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2 AR SR, T, EAM, T, BRI
TR B K A (a-CD-MOF, B-CD-MOF, y-CD-MOF, KNO,) fil NC

Sy it — 2L ¥ R RIS & B A WULAE 2R AE R 2 i
N FH I X5 B 43 AT AN [R) 30 RRG 45 #4 X NC 34 53 i 1 2
PRGN, AR B 5% LA SR AR B0 R W, >R FH PR B 28 058 L
B A R = 2K MK o-CD-MOF, B-CD-MOF,
y-CD-MOF fE Jy & 53 25 H1Br BUIE M 7, I8 5 1% 58 10 il
240 (KNO,) #F 47 Tt % . o 39 1 7 B L BR
(SEM)WLEE T CD-MOF 7E i fb £F 4 2 (NC) Hr i 43 1l
P38 2% 78 Al B A0k (DSC) 1EAE T & & CD-MOF
9 NC A 25 . BeAh 38 ) #4057 A5 J 21 41
(TG-FTIR) £ A X 43 il CD-MOF () NC ¥t 17 T #4590 it
PR RSB RS BRBER R T, 5 R
T CD-MOF fE R IH 1R I R5R

1 SCIGHES

1.1 RAISEE

KA WK (a-CD \B-CD 1 y-CD, 98% ) I FI %<
SRS Tk A/ (TCI HA) s A8 (KOH,98% ),
Jo K H EE (MeOH,99.8%) , LK & BE (EtOH, 99.7%)
g A Sigma-Aldrich (3£ ) ; VAR (99.5%) g 7 v [ [
Zifb 2l R A . R ER (KNO,,98.5%) I F I+
WRMEHEARAR R E) . R R R a8
G, oL ARV E T . AL AR 4R R (R & &
13.15%) F ¥ M A D5t Tk 2w . S8 ir 2%
BTk it Millipore R G LTS .

X% - 2 [ BRUKER 28 /] D8 Quest B B f X B 28
AT EHL (XRD, 1 J Mo Ko f 5 ,A1=0.71073 A) ; 3£ [H
BRUKER /A ] D8 Focus %I #y A X i £& it 5 4 (i I
Cu-Ko & 51, 378 Bl 3°~40°) 5 H A HITACHI 2\ 7]
SU8010 Y 4 Hi ¥ 2 1o 5% (SEM ) 5 18 [ 2% ] 2\ W] Sig-
ma 300 Y 49 # B+ W B BE (SEM) 5 9% [& 4= HE A H]
Xplore 50 #4 EDS fE 151X ; 75 = Netzsch A ®] STA 2500
R M7 (TG) ; 18 [# Netzsch 28 & DSC 204 F1
Phoenix B 22 /R $9 4 1 #%AL (DSC) ; 78[5 Netzsch 24
] STA-2500-1S50 %! TG-FTIR B FH A% ; 7 [ PCO /2 ]
PCO. dimax HS % & 5 #1241 .
1.2 HaEHEHE

CD-MOF 1 £ 5 AR 18w 1 42 38 7 vk JF e . LA
CD (a-CD.B-CD #l y-CD) il KOH (1:8 mmol) A Ji
BE RN 2~7 d ARG B . 155 (s fh B0k, H 2B
THVE 3. PP TE 55 CCELZS HEAR a1 T4

NC/H 4 M 2 & o B 0 #l & . 1 % 7
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PL0.05: 1 [y i i L 7E = IR AL 2R &, k15 Y
2 4 M B NC/a-CD-MOF, NC/B-CD-MOF,
NC/y-CD-MOF, NC/KNO,, I T TG-FTIR # 43 fi# ]
i [, 47 (a-CD-MOF,8-CD-MOF,y-CD-MOF,
KNO,) 5 NCH 1:1 (9 i LLIR &, il 48 T AH R R 51 1)
VIR A MR, T DSC AR 25 P .

NC 3 & 55 245 1 il 28 = A IS AT AT 95 46 770 1) NC
RGBT E S H AR . a-CD-MOF . B-CD-MOF ,
y-CD-MOF il KNO, #% 1E i 4 7] , °F ¥k 42
0.15 mm, I K 1.6 Wt% . i 73 BR Al 2, B 4%
T b1 1 R G RV VR S b vV R A
TH AR B NC & 3125, 43 5l bRic h NC@a-CD-MOF |
NC@B-CD-MOF .NC@y-CD-MOF fil NC@KNO,., *
XEGR GRS S 2 h,NC 5 AWM L K
1007 %o J5 4510 24 A3 28 il R ALES R & 98 24 .
B NCEE S AR T T 1 d, R )57 45 °C
A RERR T B R R I 3 1% .

1.3 LWI*E
1.3.1 CD-MOFHIRIE

B X AT S B4 i 3¢ [El BRUKER 23 A Y
Bruker D8 Quest B {7 S AR AL, i B 45 1l Hl Mo Ka X
SRR (P KN 0.71073 A) o BE S E 7 B F HE 14 4% i
PRI 5] BT B 5 7 2 A TR AR R . BUdE
Ab PR A AR R 5138 1 Bruker B APEX3 k44 $h 47, {di FH
22 ] VA E AR 0 S I S EOT R G R . TR
B fg B A SHELXL-2014 50 ¢F 2047 .

1.3.2 TR R MR

a-CD-MOF, B-CD-MOF, y-CD-MOF F1 KNO, f¥
P i 1 BB I 32 R % [ Netzsch 2 #) STA 2500 %!
WHEFHAL(TG) o MIKFE i (0.7£0.02) mg, 7
N, T (20 mL-min™") #E47, IR JE T F 8 50~800 °C,
JN#GHE KK 10 °C-min~',

1.3.3 NCAHIBFIE & W FH 9 # B8

AH 25 3R, 2% 1 8 [ Netzsch 23 #] DSC 204 F1
Phoenix B 22 7R i = AL (DSC) . NC/a-CD-MOF,
NC/B-CD-MOF, NC/y-CD-MOF, NC/KNO, il iz £ /it
i 4 (0.5£0.02) mg, LB A N, A P AT, = H
40.0 mL-min™", )\ 100 CH#4 %] 300 °C. Ik 53
WA 1,2,5,10 Kemin™ 120 K-min™', #fit SAK
77 4 I 3 SR 8 B Netzsch 2% # STA-2500-1S50 7
TG-FTIR Bt F AL . TG-FTIR I it & 76 ¥ — &5 STA
2500 Regulus B 4 73 #7 AL F1— & Thermo Scientific
N Lk

www.energetic-materials.org.cn



PR R 4 Jm A UHE 2 B0 R 0 e I 24 i 25 R R KA Y B )

Nicolet iS50 % £1 AP i AW 3% #2 5 #4719 o DA b
O (2.0+£0.2) mg, LEE N, L4 F (50 mL-min™),
JNFAGE 2 10 °C-min”™', L 28 50~400 °C. 4%
fiff 7 W) L LA TR AN, R AT E Pk A B st T DL AR
B S LA GRS o 2040 6 Y 0 R E L 4500~
400 cm™, A EER N 4 cm™'
1.3.4 HMEFIFENCEL 525 4 8k

# i W # NC@a-CD-MOF, NC@B-CD-MOF,
NC@y-CD-MOF #l NC@KNO, % 5t 24 ki i, 18 U] e , )&
JEZ) 2 mm. HCHUARE G B RS B S e B O
Quorum SC7620 Wl 4 8% Bt AL Wt 4 45 s, Wi & K
10 mA; [ 5 fdi i ZEISS Sigma 300 414 B 1 . i BE 4A
TR S E S BB mapping S5 I 32, B 45 40 45 I i 5
HLE R 3 kV, BE T mapping FA4% B i B R A 15 kv,
PRI 28 R SE2 W HL F 4RI 45 ¢
1.3.5  NCE XK G 25 8R 5% N T 55 K

¥ H R B NC@a-CD-MOF, NC@B-CD-MOF,
NC@y-CD-MOF fl NC@KNO, % i 25 (1.5 g) ¥t i
ELRCTE R SZHR b SR 5 48 B K SR T D R 1 R 4% =
WL TR AR P = A F] 3 MPa, SRAH 20 V L
TS KU, JH ©0.15 mm B 58 A 4 22 OFE & B 3 s
BE 3 O, ) R R AL (PCO. dimax HS) 7
20 CH gk K IGLEH .
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¥ # 1) CD-MOF 5 #4 . H | a-CD-MOF (CCDC:
2159807) W HA 45 Bt H 2 4~ «-CD 4 F il 6 1~ K
BT R, R NS BE 7 o U B 25 4 . B-CD-MOF
(CCDC:2050191) F A K& F5 44 B-CD 4 Fh
TR = W e el VA VAR | A A LT T VAR < 3 1
y-CD-MOF(CCDC:773709) iy #4 # B0 1 6 4~ y-CD
4y F R 8 T A7 (4 KB F 4L, B 0L 2 2% SCiik[ 20-24 ],
PXRD M3 (] 1d~1f) 7R , a-CD-MOF i 14 45 44 53 5]
16 7.36°,11.18°,12.86°, 15.68° ) ¥ T 2 8 i 117 5+
g , B-CD-MOF ¢t /& 45 ¥4 43 5 #€ 6.36°,9.2°,10.36°,
12.44°H BL T R B A7 5T 1%, y-CD-MOF [ 1R 25 4 43
WIAE 5.45°,6.96°,9.02°,13.38° 1 3L T 4R &1 i 17 5
U, 5T SR, B — B, AR e L B R
FRAE 45 g, 5 Sk [ 25-27 1408 — B, R Rl 4
T CD-MOF,

a-CD-MOF
@< ®@00cC -
I I m simulated a-CD-MOF
5 5 simulated 8-CD-MOF 5 simulated »-CD-MOF
© © o
= = = | STV W R
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5 & _ k3]
= as-synthesized &-CD-MOF £ as-synthesized 3-CD-MOF £
10 20 30 20 10 30 20 10 20 30 20
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Fig.1 XRD and PXRD results for a-CD-MOF, B-CD-MOF, and y-CD-MOF
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i 3 4 7 B OBE (SEM) X} CD-MOF 1 $id
PEAT T LB . HARK UL, a-CD-MOF (& 2a) R #L T 2%
LT FBURAE” AL 2 T AR 254, A3 B R L 5
NC ) 7 11 B fio 17 AR, DT 442 7 98 o o i oh 0 B 1 1Y
B 6 5 1T B-CD-MOF (18] 2b) T 3% 38 A 2 17 ) W 119
SEHRIERS K KA R 6 um, A F 5 NCH2L
RA 32 T B AR IR B 19 A2 € 1k 5 y-CD-MOF (I 2¢) 1Y
R AIE FE T ST J7 AR b AR 3% DA AT 2480, AR R o B v
NS R A R ¢ o (VAN N 10 0/ - A VAP |1 0/ N
KNO, (&l 2d) JE 25 Jy 2 T oHLUBE BN #1000 9 4 2K Y 4
R AF T B8 53 i fENC H

o-CD-MOF

y-CD-MOF 1 mm

B 2 «-CD-MOF(a),B-CD-MOF(b),y-CD-MOF(c),KNO,
(d) B 33 $iif L 58 &

Fig.2 SEM images of a-CD-MOF (a) , B-CD-MOF (b) ,
y-CD-MOF (¢), KNO, (d)

2.2 BoFRMERE

RAFGE 3 T IRARG 4 B AT HLAESE (CD-MOF) #1 %}
(a-CD-MOF, B-CD-MOF, y-CD-MOF) {1 2 37 51 % 4
A 0 i M RE , ASIF 5 X 3k S8 b ek K A G T 4 7 i
2 #f (KNO,) #E47 T #E /- T (TG) MK . 25 3R 3
fii7R . CD-MOF 1Y & W & 45 2k K 4ETE 50~140 °CHY
TR Y B P, X T RLH B F SR OK Bk Rl S FE
236~600 “CHY 7 i1 28 I3 P T S AR 25 48 04 53 i A s
OB BT Ar K DL B A e T HE
B0 KNO, (530~800 °C) 7 T /5 Y W BE T 43 id
B AR A7 i i B 0 A WL 4 JR R (CD-MOF) B4 5 {2
HE KBS 1 BRI, S 9 OB . AR, 5 KNO,
(605~830 °C)#H Lt , CD-MOF B {5 i T~ 15 HAK 4 Tt 15
T B f# , A CD-MOF i R EEA TR (R 1) . Hrp
a-CD-MOF 18 b S 45 43 it il (T,) 51 (250.9 °C) ,
H % & y-CD-MOF (261.0 °C) , B-CD-MOF 1) # &
(290.3 °C) ,fHASERMR T KNO,(722.0 °C)
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Table 1 TG decomposition temperatures of a-CD-MOF,
B-CD-MOF, y-CD-MOF, KNO,

samples T,/ °C T,/ °C T./°C
a-CD-MOF 250.9 287.4 316.1
B-CD-MOF 290.3 318.5 344.2
y-CD-MOF 261.0 297.6 325.7
KNO, 722.0 775.7 800.2

Note: T, is onset extrapolated temperature, T is peak temperature, T, is
P e

endset extrapolated temperature.

J BF 9% CD-MOF (a-CD-MOF, B-CD-MOF,
y-CD-MOF) Fl KNO, 1F 2y 7 46 7 XF NC #4 7 i 1) 52
i), BIF 5 AT T I A ST AR 45 2T A (TG-FTIR) M .
75 NC Bt #E b, — B O—NO, Bl 24, 5t £ 77 45
AALFINO,. EREMENCHRAEY B P BT
B AL R o A HETRIAY B9 O—NO, 5 FITER P 4057 #4
24N B CO NO NO,  N,O %A 1072 5 s
ARy T TG-FTIR 2 AR5 LLAZ I . £ 10 °C-min™
B THEE R T TG 4 (K 4) %8 B~ T CD-MOF #l

rrrrrrrrrrrrrrrrrr 1957 °C

100 TN\ 1984 C

198.2 °C

gok 1906 C
< —— NC/a-CD-MOF
Z ol —— NC/p-CD-MOF
2 \ —— NC/y-CD-MOF
i 40F —_— NC/KNO3
j=)
2 20f (S

0 -

000 150 200 250 300 30 400
temperature / °C

4 NC/a-CD-MOF .NC/B-CD-MOF .NC/y-CD-MOF il NC/
KNO, /) TG il £k 4

Fig.4 TG curves of NC/a-CD-MOF, NC/8-CD-MOF, NC/
v-CD-MOF and NC/KNO,

S
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KNO, X} NC #A B iy sZm , i 5 i &M R T 5
O-NO, # Wr 24 A0 ¢ (1 il A . (HAS I E 2, TGl
b, & A BRI b 40 i U BE AR B 5 43 )
NC/KNO, (190.6 °C ) <NC/a-CD-MOF (195.7 °C) <
NC/y-CD-MOF(198.2 °C)<NC/3-CD-MOF(198.4 °C).,
WF 58 2% B, B LG AT R A0 A Ve 3 T 42 il R0 B — ik
KMERA BT, i FTIRWEE T NC/a-CD-MOF,
NC/B-CD-MOF, NC/y-CD-MOF, NC/KNO, ) 73 fi# <.
. BISSERT TCGUEE(EIRE T, 4F0 &2 & M8 AT R
Sk (CO) KA ESM(NO,N,0, NO,) 1 # BE I i

0.0099|—N,0
0.0066}
0.0033}
0.0000f -
0.0117|__NO,
0.0078}
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0.0024F
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00111} CO
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100 200 300 400
temperature / °C
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0.0000
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100 200 300 200
temperature / °C

¢. NC/y-CD-MOF

W o 53 m KNO, M H , 1] NC H R il a-CD-MOF
B-CD-MOF ,y-CD-MOF & I /> T 0] BR A1 G Je <44
PR (2 2) . Hirp A a-CD-MOF B AR AT S AR A
T PE AL . AT NC/KNO,, NC/a-CD-MOF
£ CO,NO,NO, fl N,O 4 B Jilt &5t J7 11 73 0 B AR T 24
83.62%,91.02%,66.57% #190.10%
2.3 EE

JoWF g AN O M R X NC 3 kG 2
(NC@a-CD-MOF NC@B-CD-MOF NC@y-CD-MOF,
NC@KNO,) 4 8 1 , #F 58 i 47 7 49 # b 7 B i 85

0.0144 N,0
0.0096}
0.0048}
0.0000F
0.808 sz [
0.006f
0.004}
0.002f
0,000
0.00082
0.00041}
0.00000}

0.0135
0.0090F
0.0045¢
0.0000¢
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d

100 200 300 200
temperature / °C

b. NC/B-CD-MOF

0.102|—N,0
0.068]
0.034f
0.000 -
0.033] N,
0.022}
0.01f
0.000} -
0.039]—NO|
0.026}
0.013}
0.000} -
0.072——CO
0.048}
0.024}
0.000
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d. NC/KNO,

B 5 NC/a-CD-MOF NC/B-CD-MOF ,NC/y-CD-MOF il NC/KN O, 5 AH 43 fift 7= ) (4 538 5 43 A
Fig. 5 Intensity distribution of gas-phase decomposition products of NC/a-CD-MOF, NC/B-CD-MOF, NC/y-CD-MOF and

NC/KNO,
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FEMA VR, T b, BN, TE, AR AR

* 2 NC/a-CD-MOF NC/B-CD-MOF NC/y-CD-MOF I NC/
KNO, ATk A T MR 58

Table 2 Combustible and hazardous gas intensity values for
NC/a-CD-MOF,NC/B-CD-MOF,NC/y-CD-MOF and NC/KNO,

samples CcO NO NO, N,O
NC/a-CD-MOF 0.0116 0.0038 0.0116 0.0103
NC/B-CD-MOF 0.0147 0.0008 0.0072 0.0143
NC/y-CD-MOF 0.0143 0.0276 0.0165 0.0079
NC/KNO, 0.0708 0.0423 0.0347 0.104
(SEM) RIAEHE 43 7 (EDS) Wik . 45 01 6 5 , 5 2]

Sk R R FE Y mapping R (R @), R THI R
A IE L . KNO,TE NC HH T LR B 00 i, AN ae S
NC ISR A, 45 ) 5 B4 W) WORL 19 1 5] Pk 32 B 52 1
AN T %z 5 245 o4 0 25 4 1 R 1k
2.4 WHEESH

i/ DSC, ZEA R AR # # 1.2.5.10 K-min™
T L3 Hr DA 100 °CE) 300 °CHY I B Y5 BB N L 52 & b %t
NC.NC/a-CD-MOF NC/8-CD-MOF .NC/y-CD-MOF,
NC/KNO,RIFZME(E 7)., K7 7~ ,NCHINC/a-CD-MOF
NC/B-CD-MOF,NC/y-CD-MOF,NC/KNO, z [a] 4 jik
PR T B AR AL, AR b [ AR AT H2AZ (<2 CCIN ., ik Seah
REWALAEBMEE T ,NCEH CD-MOF Z [al K7 1E 4k

NC@a-CD-MOF

NC@y-CD-MOF ( d’"‘

6 I IR A R TR NC kR B 25 v i o3 A DL ) SEM
mapping K 1% : (a) NC@a-CD-MOF, (b) NC@B-CD-MOF,
(c) NC@y-CD-MOF, (d) NC@KNO,

Fig.6 SEM and mapping images showing the distribution of
different flame suppressants in NC-based gun propellants: (a)
NC@a-CD-MOF, (b) NC@3-CD-MOF, (¢) NC@y-CD-MOF, (d)
NC@KNO,

FAHEAEH].
2.5 FRESNIEBRIRT R

R R — 25 BETE AN [ 9 46 700 Xk A S 245 R 08 5 P ) 5
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Fig.7 DSC curves of NC, NC/a-CD-MOF, NC/B-CD-MOF, NC/y-CD-MOF, NC/KNO,
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Fig.8 Flame photographs of NC@a-CD-MOF (a), NC@B-CD-MOF (b), NC@y-CD-MOF (c), and NC@KNO, (d) at 3 MPa
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Table 3 parameters of NC@a-CD-MOF,
NC@B-CD-MOF, NC@y-CD-MOF, NC@KNO,

Flame

flame area/mm?

sample standard

group 1 group 2 group 3 average L
deviation

NC@a-CD-MOF  148.8 169.4 128.3 148.8 16.8

NC@B-CD-MOF 178.4 191.0 170.6 180.0 8.4
NC@y-CD-MOF 128.9 92.0 131.8 119.6 18.1
NC@KNO, 229.3 415.8 532.9 392.7 125.0

Note: The test position is at the center of a 40 mm long single-base propel-

lant.
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Influence of Cyclodextrin Metal-organic Framework on the Flame Characteristic during Static Combustion of
Gun Propellants

LI Wen-jia'?, CHAI Ya-ming'*, FANG Song-hang'’, WANG Bin-bin'*, DING Ya-jun'*, XIAO Zhong-liang'*, ZHOU
Jie'?

(1. School of Chemistry and Chemical Engineering, Nanjing University of Science and Technology, Nanjing 210094, China; 2. Key Laboratory of Special
Energy Materials of Ministry of Education, Nanjing University of Science and Technology, Nanjing 210094, China)

Abstract: Three cyclodextrin metal-organic framework (CD-MOF) materials were successfully synthesized using the
vapor-diffusion method. The structures were analyzed via single-crystal X-ray diffraction. As potential flame suppressants, the
three CD-MOFs exhibit lower thermal decomposition temperatures (250-300 °C) than traditional potassium nitrate (722.0 °C),
allowing for potassium ion to release more easily. The good physical dispersibility and chemical compatibility within nitrocellu-
lose (NC) are also demonstrated. Additionally, the NC containing CD-MOF produces fewer flammable and harmful gases (CO,
NO, NO,, and N,O) during thermal decomposition. The single base propellant containing y-CD-MOF shows the smallest flame
area during combustion (119.6 mm?). In comparison, the single base propellant containing 8-CD-MOF exhibits the lowest stan-
dard deviation in the flame area (8.4 mm?), indicating more consistent flame suppression performance. In contrast, the single
base propellant containing KNOs displays the largest flame area (392.7 mm?).

Key words: cyclodextrin metal-organic framework;gun propellant;nitrocellulose;static combustion ;thermal decomposition
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Three CD-MOFs were synthesized using the methanol vapor diffusion method. They have lower thermal decomposition
temperatures than that of potassium nitrate. The single base propellant containing CD-MOFs exhibits smaller flame area than the

propellant containing KNOs.
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