts[)]. Chemical dependence of composite propellants on the pressure by fine
Reviews, 2011, 111(11): 7377-7436. interfacial control of fuel/oxidize [J]. Chemical Engineering

[5] Fu W, Zhao B, Zhang M, et al. 3, 4-Dinitro-1-(1H-tetra- Journal, 2020, 388: 124320-124345.
zol-5-yl)-1H-pyrazol-5-amine (HANTP) and its salts: primary [11] Cao X, Wen Y, Xiang B, et al. Are Amino groups advanta-
and secondary explosives [J]. Journal of Materials Chemistry geous to insensitive high explosives (IHEs)?[J]. Journal of Mo-
A, 2017, 5(10): 5044-5054. lecular Modeling, 2012, 18(10): 4729-4738.

[6] LiS, Wang Y, Qi C, et al. 3D Energetic metal-organic frame- [12] MaY, Zhang A, Zhang C, et al. Crystal packing of low sensi-
works: synthesis and properties of high energy materials []]. tive and high energetic explosives [J]. Crystal Growth & De-
Angewandte Chemie International Edition, 2013, 52 (52) : sign, 2014, 14(9): 4703-4713.

14031-14035. [13] Ma Y, Zhang A, Xue X, et al. Crystal packing of impact sensi-

[7] Landenberger K B, Bolton O, Matzger A J. Energetic—energet- tive high energetic explosives [J]. Crystal Growth & Design,
ic cocrystals of diacetone diperoxide (DADP) : dramatic and 2014, 14(11): 6101-6114.
divergent sensitivity modifications via cocrystallization [J]. [14] Bu R, Xiong Y, Wei X, et al. Hydrogen bonding in CHON
Journal of the American Chemical Society, 2015, 137 (15) : contained energetic crystals: a review [J]. Crystal Growth &
5074-5079. Design, 2019, 19(10): 5981-5997.

CHINESE JOURNAL OF ENERGETIC MATERIALS A fie A A 2020 % % 28 % % 94 (889-901)



900 ik ) B
[15] Jeffrey G A. An Introduction to Hydrogen Bonding [M]. New 8359-8365.

York: Oxford University Press, 1997. [31] Tian B, Xiong Y, Chen L, et al. Relationship between the crys-
[16] Liu G, Li H, Gou R, et al. Packing structures of the tal packing and impact sensitivity of energetic materials [J].

CL-20-based cocrystals[J]. Crystal Growth & Design, 2018, CrysttngComm, 2018, 20(6): 837-848.

18(12): 7065-7078. [32] Cady H H, Larson A C. The crystal structure of 1,3, 5-triami-
[17] Wei X, Zhang A, Ma Y, et al. Toward low-sensitive and no-2, 4, 6-trinitrobenzene [J]. Acta Crystallographica, 1965,

high-energetic cocrystal lll: thermodynamics of energetic-ener- 18(3): 485-496.

getic cocrystal formation[J]. Cryst Eng Comm, 2015, 17(47): [33] BuR, Xie W, Zhang C. Heat-induced polymorphic transforma-

9034-9047. tion facilitating the low impact sensitivity of 2, 2-dinitroethyl-
[18] Meng L, Lu Z, Ma Y, et al. Enhanced intermolecular hydro- ene-1,1-diamine (FOX-7)[J]. The Journal of Physical Chemis-

gen bonds facilitating the highly dense packing of energetic hy- try C, 2019, 123(25): 16014-16022.

droxylammonium salts[)]. Crystal Growth & Design, 2016, 16 [34] MenglL, Lu Z, Wei X, et al. Two-sided effects of strong hydro-

(12): 7231-7239. gen bonding on the stability of dihydroxylammonium 5,
[19] Cady H H, Larson A C, Cromer D T. The crystal structure of 5'-bistetrazole-1, 1’-diolate (TKX-50) [J]. Cryst Eng Comm),

benzotrifuroxan (hexanitrosobenzene) [J]. Acta Crystallo- 2016, 18(13): 2258-2267.

graphica, 1966, 20(3): 336-341. [35] Xiong Y, Ma Y, He X, et al. Reversible intramolecular hydro-
[20] Miller D R, Swenson D C, Edward G G. Synthesis and struc- gen transfer: a completely new mechanism for low impact sen-

ture of 2,5, 8-triazido-s-heptazine: an energetic and lumines- sitivity of energetic materials [J]. Physical Chemistry Chemical

cent precursor to nitrogen-rich carbon nitrides [J]. Journal of Physics, 2019, 21(20): 2397-2409.

the American Chemical Society, 2004, 126(17): 5372-5373. [36] Lu Z, Xiong Y, Xue X, et al. Unusual protonation of the hy-
[21] Yang J, Wang G, Gong X, et al. High-pressure behavior and droxylammonium cation leading to the low thermal stability of

hirshfeld surface analysis of nitrogen-rich materials: Triazi- hydroxylammonium-based salts [J]. The journal of Physical

do-s-triazine (TAT) and Triazido-s-heptazine (TAH) [J]. Jour- Chemistry C, 2017, 121(50): 27874-27885.

nal of Materials Science, 2018, 53(23): 15977-15985. [37] Lu Z, Zhang C. Reversibility of the hydrogen transfer in
[22] Landenberger K B, Bolton O, Matzger A J. Two isostructural TKX-50 and its influence on impact sensitivity: an exceptional

explosive cocrystals with significantly different thermodynamic case from common energetic materials[)]. The Journal of Phys-

stabilities [J]. Angewandte Chemie International Edition, ical Chemistry C, 2017, 121(39): 21252-21261.

2013, 52(25): 6468-6471. [38] Wang ], Xiong Y, Li H, et al. Reversible hydrogen transfer as
[23] Landenberger K B, Bolton O, Matzger A J. Energetic - energet- new sensitivity mechanism for energetic materials against ex-

[26]

[30]

ic cocrystals of diacetone diperoxide (DADP) : dramatic and
divergent densitivity modifications via cocrystallization [J].
Journal of the American Chemical Society, 2015, 137 (15) :
5074-5079.

Ma Y, Meng L, Li H, et al. Enhancing intermolecular interac-
tions and their anisotropy to build low impact sensitivity ener-
getic crystals[J]. CrystEngComm, 2017, 19(23): 3145-3155.
Goud N R, Bolton O, Burgess E C, et al. Unprecedented size
of the o-holes on 1,3, 5-Triiodo-2, 4, 6-trinitrobenzene begets
unprecedented intermolecular interactions [J]. Crystal Growth
& Design, 2016, 16(3): 1765-1771.

He X, Wei X, Ma Y, et al. Crystal packing of cubane and its
nitryl-derivatives: a case of the discrete dependence of pack-
ing densities on substituent quantities [J]. Cryst Eng Comm,
2017, 19(19): 2644-2652.

Jiao F, Xiong Y, Li H, et al. Alleviating the energy & safety
contradiction to construct new low sensitivity and highly ener-
getic materials through crystal engineering [J].
Comm, 2018, 20(13): 1757-1768.

Zhang C. On the energy & safety contradiction of energetic

Cryst Eng

materials and the strategy for developing low-sensitive high-en-
ergetic materials [J].
2018, 26(1): 2-10.
Zhang C, Jiao F, Li H. Crystal engineering for creating low

Chinese Journal of Energetic Materials,

sensitivity and highly energetic materials[]]. Crystal Growth &
Design, 2018, 18(10): 5713-5726.

Zhang C, Wang X, Huang H. w-stacked interactions in explo-
sive crystals: buffers against external mechanical stimuli [J].
Journal of the American Chemical Society, 2008, 130(26) :

Chinese Journal of Energetic Materials, Vol.28, No.9, 2020 (889-901)

[41]

[45]

Sttt

ternal stimuli: a case of the insensitive 2, 6-diamino-3, 5-dini-
tropyrazine-1-oxide[J]. The Journal of Physical Chemistry C,
2018, 122(2): 1109-1118.

Jiang H, Jiao Q, Zhang C. Early events when heating 1, 1-di-
amino-2, 2-dinitroethylene: self-consistent charge densi-
ty-functional tight-binding molecular dynamics simulations[]].
The Journal of Physical Chemistry C, 2018, 122(27): 15125—
15132.

He X, Xiong Y, Wei X, et al. High throughput scanning of di-
mer interactions facilitating to confirm molecular stacking
mode: a case of 1, 3, 5-trinitrobenzene and its amino-deriva-
tives [J]. Physical Chemistry Chemical Physics, 2019, 21:
17868-17879.

Evrard G, Durant F, Michel A, et al. Crystal structure of 3-ni-
tro-1,2, 4-triazole[]]. Bulletin Des Sociétés Chimiques Belges,
1984, 93(3): 233-234.

Garcia E, Lee K Y. Structure of 3-amino-5-nitro-l, 2, 4-triazole
[J]. Acta Crystallographica Section C Crystal Structure Commu-
nications, 1992, 48(9): 1682-1683.

Dippold A A, Klapotke T M, Martin F A, et al. Nitraminoaz-
oles based on ANTA-a comprehensive study of structural and
energetic properties[)]. European Journal of Inorganic Chemis-
try, 2012, 2012(14): 2429-2443.

Izsak D, Klapotke T M. Preparation and crystal structure of
5-azido-3-nitro-1H-1, 2, 4-triazole, its methyl derivative and
potassium salt[)]. Crystals, 2012, 2(2): 294-305.

Fischer N, Fischer D, Klapétke T, et al. Pushing the limits of
energetic materials-the synthesis and characterization of dihy-

droxylammonium 5, 5'-bistetrazole-1, 1’-diolate[}]. Journal of

www.energetic-materials.org.cn



S B B A e 5 T 0 L O 09 5 R R 901

Materials Chemistry, 2012, 22(38): 20418-20422. [48] Zhang J, Mitchell L A, Parrish D A, et al. Enforced lay-

[46] LiY, ShuY, Wang B, Zhang S, et al. Synthesis, structure and er-by-layer stacking of energetic salts towards high-perfor-
properties of neutral energetic materials based on N-functional- mance insensitive Energetic Materials[)]. Journal of the Ameri-
ization of 3, 6-dinitropyrazolo [4, 3-c] pyrazole [J]. RSC Ad- can Chemical Society, 2015, 137(33): 10532-10535.
vances, 2016, 6(88): 84760-84768. [49] Gobel M, Karaghiosoff K, Klapstke T, et al. Nitrotetrazo-

[47] Bennion J C, McBain A, Son S F, et al. Design and synthesis late-2N-oxides and the strategy of N-oxide introduction [J].
of a series of nitrogen-rich energetic cocrystals of 5, 5'-dini- Journal of the American Chemical Society, 2010, 132(48) :
tro-2H, 2H’-3, 3'-bi-1, 2, 4-triazole (DNBT) [J]. Crystal 17216-17226.

Growth & Design, 2015, 15(5): 2545-2549.

Characteristics and Enlightenment from the Intermolecular Interactions in Energetic Crystals

ZHANG Chao-yang
(Institute of Chemical Materials, China Academy of Engineering Physics CCAEP) , Mianyang 621999, China)

Abstract: If the molecules in an energetic crystal are regarded as the bricks of the crystal building, the intermolecular interac-
tions will be the adhesive among the bricks. Thus, the intermolecular interactions are one of directions and bases for understand-
ing and designing energetic crystal. This article reviews the intermolecular hydrogen bonding, halogen bonding and - stacking
in energetic crystals, and their influences on molecular stacking pattern, impact sensitivity and thermal stability. Some character-
istics and enlightenment from the intermolecular interactions can be summarized as follows: (1) the hydrogen bonding in low
impact sensitive crystals is stronger than that in highly sensitive ones; (2) the face-to-face w-m stacking is prone to low impact
sensitivity; (3) it serves as one of the crystal engineering strategies to enhance intermolecular interactions and their anisotropy to
reduce impact sensitivity; and (4) it will worsen thermal stability when the intermolecular hydrogen bonding is blindly strength-
ened. Besides, we should focus upon the accurate description of intermolecular interactions and their evolution rules against
thermomechanical stimuli.
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