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Scheme 1 Reversible reaction of PHA

2.2.2 K FOX-7 B9HI &

# 0.3 g FOX-7 % T 2 mL DMSO 1,25 “C¥ 5

BERRERE T h, B A 30 min, G B IA I B A
0.3 g PHA SUHBE A A /Y /N e A b, 7 i U 18 3 48
(10 °C,RH 85%) 357 2 h, 2 J7 B2 & U T 1 15 2747
BEHL (9 FOX-7 #Eff (PHA-FOX-7) o #4292 mLE 10%
i B R 0 I 2 PHA-FOX-7 BE 5 B 5 1 min J5 #6543
AV R R AR R EOR B Ak SR G TR
FRE S, Y e B AN &1 iR . R A E na-
no-FOX-7 B3 % N 90% .

t;ennﬂp?;?e x;f;sf
nano- FOX 7

PHA/FOX 7

B 1 nano-FOX-7 W aliad B 7 2 A

Fig.1 Schematic diagram of formation process of nano-FOX-7
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2.3 ZEHRAEFNFME BE K
K H 1 [ Carl Zeiss 28 /] #) Ultra-55 #1137 & 5
5 L BB (FE-SEM) X il £ 19 FOX-7 #F 5 I JE 4
AT 4387, 38 13 Nano measurer 514 M fr 15 FE-SEM
PG e X il (49 UL /N 1 A7 I & 5 >R T Aaf 2% Pana-
lytical 2 ] (% X" pert pro B X 5§ AT S AL (XRD) X #%
i B ) R4 T 3BT, Cu-K, (A=1.540598 A) ; 5% I ]
Bruker Tensor 27 4 £ 4p 5 i AL (FT - 1R) *F il #5 1
FOX -7 # &b 19 45 4 38 47 20 5 >R 48 & W 4k
STA449F1 R [A] 2 4K 73 Mr AR K dl A9 B4 BE 1k 17 20
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Table 1

and literature values

Physical parameters comparison of prepared PHA

PHA bulk density BET surface area porosity
/g-cm™ /m?.g! / %

this work 0.1013 + 0.0031 67.18 92.26

ref.[21] 0.1041 = 0.0027 51.16 91.99

PEATIE S A0 A, 45 SR AN P 2 s o DNTEL 2 ml A, B il 4%
9 PHA S 5E I 2 H 40 K UKL HE B Bl = 4 1% 2% 25 1)
(K 2a) ,JE S5 SCHk [21] % PHA CBE B AH L o
raw - FOX-7 5 FL I (4 Btk (& 2b) |, #r 42 Je K 7T 36
14 pm JES 5 SCHR[1-2, 5 1R 19 FOX-7 — 3, 7F
45 B PHA SBE IS O FOX-7 $2 4 T A% A
S T AR PR AR B B A% AR K AR A ML AR B T R AR PHA
Bk 2L &5 0 (W E 2c | 2d) . T FOX-7 R

c. PHA-FOX-7

e. nano-FOX-7

SRR K A N, T PHA 78 TR P 4% 1 T D 43 it
PR I 25 3 MBS 0 9 K FOX-7 A58 S8 Be M B T
BT 1) = He 4k Z AL 254 (18] 2e 8] 2f) (AFLIA IS £,
HFOX-7 dbi AR Rmy#ash. R 7T U0 PHA 2%
fift 5¢ 4, R i O A €03 35 0 E nano-FOX-7 H
FOX-7 & &N 99 %, BEHI AR PHA JL-F 58 4 £ Bk .
3.3 XRD % #f

JH WS R X 58 15 5t (XRD) %F raw-FOX-7 . PHA-
FOX-7 & nano-FOX-7 # A7 ¥ #H 73 A1 , 45 S 1l 2 e
o M2 AT, AR B PHA-FOX-7 #f i i & A 3
i A Y B R, DAL O AT ST 04 B B #5 /N . raw-FOX-7
5 nano-FOX-7 W W& B 52 & W) &, 1F 20.5°.26.8°Fl
27.9° b WL %€ B i) = 58 0 43 I 4 T o B FOX-7 1Y
(11 1).(020)HC0 2 1)1 , Hi 4 W7 7 il 25 14
nano-FOX-7 5 raw-FOX-7 B9 S BIAH ] 45~ o BY . 7E

b. raw-FOX-7

f. nano-FOX-7

2 raw-PHA raw-FOX-7 .PHA-FOX-7 z nano-FOX-7 i 471 1. 55 /&l
Fig.2 SEM images of raw-PHA, raw-FOX-7, PHA-FOX-7 and nano-FOX-7
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nano-FOX-7 B9 A7 81 5% [ T X004 2] A7 B 06 53 i AR 55 HL
PERETE LB, Hod (0 2 0) 5 (0 2 1) & T A9 i 56 i o
JE U 55 8 3 60% , % B BT 0 g8 Ok RN ol 0
Scherrer 2 &2(R (1)), X} nano-FOX-7 = AN FRAE 7
SPIERTAECT 11) (02 0)F(0 2 1) & I Y & kL R
AT T
D = KA (1)
B cosf
A, DRy 3 T AR 7 A RLRE  nmg A D X
LW nm; 0 A RLAS 1, o5 BT T 05 2P TE  rad;
K=0.89, 7 & ¥t . Z11 515 %] nano-FOX-7 9°F- 1 iy
BRSE 9 83.68 nm, it — 25 UL FOX-7 & {74 JURL S 44
K, X 5 FE-SEM 43 # 45 S — 5.

PHA-FOX-7

nano-FOX-7

raw-FOX-7

10 20 30 40 50
201(°)

3 raw-FOX-7, PHA-FOX-7 #l nano-FOX i XRD [#l %
Fig.3 XRD patterns of the raw material and samples of FOX-7

3.4 FT-IR&S#F

i 3 20 Ah 96 3% X raw-PHA  raw -FOX-7 . PHA-
FOX-7 M nano-FOX-7 #E47 Z5 44 43 Fr , o245 SR n &1 4 fir
o DBl 4 RIS 7E raw-PHA SCBEIE IO £0 461 F L 7
2929.30 cm™ f12852.39 cm™ 4b Jy—CH,— Y filt 4 4i¢
U, 1498.73 cm™ F11220.13 cm™ &k b 75 3R B L 4R
B L M 95 7 Tk 1) 18 46 4R 3104, 830.00~810.00 cm ™ 4b
Ry 5 RN A R T A R B, 5 k(21 ]
PHA B £ 48 63— . 78 raw-FOX-7 [ 40 463 |,
£ 3220.00~3406.00 cm™ 4k > —NH, F fig A 1 1 45
= 8 0, 1637.90 cm™ &k S C—=C ¥ i 45 ¥z 2l 0% |
1523.18 cm™ 4k iy — NH, ‘B it F 19 25 J% 35 0% |
1395.83 cm™ K 1352.53 cm™ 4t H—NO, B BE A1 i1 %f
FRAH 45 4R 31 %, 1239.65 cm™ 2 1027.76 cm™ &b
C—NHER AR 4R 50, 5 o B FOX-7 S i 21 4Pl
EIAHAT G o

XF LU SRR 55 T i A5 R S 0 248 6 5% BT AT, PHA-
FOX-7 5 raw-FOX-7 (% i W o7 & AR 3T, ] W42 3 )8 T
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FOX-7 f1—NH, ,—NO, ,C=C fil C—N J& [ 1 $#1iF 4z
g, UL X AE 2928.89 .2846.28 cm ™' H1 1499.46 cm™’
AbJE T PHA B 3L 5 55 3R 2R i Bk sl i, U B PHA
B IHES T FOX-7 fEMMR B R AE K. 5
raw-PHA A Lt , PHA-FOX-7 B i 0 H 56 RS 56 5550 Y
UG A TR, AT B R BT PHA S TR 5
WH I EA“H” 5 FOX-7 43 F NO, % O Ji 1 . DL K&
PHA 7> T H 35 3R Bk E <O FIZL 38 (9 “N" 20 51 55
FOX-7 43 NH, 3 H 5 718 il & i, S BUR 3 0 & AE
fit% . nano-FOX-7 1Y IR 35 i 3% A W4 3 PHA (4 RF1E
P 2h W | 16 BH AUBE AR ) JE AR LBk, H 5 raw-FOX-7
Y IR D& FE AW 5, 3¢ WL AR 25 /) O oK e A= 8 4k X
5 XRD 73 Hrahi R —2 .
3.5 oM

3 o [ 25 3 AR raw-PHA .raw-FOX-7 .\PHA-
FOX-7 & nano-FOX-7 i#f 47 # 1 fig 43 #7 , 45 SR ¥l 5
JIF7R o

XJ Lt raw-PHA ) DSC 5 TG #t 4 o] H1 , raw-PHA
Wi I T = RS2 0% 4 i fE DSC ik | R — A3
F AN 0 43 I 7 F 2791 °CL, ATRE R TR
FeIh LSRR A C—N BB 2L i3, TG &£,
Ho B K K 53% . raw-FOX-7 7E 116.5 °C4b i1 %
U XT N B I 55 fH I 229.6 °CAb 1 5 — AN ik
g Sy FOX-7 (948 + N R4 ) &8, 76 A 5%
1R & AR W 2 T 1 B R e SRR 45 A 0 AR o R
B AN R R R 294.4 °C L & FOX-7 iy i B 4
Je HE W S Y R A B B T R R R 85% .
5 raw-FOX-7 M [t , PHA-FOX-7 #1943 it 41 1 22 5+ W
b B T R A i IR K R4 HT(173.4 °C) L H
HA — Ao #ig . X ) f2 5 PHA il FOX-7 43 ¥ [H]
SUREWT 240 PHA 32 IVZE A8 oy i i 1 AR R DL K 2
PO R W A A O, B PHA Fil FOX-7 76 44 5>
SR AETE PR O . [F I, BT PHA-FOX-7 Hh iy
PHA 41 53 43 fife R 58 4, SO A 30K T & 5% 4y, i
WKL N 42% . 5 raw-FOX-7 # It , nano-FOX-7
B4 Bt i U 98 S5 113 °C, i AR B8 7 F JEORE B R A i
g Z ] 5 AF 250.9 CAEA — AR & A B WY o
W, HED Ky raw-FOX-7 %5 — > 43 fif 16 (229.6 °C) 45
BT B oy fR I IL T AR R E S A g
(291.0 °C) , #4345 AN raw-FOX-7 9 1309 J-g'
Bz 1421 )-g7 5 TG il 2R B nano-FOX-7 1Y 5T &
K 538 98% , JL-F 98 & 4 i . AT A AR R W
nano-FOX-7 B # A % M FAE o B i #10CR 3 7 Fr ik
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Fig.4 FT-IR spectra of raw-PHA, raw-FOX-7, PHA-FOX-7 and nano-FOX
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Fig.5 DSC and TG curves of raw-PHA , raw-FOX-7, PHA-
FOX-7 and nano-FOX
i F BT ) % B9 nano-FOX-7 kE R ~F ok 40 K
S HBA = 4e g R S5, 31X 26 25 40 R AR 2 A A T fiE
YRR R % 1

i 3k 53 A [ — B A 8] T IR R DSC
2, N By figk gy g 2 0 A R R — 20 0 M RE O A
W%, I 2R H Kissinger J5 #2120 (X (2)) 315 T raw-
FOX-7 5 nano-FOX-7 1 & Wi 1k fiE K 2> fif 0 3R, 45
RIN T2,

E

B E,
In| —| = + In| —

TZ2 RT a
A, A K FE RN T, s R O HLAR
8.314 J-mol™ -K™";8 h FHi# % K- min™

LK E MG LRE k) -mol ™.
i 26 2 0] 0L, il 45 89 nano-FOX-7 19 3¢ WL T 1k fig
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5 T, 00 o fie
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o5 R T 128.62 k)-mol™, X 26 B 78 $ I T
nano-FOX-7 3 JFURE T XE 73 i, Re P Il 35 1 o

®2 raw-FOX-7 5 nano-FOX-7 £ i (19 Z 00l 4 Xt L
Table 2 Comparison of the fitting parameters of raw-FOX-7
and nano-FOX-7

explosive B/K-min™" T,/°C E,/kJ-mol™ R?
5 292.431
raw -FOX-7 10 294.369 408.80 0.9446
20 296.825
5 287.042
nano-FOX-7 10 290.998 537.42 0.9716
20 293.643
Note: B is heating rate, T, is decomposition peak temperature, E, is appar-

ent activation energy, R? is judgment coefficient,

4 %Z£it

!

(1) ﬁ‘#%ﬁ%‘*}iﬁ%ﬂ%?ﬁﬁz%@ﬂﬂ%%

45 M PHA BE B, % ROBE R IR R R
0.1013 g-cm™, H:i%ﬁ i 67.18 m’-g™', fL B *

92.26% , S ¥4 S48 K 25 ¥4 B4 L ) FRAE AL R

(2) FIH PHA S EERAE B, A 5L T =494
K25 nano-FOX-7. nano-FOX-7 B &l o B | SF
YR R SF ok 83.68 nm. MK F raw-FOX-7, HF —
Ak 2 K Z2 FL 45 M 1 nano-FOX-7 , HuA it 16 FIEE 1R 43 it
WA A3 I HE J 11.3 °CHI121.3 °C, Z0 i i LT 2 i 4 vh
TE fe Ui 43 I (291.0 °C) , i i DU DR 1309 )-g™
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HomE 1421 J-g7", R WG L TE M 408.80 k)-mol™ £
% 537.42 kJ-mol™, & B R 1 5 B i B AL
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Construction and Thermal Decomposition Properties of Three-dimensional Nanostructure FOX-7

LIU Kai', WANG Jian-feng*, LI Zhao-qgian', CUl Peng-teng’, LUO Qing-ping', DUAN Xiao-hui'
(1. State Key Laboratory of Environmeni-friendly Energy Materials , Southwest University of Science and Technology ; Mianyang 621010, China ;
2. Sichuan Aerospace Chuanan Fire Technology Corporation , Luzhou 646000, China; 3. Xi'an Modern Chemistry Research Institute, Xi'an 710065, China)

Abstract: The three-dimensional nanostructured and degradable polyhemiaminal aerogel (PHA) was used as template to induce
the in situ crystallization of 1, 1-diamino-2, 2-dinitroethylene (FOX-7) by evaporation crystallization method. The FOX-7 with
three-dimensional nanostructure (nano-FOX-7) was prepared after the degradation of the PHA in dilute sulfuric acid (10%). The
purity of nano-FOX-7 was determined to be 99% by high performance liquid chromatography (HPLC), indicating that the tem-
plate was almost completely removed. The morphology, phase, structure and thermal properties of the samples were character-
ized. Detemplated nano-FOX-7 preserved three-dimensional nano structure of PHA. The average size of nano-FOX-7 crystal par-
ticle was 83.68 nm. Owing to the special micro-nano structure, the peak temperature of phase transition and first thermal decom-
position temperature for nano-FOX-7 was delayed by 11.3 °C and 21.3 °C, respectively. Compared with raw FOX-7, the thermal
decomposition of nano-FOX-7 almost completely took at exothermal profile with peak of 291.0 °C. The enthalpy of the thermal
decomposition increased from 1309 J-g™' (raw FOX-7) to 1421 J-g™' (nano-FOX-7), together with 31.6% increase of the appar-
ent activation energy (from 408.80 kJ-mol™ to 537.42 kJ-mol™), which explained the remarkable improvement of the energy re-
lease efficiency and thermal stability for the nanostructure FOX-7.

Key words: template method; 1, 1-diamino-2,2-dinitroethylene (FOX-7) ;nano structure;thermal decomposition properties
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