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182« 3¢ [E 98 2R K Nicolet 1S50 7 i HL - 21 #p Sl
WA ; Bruker Smart Apex CCD %I B 5 X5 2k 775 54%
8 [ Bruker 22 7] AVANCE 600 #% i L 4R 35 4% ; e 48
22 Fl Q-TOF 6550 VU ¢ T K AT I (8] J5T 335 A% ; 7 [ Ele-
mentar 2 5 Vario EL cube JG Z 73 1 4Y ; % [ Netzsch
23 A STA 449 F5 R H I & X 5 5% [ TA 4% 24 #
Q 200 A 22 7R H 48 15 A 5 A6 30 72 AN A A PR 2 H]
WCR-2 22 #5317 A% 5 26 [ 2% 1t 38 B 20 ) BFH 10 fifi ifs

JR IR AN 5 5 [ 2% gt FE LN T FKSM 10 B 382 Ja 5
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1.2 LWIHE
1.2.1 E{&KBODTOFULAWM 1AM

i I Scheme 1 77% , BLA& BODTO 3k FH 3C#ik[ 22 ]
B A K [3, 37X (1,2, 4-18 k) ]-5,5'- " H
(23 g,122 mmol) 7§ T 500 mL S N EEH, A
50% ¥2 M K % W (18.4 mL, 279 mmol) , il #4¢ 1] %
15 h, ¥ Z 20, g I A 100 mL S BSR4, 4T
JE ARG A OB R (N, N - R B3, 3-W (1,2,
4-WE ) 15,5 - H k) 29.4 g, " % H 94.5%. IR
(KBr, v/cm™) : 3660 (vw) , 3541 (m) , 3319 (s) ,
3170(s),1718(w),1658(vs),1583(vs),1420(w),
1376(w),1248(vs),1203(m),1165(m),1090(w),
1018(m),969(s),927(m),802(w),758(m), 690
(w) , 537 (w) , 492 (w) ; 'H NMR (600 MHz,
DMSO-d,, 25 °C)§: 11.02(s,2H, N—OH),6.40(s,
4H, C—NH,) ;"C NMR (150 MHz,DMSO-d,, 25 °C)
8: 171.82(N—O—C—N),159.88(O—N—C—N),
140.87 (NH,—C=N—OH) ; m/z(ESI+) : 255.0582
[CH,N,O,+H]",

B NN FREE[3, 37 (1,2,4-BE ) ]-5,
5- " HK(19.5 g,76.8 mmol) 43 F 300 mL 6M HCI
RV T HROIE NI A R M W A(12.5 g, 118 mmol
W AH R BN T 50 mLZZAR /K ), 3 h 5 % 0 S A R 4N
W B(5.2 g,76.8 mmol MLAS R E I T 20 mLZ& 1K) ,
18 h 5 218 I+ 2 %, U8 JF H vKoK Ve %, ¥ VR T 1%
JE A AR AR (NN - FE[3,37-3%0( 1,2, 4-1E
) 15,5 - EE ) 16.1 g PR R R 71.7% ,
77 . IR(KBr,v/cm™) :3232(m),3013(m), 2831
(w),1721(vw),1693(w),1605(s),1557(s), 1447
(m),1419(w),1366(s),1296(w),1248(vs), 1082
(s),1042(s),965(w),931(s),775(m),745(w);'H
NMR (600 MHz, DMSO-d,, 25 °C)8: 14.23(s, 2H,
N—OH) ; “C NMR (150 MHz, DMSO-d,, 25 °C)é:
170.70 (N—O—C=N) , 160.23 (O—N=C—N) ,
124.92(CI—C=N—O0OH).,

) N NS - R RE[3,37-00( 1,2, 4-18 k) ]-5,
54 (1.3 g,4.3 mmol) 5 25 mL Jo /K DMF
FOTR A R & P 2218 i A & A AL 47 (0.60 g,9.2 mmol),
v e as 5 TR AR FE 30 min, JHE 35~40 °C
R AN I W /NG O N S 7 = S 855 S A e 1 = W
k&Y. BEAFELEY(1.0g,3.3 mmol) & THIE
Pl b, M1 & AN S SRR A WO B, ) Hrpoi
A HCIR M % B 8 T 40 °CF RV 24~48 h 5 i &
AR R T ZE K S M 0T o U R AN i W o, e
FER A W e R B 8O TS B AR
K (BODTO) , # # 79.7%. IR (KBr, v/cm™) : 3446
(m),2830(s),1607(vs),1366(vs),1230(vw),1134
(w),775(s) ;'H NMR(600 MHz, DMSO-d,, 25 °C)
8: 5.44 (s, 2H, N—OH) ; C NMR (150 MHz,
DMSO-d,, 25 °C)é: 165.89(N—O—C—=N),160.28

HO| HO|
CN 50% aq NH,0OH \'/“\ 6 MHCI
-N N . - -N
0 \: ( *( i-PrOH N\: :\N\ NH, NaNo, 0] \: :\N\ cl
NC)QN N-0 HN__~=N N-O Cl_=N N-O
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HO.,
N-N,
-
(1) NaN,, DMF 0 N> <N*y)\ N Fe(NO,),9H,0
B - \N \N 0 Sk Fezm(uz-CH3O)(].13-0H)(}J.E-O)(BODTOZ.)(H?_O)L
(2) HCI(g) N,N\
‘\N _N B
of BODTO compound 1
Scheme 1 Synthetic pathway of compound 1
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(O—N—C—N),135.96(N—C—N—OH) ;m/z(ESI+) :
307.0374[C,H,N,,0,+H]",324.0658[ C,H,N,,0,+NH,]".

A1 A B TE 10 m L 38 U560 295 P BE o 43 BBk
HHiZfABODTO(16.1 mg,0.05 mmol) 5 Fe(NO,),-9H,0
(20.2 mg, 0.05 mmol) , A 2 mL HIEERI 2 mL 2,
5 R 7R L S B B B . K L B
10 mL W 28, B F 90 CHEAS i s 1 24 h, B HI 5
If PR AR B AR A AR, O A R ARG,
7% 3R 33% (3 T BODTO Bt f& ) . IR(KBr, v/em™) :
3405(s),1634(s),1479(s),1239(s),1058(s),682(s),
545 (s) ; Anal. calcd for C,,H,,N,,O,,Fe,: C 16.89,
H 1.21,N 33.76;found C 16.75,H 1.37,N 33.84,
1.2.2 APREHMHF

TE 50 mL B JiK 5 He 43 51 Bk B 45 mg /9 AP FI
5 mg BIALA Y 1, I 10 mL A7 il Bk, %06 F 7 1
FE2 h )5, o uE 15 ) AR & Bas B4R 50 C TR
WG EBHE10% a1 APIRGH , &4 H
AP/TIRGFE.
1.3 MEBERIE

il P 45 ¥4 R AE < ff F Bruker Smart Apex CCD #!
PO XS AT OB A 1 0 SRS A AR
HA 3%, Mo Ka radiation(1=0.071073) ¥l , 7£ 296 K
T AR

PO P fE RAE A TG 5 DSC £AEL A1
BB i PEfE . TG A DTG P38 4 U 3 B 2 B
1 mg, & TE BN, FHEREE S 10 Kemin™,
7E N, G B R BRI . DSC A& YR EE S 2B 1 mg,
e E TR E A, FHRE S 5,10,15 Kemin™
F120 K-min™" 76 N, 40 R #E 47058

JEE N < R FH BAM 3L 2 X AE A W 1 fJi o
FRIVEE 82 JR B R AT I« 2 6 (30+1) mg, 18 o S8R

R BIRAL S WY A2 S RO S A B e

5 kg ¥ # , BE 5 R R 6 LAY BRBE IR 10~35 °C,
AH XTI FE A KT 80%-

Ak BE R AF <l B DTA F21E 464 4 1 X AP 34
Iy FEAE L PERE . DTA R IEAFE S B0 mg, & T
LRI, TR E R R 5,10,15 K-min™
F120 Kemin™ 7625 40BN dE 470050

2 HREWR

2.1 RIEEHST

XFARAT AL B 1 I b AR AT X 5 2R B o AT I
BT, 15 50 b A B0 W32 1 TR o R 4 R o i
Wiz G YR TR F43d S B (Z=12) ,
JL S 5045 K - a=b=¢=29.7609(2) A .a=B=y=90°
JiL %5 B 1.506 g-cm”, FLA W) AR E T B PR
s 2 fr s 3 a0 BIE (BVS) TR (K (1) ~(2))
AT Fe (1)1 Fe(2) By S8 H 23 51 2y 3.09 #1 3.06, 41 &
Ry Fe .
1z =3 s, (1)
s, = [(RO = Rij)/0.37] (2)
A R oy MR R R R S A A R T 2o &
J& ot B AR S 5 s, 2R R X AR AR A TR Y BN SR A
R, AR 2% ij Xt B FRAE{E , R,(FeO)=1.765 A, R,(FeN) =
1.815 AsRJ2 i IR T Z M B S AL

AR5 R AN 1 TR o H R Ta nT AT, AR 2 A
HUARAE—Fh R B FE 25 0, L DL 4 1 T =Xk B 1
SEJ5 R B 1-43d 25 (A1 HE, B ZH R Y e/ TR BT
NN A7 P SRR BN 20 S oy e R e ]
Pl Fe , Fe" ¥R F 7S B A A =, B Fe" 5K 4 F L H R
S AR R T L% BODTO B AR b i — AN EUR 7
Be A7 o Fe" i ik 480 B BF 36 OB B 28 MR 45 4, JR LAY

Table 1 Crystal parameters and structure optimization data of iron cluster

parameter value parameter value

CCDC 2172502 v/A? 26360(2)

empirical formula C,eH,,Fe,N, O, z 12

formula weight 1991.75 D /g-cm™ 1.506

T/K 296(2) R(int) 0.1054

crystal system cubic F(000) 11904

space group 1-43d crystal size / mm’ 0.200%0.200%0.200
h, k, 1 -35-9, -35-29, -30-35 goodness-of-fit on F* 0.943

reflections collected 89742 R,, R,[I>2sigma([) ] 0.0493, 0.1389
independent reflections 3800 R,, wR, (all data) 0.0693, 0.1589
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a. crystal package

c. the structure of octagonal iron cluster

1 ALE YR G AR A SR A

Fig.1 The crystal package and cage-like structure of compound 1

BODTO % FC A& 7 F I8 BL S A Fr 0y 2544, fifi 15 /\ #%
R 0 R e A R I LR B AN E 25 R (B 1e) o
% & BODTO BL AR FIK 43 B, AT DL A& b WL %2 5]
BRI R ZR A5 4 (18 1d) .

FEA 9 1 R0 o SR R £ B0 L3 2, mT i A
4 By Fe—O H K {5 Bl 1.880(6) ~2.059(6) A,
Fe—N # K 73 % 4 : Fe (1) —N(5) 4 2.304(8) A Fil
N(7)—Fe(2)J32.403(8) A, HH, LFe—O—Fe ftt
AT 95.5(3)°H 131.293°Z 1] , LO—Fe—O # ff
JLE R 81.2(2)~177.0(3)°, LO—Fe—N 1 J5 [ Ky
79.5(3)~174.5(3)°,
2.2 ARBEMSW

RN G W 1R AR E T, 4 B R H DSC M TG
AL A 1 BE AT A i v AR DN, 25 SRR 2 R
i &l 2a (9 DSC il 4 T 51, 16 & 90 1 8 S8 2 D0 W #4ik
A5G B B 2b i TG T 2k 26 T 3 (9.1%) , I B
X SR PR Sk R 45 4 v K 43 R E AR AT O A
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b. coordination environment of Fe**

®c
©®re
onN
@0
CH

d. the cage-like structure of iron skeleton

(BRI (EH 9.8%) T 8. Bl 7 M c A A2, 43 500 1 303
AW I (513.9,617.6 K H1 669.4 K) , 45 4 1 [y BE
1) TG A1 DTG M1 £k, v] BE 2 K0 BE & 4 T80 4% 285 4 1) F
— R AR BRI R RN 52.2% LAY
BN 38.7 %
2.3 BEMNKXSBERMEITE

K F BAM X6 Ak & 0 1 118 $8 o J% B ORI EE 452 R
PEAT TR, H A o O R 15 ), BRI R R 360 N
K Al Kamlet-Jacobs 7 #3158 T 1k & 9 1 (19 4 & Pk
R0 S MR S5 RS U S b 1 R
Y O R AW s g R, ) B . iRt
Materials Studio %4 HF DMol3 Bl 4k & BETC & ) 1)
SEK T A RS R B GGA-PBEYZ B8, Il 40
HAXF 6 A IE 1Y) %% BE 77 oR 26 30 1% % 45 (DSPP) J7 i 4k 3
WA 85 A2 O B2 3 RO N 25 BB R (AE,,) AN
PR (AH,) o 5l i 20 (5) ~ 20 (7) 153 T 45 A
M D=6.94 km-s™' J#JE N p=19.09 GPa, L& 1 AR
At
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Table 2 Partial bond lengths and angles for compound 1

bond length / A bond angle / (°) bond angle / (°)
Fe(1)—O(8) 1.923(5) O(8)—Fe(1)—0O(7) 83.9(2) O(8)—Fe(2)—0O(7b) 95.2(3)
Fe(1)—0O(7) 1.938(6) O(8)—Fe(1)—0(6) 96.6(3) O(8b)—Fe(2)—0O(7b) 81.2(2)
Fe(1)—0O(6) 1.961(6) O(7)—Fe(1)—0(6) 95.9(3) O(6c)—Fe(2)—0O(7b) 165.1(3)
Fe(1)—O(5) 2.053(7) O(8)—Fe(1)—0O(5) 166.7(3) O(8)—Fe(2)—0O(4b) 96.3(2)
Fe(1)—0O(1) 2.050(7) O(7)—Fe(1)—0O(5) 91.9(3) O(8b)—Fe(2)—0O(4b) 164.5(2)
Fe(1)—N(5) 2.304(8) O(6)—Fe(1)—0O(5) 96.3(3) O(6c)—Fe(2)—0(4b) 86.9(3)
Fe(2)—0O(8) 1.880(6) O(8)—Fe(1)—0O(1) 99.0(2) O(7b)—Fe(2)—0O(4b) 89.3(3)
Fe(2)—O(6c) 1.988(6) O(7)—Fe(1)—0O(1) 177.0(3) O(8)—Fe(2)—N(7b) 174.5(3)
N(7)—Fe(2a) 2.403(8) O(6)—Fe(1)—0O(1) 84.2(3) O(8b)—Fe(2)—N(7b) 86.9(3)
O(4)—Fe(2a) 2.059(6) O(5)—Fe(1)—0O(1) 85.2(3) O(6c)—Fe(2)—N(7b) 84.0(3)
O(7)—Fe(2a) 2.006(6) O(8)—Fe(1)—N(5) 81.3(3) O(7b)—Fe(2)—N(7b) 81.1(3)
O(8)—Fe(2a) 1.960(6) O(7)—Fe(1)—N(5) 95.6(3) O(4b)—Fe(2)—N(7b) 79.5(3)
Fe(2)—O(7b) 2.006(6) O(6)—Fe(1)—N(5) 168.0(3) Fe(1)—O(6)—Fe(2c) 126.1(3)
Fe(2)—O(4b) 2.059(6) O(5)—Fe(1)—N(5) 86.6(3) Fe(1)—O(7)—Fe(2a) 95.5(3)
Fe(2)—N(7b) 2.403(8) O(1)—Fe(1)—N(5) 84.5(3) Fe(2)—O(8)—Fe(1) 131.3(3)
C(1)—N(4) 1.276(13) O(8)—Fe(2)—0O(8b) 96.7(3) Fe(2)—O(8)—Fe(2a) 130.0(3)
C(1)—N(1) 1.351(13) O(8)—Fe(2)—O0(6c) 99.5(3) Fe(1)—O(8)—Fe(2a) 97.5(2)
C(2)—0(2) 1.312(12) O(8b)—Fe(2)—0O(6c) 99.2(2) C(2)—N(5)—Fe(1) 119.1(7)
symmetry code: a =—x+3/4, z=1/4, —y+1/4; b=—x+3/4,-z+1/4, y+1/4; c=x,—y,—z+1/2.
N R 100l 316.0K w

- - t I 9.1%

= % 0.5 L

% § 80 459.5K R

-~ D %

E § 601 52.2% s §

5 2 £

= £ 559.7K --0.5 @

2 088K . x . : B i . . .'\ 1.0
350 400 450 500 550 600 650 700 300 400 500 600 700 800

TIK

a. DSC curve
2 A1 DSC X TG-DTG i
Fig.2 DSC and TG-DTG curves of compound 1
HMEBES TNTHI M (D=6.821 km-s™',p=19.4 GPa)'""’,
X AT RESE A AL W 1 AR AR S R bR R 2 I T
Oy B AR (p=1.506 g-cm™’).,
C,H,,Fe,N,,O,,(s)— 4Fe,0,(s)+ 12H,0(g)+

+4CO, (g)+24C(s)+ 24N, (g) (3
AH,, = 1.127AE,, + 0.046 (4)
D=1.01®"(1 + 1.30p) (5)
p=1.5580p° (6)
@ =31.68N(MQ)" (7)

S A, R RE R kJ-mol ™ AH, R k) -mol
DA kms™s @ N M. QI 245 p o 3 E R
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b. TG-DTG curves

M2 B, g-cm™; p WHRTE , GPa; N b & 7 & RE A1 BB
T SR EE SR B, mol - g™ s MR SR 7= ) 11 SF- 35 JEE JR
Fii,g-mol™; QN kecal- g,
2.4 ITAPHSBHEMLIER

J T IERITEALAS W 1R AP I i 08 5 7R S A
K10 Kemin™ A DTAUZE T AP 584 10%
EG W1 0 AP/TIR & W 0 $4 43 i 1 AE L 153 31 1 3 1Y
DTAMI%k . MK 3 AT LIA 1, APTE 516 KA — 11K
PR 6 N T AP Y LR AR AT Oy s 7E 573 KFT 704 K
b 230 2 AT 43 6 T AP B AR IR 43 7 B
BL(LTD) F s i o i B BE(HTD) . AL &1 )5,
A A AL XXXX % OXX

% XX & (1-9)
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AP/ IR G A AT 3 f i B e (L 30 S A v L (R
1o IR A fiE I B U TR R 639 KL IESEAR AW 1 %
AP 3Gy figt BT HEARAE -

h it — A T A W 1R AP A it (R AL R RE
S35 T AP R AP/ IR -G HEAE N [F AR 22 (5,10,
15,20 Kemin™) N DTA i £k, an &l 4a f1 /& 5a 7w o
X AS ] FH 3R 8 R A HTD W6 i 38 5 43 51 5% A Kissing-
er 5%l Owaza-Doy i #EAT R ¥E LA, Jr f =X

se7k R3I9K
AP/1 mixture
518K 573K T K
AP
. . 516K . ; .
350 400 450 500 753/5(})( 600 650 700 750

3 AP 5 AP/TIRGWIEFIA 2T .10 Kemin™ T DTA £k
Fig.3 The DTA curves of AP and AP/1 mixture in static air at
10 Kemin™

texo
20 K-min”

577.7 .
15 K-min’ 521.0

572.6 704.0
10 K-min" 5179 N s\
5 K.min” 5155 R063 807

514.0

550 600 650 700 750
TIK

a. DTA curves

350 400 450 500

-10.0 .
-10.21 Ozawa method .
' y=-11963.2x+18.0 12
0.4+ R=0.997 o
_ 106 i
5 -10.81 09 5
= issi Lo
£ _410] Kissinger method :
y=-26141.4x+26.4 5
-11.21 R=0.997 .
e Los
116 - - - - . —104
130 140 141 142 143 144 145

1/7;+1000
b. the fitting curves
4 AP TE A [A JH i 3 R R 19 DTA il 2 R Kissinger 2 |
Owaza-Doy i1l & i £
Fig.4 DTA curves of AP at diffierent heating rate and its fit-

ting curves obtained by Kissinger and Ozawa-Doy method
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A (8) &K (9) rn , JUr 15 £ M ¢ & an &l 4b fi1 &l 5b
J7N o
In(B/T,))=In(AR/E)~(E/RT,) (8)
logB = 0.4567E/RT, + C (9)
X, BRI AGH R Kemin™'; T & HTD i {H &
BE LK ASRHEHT I 75 B2 R TG AL AE k) -mol s RZES
R %0,8.314 )-K =mol™; C 2 4L

i it 545 F) AP R AP/T IR A RE 0 A 00 ff AR 25 R
SN SE AR 3 PR, R 3 WA, 2 R Ok
T A% AP/ IR A FE 1 22 UL TG AL REAH T , FLAH G E R R
B 1, RPIA SR NS, /10 Kemin™ (1

- 606.9 657.5
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Fig.5 DTA curves of AP/1 mixture at diffierent heating rate
and its fitting curves obtained by Kissinger and Ozawa-Doy

method
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Table 3 Non-isothermal thermal decomposition kinetic pa-
rameters of AP and AP/1 mixture

Kissinger mehtod Ozawa-Doy mehtod

samples E E
“K o InA Ry O R,
/kJ+mol™ /k)-mol
AP 217.3 36.5 0.999 217.8 0.999
AP/1 mixture 133.6 24.2 0.999 137.2 0.999
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Preparation and Characteriztion of an Octanuclear Iron(1l) Cluster and its Catalytic Performance for the

Thermal Decomposition ofAmmonium Perchlorate

HUANG Qi', LIU Li'"*, JIN Bo', PENG Ru-fang'

(1. State Key Laboratory of Environmental-Friendly Energy Materials, Southwest University of Science and Technology , Mianyang 621010, China; 2. School
of Materials and Chemistry , Southwest University of Science and Technology , Mianyang 621010, China)

Abstract: A new energetic iron-oxygen cluster, [Fe," (p,-CH,0) (p,-OH) (p,-O) (BODTO*) (H,0) ], (1), was synthesized by
solvothermal method using 5,5'-{[3,3'-bis(1, 2, 4-oxadiazole) ]-5, 5'-yl{-bis(1-hydroxytetrazole) as ligand. The structure and
thermal stability of compound 1 were studied by single-crystal X-ray diffraction, differential scanning calorimetry and thermo-
gravimetric analysis. The catalytic performance of compound 1 on the thermal decomposition of ammonium perchlorate (AP)
was also investigated by differential thermal analyzer. Compound 1 crystallizes in cubic I-43d space group with a density of
1.506 g-cm™. In the crystal structure, the nearby Fe’ cations are interconnected to each other by bridging oxygen atoms.
Through those connections, the iron(1ll ) cluster cages are formed. The peak thermal decomposition temperatures of compound 1
are 513.9 K, 617.6 K and 669.4 K, respectively. The detonation velocity and detonation pressure of compound 1 are 6.94 km-s™
and 19.09 GPa, respectively. In addition, the impact sensitivity and friction sensitivity of compound 1 are 15 J and 360 N, re-
spectively. After adding 10% compound 1 to AP, the high temperature decomposition temperature of AP decreases by 65 K, and
the decomposition activation energy decreases by 82.2 kJ-mol™", demonstrating the high catalytic activity of compound 1 for the
thermal decomposition of AP and the great potential of compound 1 for application in energetic combustion catalysts.
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An iron( 1) cluster, [Fe," (p,-CH,0) (p,-OH) (n,-O) (BODTO* ) (H,0) ], (1), was synthesized and characterized. A unique

cage-like structure was observed in the crystal structure. In addition, the catalytic performance of this compound for AP

decomposition was comprehensively studied. Compound 1 has excellent catalytic activity and can decrease the decomposition

temperature of AP by 65 K, demonstrating its potential application in energetic combustion catalysts.
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