96 R ARKI,BLT I, i

XEHS:1006-9941(2022)02-0096-07
TR BRRBEERLEDHE R . RE ST
7 ORLVERRLZALFLELALE B

(1. HAELARFAFS NI FER, ILHF B 210094; 2. BXRABHEHREEESABR PN, LA ExE 210094)

WOE: DHMRE (s R e ) i m R e oy R i AR T MR T R HE TSRS Y
(NH,OH*N, ),*NH,OH*CI"-H,O. 8 X-SF L A7 520 H7 (XRD) i FL -1 86 1E (IR) T8 K 23047 X% Ak & W i S5 M 47 1 %
TF, SRR TR R, P2, /n S BB, S 280 h a=3.8390(6) A, b=14.665(2) A,c=21.975(3) A, Vv=1236.4(3) A’,a=y=90°,
8=92.034(3)°,7=1,D,=1.589 g-cm™, F| 2 /R F & #L(DSC) Mk EAHrAX (TG) XF (NH,OH'N,™),-NH,OH'CI"-H,0 11y
PR PEIEAT T SE 45 R BRI UR A IR E 200 95.6 °C IVRRE ME R . a3t EXPLOS M HB o 8260 m-sT! MR N
23.79 GPa. ZIt k& W B e (R i 8 o A EE J2JBUEE (1S>40 J5FS>360 N, 5155 2 M 1 JL 45 i R KB T NH, O H N, O HLBRERJEE .

KR : REASRE TR B A BRI B A AR S 1
FESES: T)55; 064

MERARET: A

DOI:10.11943/CJEM2021282

1 8l 5§

Z A O Re MORHE Dy — 2 T B R AR A 0 R M R
(HEDMs) #E 2255 A B R W I W g, il 4 0% fg ik
AYE R T HASE LG REES R T R, X
il 438 F N—N AT N=N 41 1 /) k& 9 7 43 ik i vl LA
R K & YRR &, Ho 4> g 77 W 2O X BB C E
N, ' Bl AATTX e PR B Y 0T AN K R T
T B T (cyclo-Ny ™) 45 K 3 28 T IR B8 B e 9 i
AL S P — HCA R . H B 2017 4, B
TR ST A B T 6 S R T AR A e 1 Lk B
FER (N, (H,0),(NH,),CI*AI[Na(H,0)(N,) ]-2H,0",
cyclo-N, 43 i 5 B #3100 °C, R HAA RIFR
PR et ARG , 0w K HAT A i A T 5
A=A i B Bt

Wi AHEI: 2021-10-22; € EIHH: 2021-11-06

W4 Hh B #A: 2021-11-17

EL2WAE: BREAKRF#ILEHIN(21975127,22135003,22105102)
EER N : g (1996-) , & Wi+ 58k, FENFESREM RN A
WA 5E . e-mail:1195892878@qq.com

BEBERAN: FCRI(1991-) 8 8, FENFEZAARILED
A W B FAWESY . e-mail : yuangangxu@163.com

Bt BT (1963-), 5, #0482, F 2N F & mepoebk k& & JHF 5T .

e-mail : luming@njust.edu.cn

H IR (cyclo-N, =) 1E Sy — A i i 91 88 45
¥, AT LA 3 U 4 0@ BH B 38 8 -0 S 25 A R E 1
Bl &4, BRI 22 T 4 T 3k Bl B 5 6 R i, ik s
4 & BHE T4 Na*, Fe’, Co™ ,Mg™" ,Mn*", Zn* , K",
Ag',Ba™ HI Lt (H R i T R 4 e 4 R Y
fig /A B, PR A 0 AR S B e 1 T R R 4 AR
B g 2R | By N DR W R s B =1 VAN | R =
PH B8 FIAS [) %) o e 4 J v i 4 ) BH 25 - (i Na™
Mg™ Ag'Fll Ba™ 45 ) iff 17 8§ 34 . MEHES cyclo-N,~
1 F 4 J8 £ DABTT* (N,7),, Gu*N, Hl Oxahy"N, %"
PTG LG MR SRIESEBHE TS
cyclo-N, B I B X, AL 45 NH,” \NH,NH," \NH,OH"
(NH,),C=NH, (W& F) L R &5/ T B 5= 0 2 R
] = S

B Ae B TR Ak, S ae It Ak AW il T b B
A 9 2 0 1 B T A2 B )z TR B R OF i 1 RE A R
fem S L MM A SRRz =" M 4w M
e AR 4 A B K i S BRI 5 0 (R B O6 T e
A AR H D . A BAY ek Ak A 1 T
7R, 2020 4R R KAV R e B R T B e O 1
(-22.86% KT CO,) B NH,N,-0.5H,0,,iZ Ltk &
Yy 1554 4 (8.938 km-s™) (KRR (26.4 GPa) il b
1(259.97 o) AR i F I /K NH N, (F#54 :8.922 km-s™';

SIRA 8 BRI, AT A8 T MR /28 R R I 3% A6 5 0 B9 5 10 o A 25 4 ANk BE D). 3% BE B4R, 2022, 30(2):96-102.

YUAN Yuan, HOU Tian-yang, LI Dong-xue, et al. Synthesis, Crystal Structure and Properties of an Energetic Cocrystal of Hydroxylammonium Pentazolate/

Hydroxylamine Hydrochloride[)]. Chinese Journal of Energetic Materials( Hanneng Cailiao),2022,30(2):96-102.

Chinese Journal of Energetic Materials, Vol.30, No.2, 2022 (96—102)

Sttt

www.energetic-materials.org.cn



T e M/ TR M I AR B B R TR 5 A A g

97

R : 24.8 GPa; b : 225.39 s) , B J5 1Mk 3t
HTATOT'N, - TATOT il NH, "N, - 1/6NH,CI"" i &
JC i A 235 R A e 2 3, 3 e e 5 Y BB M RE B
s v AT BT B TE DALk e A R G 8 A N AR A
IS BB 5T 5 1)

AW GT LA B 28 H 10 M 55 e 6 Sk e 5t T K 4R
DA R 2 0 e Ay A o AR, A5 T A R e 5 R R R

@ N’ N
(8) NH, + r'uN +HO, — NHN,1/2H0,
N

@ N’ \)
®) NH, * N@%N £ NHCI —=  NHN,BNHCI

HN HN HN F HN
N~=N.® Na\ N~=N, N~=N@ N=N N~=N,
(©) HQN—&/\Nr\(NH * I\ll’N ' HgN—Q\jN/\(/N — = HN —Q\:Nr\ew ,{‘N‘ HZNK\/wN/ Y
NH

NH,

1 E e 2k Al L R L R R AR BT B R XS5
2R PR AT S SORT 3 S R R AT T 43 BT 5 R H Hirshfeld
FT 2D $5 BCE B AR SN A (NCHD 23 B 1 & g dt
i HH R 55 A B 5 SR FH 25 A UL (DSC) ATk
AN (TG) , B 5E T e b i RS e M 5 )P U
HEAT TR A5 04 o a5 R A EXPLOS B A
TR

Journal of Materials Chemistry A
2020,8:12334-12338

Journal of Energetic Materials
2021,8

~
" 2, NHz
ACS Applied Energy Materials
2021,4:146-153

@ NAS ——
(d) HO-NH, + 'nqN + NH,OHCI —-\ this work |
N .

B e d Ak

Fig. 1 The syntheses of co-crystals of cyclo-N;~

2 LIGER S

2.1 RKF S5

T < AR 6 S 25 SOk T i Y B R 2 R A e
B RIT A R R H A T DR 4 R R R N (B¢
Bk = e R A B R ) B (R o b2l 0 A R A
Al) O Cr st A2l A B A B 5583 Sk 43 B 4l o

4% - Nicolet 1S-10 AUl Bt AR 48 21 4p S 35 (55
[ € 2R KA R A | ) s SMART APEX T X-5 28 i £
S (78 [ Bruker 23 7] ) ; DSC823e 22 /i 1 4 1 #4X
(% 1= Mettler Toledo /A ] ) ; TGA/SDTA851E #47k &
S AL (B -1 Mettler Toledo Al ) o
2.2 ZWEHS
221 ML

DL AR (1) B e 2 e (2) 1 ER R 8 e oA TRk
G AL G 3,6 U 2L WL Scheme 1,

® N/N\
2 Ag IN +3NH,0H-HCI
N\N/

N
® N\
1 H,0 HO-NH; IN -(NH,OH-HC1)-Hy0
N N 7 2
@ N~ \ N
2 HO-NH; | N +NH,OH-HCI 3
N\N/
2

Scheme 1 Synthetic route of compound 3

CHINESE JOURNAL OF ENERGETIC MATERIALS

222 HHERE

ik a:f AgN,(197.0 mg, 1 mmol) il A 3 25 18
K (15 mL) A FEIE BCE PRI, 4 f /) B 1Y R K
Wi I Hrp RO T o SRR S NHL,OH -HC
(104.2 mg, 1.5 mmol) iy /K % W (10 mL) 2 i i A |
R . KIRGWTE 25 C R+ 0.5 h, 2R 5t
UEULVE W), IF Il Z8 1R UB W LA B T % 7 L 7 R
125.8 mg MUK 75 %o KW THE, AR#E K
VR AT LA RIS W 3 0 L

J i b ¥ NH,OH'Ny (124 mg, 1 mmol) #
NH,OH-HCI(34.8 mg, 0.5 mmol) (1R & ¥ ¥ i 2]
10 mL W EE/ NG (RFLEE R 1) =00 T e dk B
B A RS AV R o PR DB S TR R T 288
KLONTAFE] T REMAEY 3,758 136.5 mg, I
K H 86 %. T,(onset):95.6 °C;IR (ATR, v/cm™) .
2920, 2723, 1615, 1514, 1220, 989, 701; Anal.
caled for H,,O,N,,Cl (295.649): H 4.77, N 61.59;
Found H 4.85, N 61.66,

TE R BOARAE B i A vh I A A e O B
A& B, 1E 2 Hy T A A AT S AT T A R
[ 7 BE Ak G W, S 0 I 0 20 dhE A A 4 J 24 R B A%
Mo I H A B A 3o FE 04E ah] hy /0N 245 B S TR $R A Z0AE
S

2022 % # 304 %24 (96-102)



98

FIE R EA T VETER) B

P R R BT OF BN 28 P T
T 55 | By IR 5 S 6 R

3 ZR5iR

3.1 BEEHSH

k&%) 3 11 CCDC 5 24 1888532, H: i 14 %5 4l
G F e R RS L m f AEE EE S T
F2~F 4, EW M TFEENE 2 FR Z AR
& NH,OH'N,” NH,OH'CI" Ml H,O Lt 2:1: 1
o Ry AL &8 TR R L P2, /n B R, — DA
FRETT R P A T F2 e — A Fh R R e L — K 43
T4 B, A AR E A DU AN 43, 100 KB Y AR AR
WA 1.589 grem” M m T AEW 20 ZKEY
() A% (1.491 g-cm™@173 K'Y o AT
G R T S 7 NI 72 S NN 5 i R N B T R =R S

=1 S 30 R IAEEE

Table 1 Crystallographic data for compound 3
parameter value
empirical formula Cl,H N, O,
formula mass 1182.76
temperature / K 100

crystal system monoclinic
space group P2./n

a/A 3.8390(6)
b/A 14.665(2)
c/A 21.975(3)
a/(°) 90

B/(°) 92.034(3)

y /() 90

VA 1236.4(3)
V4 1

D./g-cm™ 1.589
w/mm’’ 0.347
F(000) 616.0

crystal size / mm’ 0.19%0.15%0.12

radiation MoK (A=0.71073)
26 range for data collection / (°) 3.34 to 55.444

index ranges —4<h<5, -17<k<19, —28<I<28

reflections collected 10939

independent reflections 2853[R,,=0.0273, R, ,=0.0253]
data / restraints / parameters 2853/39/192

goodness-of-fit on F* 1.086

final R indexes [ 1>=20(1)] R,=0.0258, wR,=0.0653
R,=0.0280, wR,=0.0662

0.24/-0.23

final R indexes [ all data]

largest diff. peak/hole / e+ A™

F2 ALG Y 3RS R A
Table 2 Selected bond lengths and angles of compound 3

parameter bond length (A)/angle (°)
O(1)—N(13) 1.4088(13)
O(2)—N(12) 1.4183(12)
N(2)—N(3) 1.3157(14)
N(4)—N(5) 1.3182(15)
N(6)—N(10) 1.3216(14)
N(8)—N(9) 1.3198(14)
O(4)—N(11) 1.4144(12)
N(1)—N(2) 1.3210(14)
N(1)—N(5) 1.3183(14)
N(3)—N(4) 1.3248(14)
N(6)—N(7) 1.3198(13)
N(7)—N(8) 1.3234(14)
N(9)—N(10) 1.3206(14)
N(5)—N(1)—N(2) 108.34(10)
N(2)—N(3)—N(4) 107.70(10)
N(5)—N(4)—N(3) 108.35(10)
N(4)—N(5)—N(1) 107.58(10)
N(7)—N(6)—N(10) 108.21(9)
N(3)—N(2)—N(1) 108.03(9)
N(6)—N(7)—N(8) 107.48(10)
N(9)—N(8)—N(7) 108.56(9)
N(8)—N(9)—N(10) 107.58(9)
N(9)—N(10)—N(6) 108.17(9)

®3 AWML A
Table 3 Selected dihedral angles of compound 3

dihedral angle/(°)
N(1)—N(2)—N(3)—N(4) 0.048
N(2)—N(3)—N(4)—N(5) -0.099
N(3)—N(4)—N(5)—N(1) 0.111
N(4)—N(5)—N(1)—N(2) -0.082
N(5)—N(1)—N(2)—N(3) 0.021
N(6)—N(7)—N(8)—N(9) -0.022
N(7)—N(8)—N(9)—N(10) -0.083
N(8)—N(9)—N(10)—N(6) 0.156
N(9)—N(10)—N(6)—N(7) -0.171
N(10)—N(6)—N(7)—N(8) 0.119
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Ra EY 3 b SR AN A
Table 4 Hydrogen bond lengths and angles of compound 3

D—H--A d(D—H)/A d(H—A)/A d(D—A) /A ZDHA /(°)
O(1)—H(1)---N(8) 0.84 1.88 2.7062(13) 167
O(2)—H(2)--N(2) 0.84 1.94 2.7727(14) 173
O(3)—H(3A)---N(6) 0.85 2.03 2.8286(13) 156
O(3)—H(3B)---N(1) 0.852(16) 1.950(16) 2.7936(14) 170.7(17)
O(4)—H(4)--0(3) 0.847(15) 1.790(15) 2.6326(13) 173.6(17)
N(11)—H(11A)--0(3) 0.87 2.13 2.9021(13) 149
N(11)—H(11B)--N(10) 0.87 2.10 2.9359(14) 162
N(11)—H(11C)--CI(1) 0.871(14) 2.330(15) 3.1269(11) 152.3(13)
N(12)—H(12A)--N(9) 0.86 2.16 2.9844(15) 160
N(12)—H(12B)--N(7) 0.86 2.14 2.9793(15) 165
N(12)—H(12C)--CI(1) 0.905(14) 2.280(14) 3.1728(12) 169.0(13)
N(13)—H(13A)---N(4) 0.87 2.05 2.8991(15) 167
N(13)—H(13B)---CI(1) 0.86 2.24 3.0991(12) 170
N(13)—H(13C)--0(1) 0.860(15) 2.505(15) 3.0329(15) 120.4(12)
N(13)—H(13C)--N(3) 0.860(15) 2.102(15) 2.8912(15) 152.2(14)
b b
foe el

N(9) 10) 0(4)
Q3) N(11
- e (11)
® (6)
)

o
13
" N(1) N(5)
mﬁéj%;mz N(4) ﬁ
N(3) ‘

B2 G304k
Fig.2 Crystal structure of compound 3
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Fig.3 Crystal stacking diagram of compound 3 (blue dashed
lines indicate hydrogen bonds)
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Fig. 4 (a, b) Hirshfeld surfaces of the two kinds of cyclo-N,~ in compound 3; (c, d) The 2D fingerprints of the two kinds of

cyclo-N,~ in compound 3 and the individual atomic contacts percentage (the Hirshfeld surfaces represent N—N interactions)

5 ALEY 3 M AR AT IR T (R 48 B AN ar-mr AHCELAE DD 20 A

Cfi BRI T 1 0 s 2 00 - S AT AR S 000 - 5 A e 5 SHB - 5 0B s HB - LB

Fig. 5 Noncovalent interactions analyses, including hydrogen bonds and -7 interactions for 3 (blue: strong attraction; green:

weak interaction; red: strong repulsion; SHB: strong hydrogen bond; HB: hydrogen bond)
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Fig.6 DSC and TG curves of compound 3
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99473 m-s HEIE N 32.6 GPa, L&Y 2 5 M R
K AL b &9 3 2 )5 % BEREAIR R 1.543 g-cm™
(298 K), HoA= sS4 4 91.85 kJ-mol™, 38 &
EXPLOS 3 H A H N 8260 m-s™ , J /4 23.79 GPa.
5 HETRAR 2 A1 LG, 2 i AL B 3 BRI FEA T 12.8%,
M AR BEAR T 27.0% . 405 AT 38 2o 50 45 & sl Al -
B3 B 45 K I (NH,OH'N, ), -NH,OH CI 3 & 1k
G, W RE B R BT RDX.

R A5 BAM A 1 0 3t 12 210 7 kA 4 3 1 4 < Jk
JEE I EE 8 R 445 2R s L o R K T 40 ), R B
JEKF 360 No HE & 8 41 50 £ MR 36 e Fn K (73 4k &
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Table 5 Physiochemical properties and energetic properties of compounds 2 and 3

Comp. p"/g-cm™ AH /KJ-mol™ /kJ-g™" DY /m-s"  pY/GPa 1S° /) FS® /N 17 /°C
2 1.601/1.636(153 K)["/ 327.6/3.15 9473 32.60 5.5 50 105.5
3 1.543/1.589(100 K) 91.85/0.31 8260 23.79 >40 >360 95.6
RDX' 1.806 80.0/0.36 8795 34.90 7.4 120 204

Note: 1) Density at 298 K, recalculated from low-temperature X-ray densities {p=p /[ 1+1.5x107* (298-T) ]}. Values after slashes are crystal densities. 2) Heat of

formation calculated in the solid state. 3) Detonation velocity calculated using EXPLOS5. 4) Detonation pressure calculated using EXPLO5. 5) Impact sensitiv-

ity. 6) Friction sensitivity. 7) Decomposition temperature (onset temperature from TG at heating rate of 5 °C-min™").

4 4
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BB PR R LIRS T M S eIt Rtk &Y
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TE RS (2544

(3) 4k & % (NH,OH'N, ) ,-NH,OH"CI"-H,0 f
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Synthesis, Crystal Structure and Properties of an Energetic Cocrystal of Hydroxylammonium Pentazolate/

Hydroxylamine Hydrochloride

YUAN Yuan', HOU Tian-yang', LI Dong-xue’, XU Yuan-gang', LU Ming'
(1. School of Chemistry and Chemical Engineering » Nanjing University of Science and Technology, Nanjing 210094, China; 2. China National Quality

Supervision Testing Center for Industrial Explosive Materials, Nanjing 210094, China)

Abstract: A cyclo-pentazolate anion-based energetic cocrystal (NH,OH*N,"),-NH,OH*CI"-H,O was designed and synthesized
by AgN, (or NH,OH*N,") and hydroxylamine hydrochloride(NH,OH*CI") as raw materials. The structure of the compound was
characterized by X-ray single crystal diffraction, infrared spectroscopy and elemental analysis. The structure belongs to the mono-
clinic crystal system, the P2,/n space group, a=3.8390(6) A, b=14.665(2)A, ¢=21.975(3)A, v=1236.4(3)A’, a=y=90°,
B=92.034(3)°, Z=1, D=1.589 g-cm. In addition, the thermal stability of (NH,OH"N,7),-NH,OH"CI"-H,O was studied using
DSC and TG, and the results showed that its initial decomposition temperature was about 95.6 °C. Its detonation velocity and
detonation pressure were calculated by EXPLOS to be 8260 m-s™ and 23.79 GPa. (NH,OH*N,”),-NH,OH*CI"-H,O has low im-
pact and friction sensitivities (15>40 J; FS>360 N), as the cocrystal of hydroxylamine hydrochloride can greatly reduce the me-
chanical sensitivity of NH,OH'N;".
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