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t1 Hydroxy-terminated polybutadiene (HTPB)/ammonium perchlorate (APYA 583 1
A o] dazuel AR ] TS FAlo 7K MRS acylaziridingl ferrocene 2HHE

2 1,1’ -ferrocenedicarbonyl-b7s-[ 2-methylaziridine ] (AAF) & 43ttt AP &A) 3}
AAFS %34< 1,17 -[1,3-phenylene dicarboxy]-bis-[ 2-methylaziridine ] ®]at Baslg o

o olg Aea WA FAA, AAH 54 9 AA5HE 2FHA,

ABSTRACT: 1,1’ -Ferrocenedicarbonyl-bis-[ 2-methylaziridine] (AAF)  was synthesized as
new acylaziridinyl ferrocene compound having both burning catalyst and bonding agent for
hydroxy-terminated polybutadiene/ammonium perchlorate propellants. As AAF applied to
propellant, polymerizability of AAF, processability, and mechanical and ballistic properties

were systematically studied.

Keywords: AAF (acylaziridinyl ferrocene), burning catalyst, bonding agent, wmechanical proper-

ty, composite propellant.
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A3 Eu)] Tog o]FolA glth ofW FAUA F4
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Acylaziridinyl Ferrocene¢] 4 9 33§

e} 94 ferrocene F3EL Hold AnEA
T B3 FIA o] o] FAat iAol 7
7] qol gtolul/dEeo)e= T 4 FHoz
o] 5 3HAl =ol Hrte <o) Azt ule} Bash =
FAEE <t A 2 olyE B B
8}7] 3l ferroceneo] ¥-RaFo] & alkyl group
A@shs Wyl ferrocened A wield A

A7l EY w2 e B4 coat
T WY Sol Ay gl
FA1e] vieltie} 1A FAR) Ale]o] AW
< A JIAE BAde AT BHoam
HTPB/APA  FxAd] AlgdE= ZigRas=
alkanolamineA| ¢} acylaziridined] So] glom, o
Z 1,1’-[1,3-phenylene dicarboxy]-bis-[ 2-methyl-
aziridine J(HX-752)7 2& acylaziridined]= AP
FAAA A Fofztgo 7 na|dhFFo] Yojuh 1
24 9& Pz uRiniel AP A%y =
Ao szt & FHe 7HA T Ye ZFA 0! o
218 goll Aqtste] AgA HX-7529] AR 2A
HX-7522] 241491 benzene & ferroceneo 2 3}
8l acylaziridinyl ferrocene (AAF)& &4 sicha
IE2 BE A5 A A gEmat oz}
AP FHdA A& FAslnz oj5 33} 3wy
o] §l= ¢AE ferrocener] A4 Fnjo] Jdw A
& Aozt 7luiE

ulgtr] B Ao A= HTPB/APA FdAd)A] o
aFo| ot ZEA ) HEE T s EE fer
roceneZ BFEE FA3BlY] ©) A= F3g}
ol A&3 A FAHA, NAE BY 2 dAaE

4 DT AAFY 2§ 7Psde 49w,
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AAF 2| 3tM. AAE ferroceneg n-hexane Lufjd]
A1 n-BuLi/tetramethylethylenediamine (TMEDA )
2 Ag]dl 1,1" -dilithioferrocened A& o)A
£ dry-ice/ether slurrydl] 7}ste] dicarboxylate®
HEAIZ - 2oz Hesle 1,17 -ferrocenedicar-
boxylic acidg& At} VoA dicarboxylic acid:=
PClsot ¥H&AIA 2 d8E2 WEAZ] & 2-methyl
aziridine© 2 #g}ste] HZWAES 1,1” -ferrocene-

£2/ A2l A2z 1997d 3¢

A

2

&

4

dicarbonyl- b7s-[ 2-methylaziridine ] (AAF)-2 91%]
. 3" AAFE NMR, IR, 945848 E31o
gelsidnt. ol 'H NMR data: BrukerA}e
AC-200F NMR spectrometer® Alg&-3tod 219l o
IR spectra= BIO-RAD Digirab Division¢] FTS-
60 model& A3l AYul. YrBAL Carlo
Erba Instruments?] EA1108-elemental analyzer
AHgBtETh AAFY] AR FFge gen 2

o

1,1" -Ferroenedicarboxylic acid2| &HA. z-Buli
g4 132mL (25M in hexane, 0.330 mol)7} &
o}R+= 500 ml, Schlenk flaske] TMEDA 49 mL
(0.325 mol) & 7}8tiL bl 3087t ausicl.
o] &3EL ferrocene 24.6 g (0.132 mol)o] Eo]
2= 200 mL hexane £9o] &4 Abed|A] 647}
¢ Tt o] wrgog dojA FIA gus
pensiong dry-ice ¢ 70g (1.6 mol)3} 100 mL
anhydrous ether?] slurry7} ©71 500 mL Schlenk
flaskel] 7}slar @EERE] 257} Aed ol o
742 Wk 3 AAE 3 E d3sle] A9 o)
JAE 100 mLe] FR57F @1 vlolAz g4 Mg
ez Hg & ousln FFFz Ao
F Adzd 3AE 2A 250 benzene o] P1
ferrocenecarboxylic acid& o] Wo] ojalslnr Ag
Sl A benzeneg AAI T FFA mFel 1,1 -
ferrocenedicarboxylic acid 35.5g (48 98%)<&
Atk IR(KBr, em™): 3400(OH), 1660 (C=0y;
'"H NMR(DMSO-d,,8): 4.78 (singlet, 4H), 4.51
(singlet, 4H).

1,7 -Ferrocenedicarbonyl-bis-[ 2-methylaziridine ]
o &4M. 250 mL 3-neck round-hottomed flaskd]
11.2 g (41.2 mmol) ¢
acid®} 100 mLe] dry benzeneg 4¢] suspension
& WHE thE 21 g (100 mmol) ] phosphorous penta-
chloride& powder addition funnel& E3] A1A3)
7FeE 5 3AZ B awtsith AR RS o)
st a2 RE FE A Y, wEed B
&2 A9l 1,1" -ferrocenedicarboxylic acid di-
chlorideZ ¥git}.

1L, 3-neck round-bottomed flaskel] mechanical
stirrere} 2=AE Fx|eti 15 mL (212 mmol) ¢

1,1” -ferrocenedicarboxylic
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THHE - oA - 3

2-methylaziridine™} 20 g (145 mmol)$| potassium
carbonated 200 ml. ZFFd =9 gde
ice-bathd|A wulict, W EtEo) 208 o 5 ¢
2 #A3dEA 350 mL benzeneo] 1,1 -ferroce-
nedicarboxylic acid dichlorideE =91 &ML addi-
tion funnel & E3] A]A]3] 7317]-5‘1'\3]- H}7}7F A
5CollA 6AIZ Bt of ¥hgAZ] & W ERES
separatory funnel2 &7 7|28 &3t} e
H #7]1%2 sodium bicarbonate ¥3slg =g
%=, potassium chloride E3}58N0 g2 A2 &}
A anhydrous magnesium sulfate® 22 A A%
% rotary evaporator® &uj& AAsIgr). L)
AAF gumBe o] crude AAFE 0T, W33tolA
6217t T LA Ft AN F 12g (58 83
%)2l HAES 4 1AE AU 9™ crude
AAF& CHCly/diethyl ether (9:1) ¥+ CH,Cl/
hexane (9:1)¢] biphase systemd|A] 55%2] &
Z AZAA 3. Mp: 76~78 °C; IR (KBr, cm™):
1657 (C=0); 'H NMR (CDCl,, §): 4.85 & 4.48
(singlet, singlet, 8H, cyclopentadienyl), 2.64
(multiplet, 2H, CH), 2.51 & 2.01 (doublet, dou-
blet, 4H, CH;), 1.49 (doublet, 6H, CH;); Elemen-
tal Analysis for C;gH,N,0,Fe, Caled. C: 61.38
H:5.72 N: 7.95, Found C: 61.58 H: 5.75 N: 8.01.
S A8 (Polymerizability Test)., 253 4]
APER (7Y A 90 i)t HX-7528 & FA
g ol teflon B N spetularz T3t &
I AP E 3Y B SRS
AAFE= X EZo|v 2 methylene chlorided] =
APgl E33 & Ago ol &g vz A8}
X HX-752¢9} & z@edAN Az zd. aglxn
AP/ZgA 9] ZAsA & o 5mgg KBr 500 mg#
A DA A Egsln Bsld =g 25 A}
£, "33l IR spectrum& Agivh. &3 AP/
AgA Alg dBE FHsle] methylene chlorided)
HAHHA APF i o] FAHJERS
o }“E}
FTM M= ¥ 5S4zt £F. Table 1] F34)
’\]-%i*ﬂii"ﬂ ALE U5 S AT 1A ko)
Fa BE&Z 75.9% (52.2% 200 um AP, 22.4%
6 AP, 1.3% 5mn ADS Aoz HTPB/
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Table 1. List of Ingredients

Ingredient abbreviation  function vendor
hydowy-terminated o mer  ATOCHEM
polybutadiene
isophorone diisocyanate IPDI curative  Thorson Chem.
dioctyl adipate DOA plasticizer ~ Hanyang Chem.
22" -methylene
bis[ (4-methyl-6-1- AQ 2246  antioxidant Cyanamid

butyiphenol)]
1,1"-[1,3-phenylene
dicarboxy J-bis-[ 2- HX-752  bonding agent M
methylaziridine]

1,1’ -ferrocenedicarbonyl- bis- AAT ballistic modifier
[2-methylaziridine] and bonding agent
ammonium perchlorate AP oxidizer Kerr-McGee
aluminum Al metal feul Valimet
triphenyl bismuth TPB cure catalyst SHARPE

1sophorone diisocyanate (IPDI) ulgle]el] &% ake]
7Y, AR 9 F & & FYsle 60 C F
g Z3%17] (Baker Perkins vertical mixer)el] 4]
FAAE Azdle JFg 28 AHE 50T 284
A A 9] Azr} %]755]1?—;1 7] 7 shetd ok

FR3A A8 pot lifed 2317 94all helipath
stand®] Brookfield RVT viscometer& #&3}1
T-bar spindleg o] &3] 50 ColM HEE AFs}
Aok Az & 20 € 7iAE B4 JANNAF A#
oz INSTRON 1122 QAAAE7|E  Al&3lY
50 mm/min®] X-head speedz A 3P A=
shore-Ad HzA 2 A3t 28z AJHe A
Fgo] e Fu BAGT effective straing A
3l7] $18] Farris InstrumentA}¢] Farris 9486 gas
dilatometer& o] &3l o AAXEAd g AAF
o4& Hy] 98 A3 AgE 4d9d (3A
6 mm, Zo] 140 mm)oe.g s dA 7|H 7} &
H strand burner 4914 14 MPad|A] d4g&%
43t AHAFE A e

R
RN

=
=

Zn Y 2@

HX-7522} AAFS| ZgH. 60 ColAl 3 ot
7317 2FA /AP EFE-S methylene chloride
A L= AlFe T A HX-7529 AAF 2%
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Acylaziridinyl Ferrocene] @4 2 £33 234 g

HX-752 AAF

2-Methylaziridine

@—g-“ﬂ_%

Figure 1. Synthetic route of 1,1’ -ferrocenedicar-
bonyl-b7s-[ 2-methylaziridine J(A AF).

APFSl We @ud ¥e4 T¥As 945
U= Ao wol A=A 279 o] FAol

Z HE Ao g yehygt)

HX-752/AP 2 AAF/AP #3x 29 IR spec
trag Fig. 39 Jeplddol. WA HX-752/AP (Fig.
3 (a))9] A% 1677 cm oA yehbs HX-7529
7t28d7] MZ%% (carbonyl stretching vibra-
tion)o] AP¢} &3 ¥ 1651 cm'2 o) E3sly =)
ol F¥HEol dAYHA HX-752¢] amider]7}
APEEI +AAFE o] Fo] Y= Hadoz Bl
o2 28] 3 Fig. 29) ¥hglm} 2o acylaziridine
age fBEgor BAHE 22 amides} APFW
o] Asle HAHd HPgade NT-H #32%
(bending vibration)e] 1540 cm™ oA UEl}A 1)
3 3R A=V 60°C, 19 & 4y Poz nF
o] HX-752&= AP &AlsldllA 47 28urgo) o
ol TEA T IS ¢ 5 AUk AAF/
AP (Fig. 3 (b))9] #A¢x HX-7529} vlarizlz
APt 23 & Jl21rd7y] A& Fo] 1657 cm™ o
A 1631 cm™ 2 o]Eah= Aoz uFo] APe} &4
2ol & FHEL & 5 Y1 60T, 1N &
APsHdAe] ABZEstos FA4YA polyamidest
HaAEe] N'-H F3d%Fo] 1541 cm'ol A 1}e}
7] At 2o Fo] s A o3 Axtz

%)
T
7

Zolo A219 A2z 19979 3€

.

9 ChHy W H—%WJ—CHZ-CIDH%—“\(H
n

R—C— EE—— c=0 CH, C=0
or AP I |
R R

Figure 2. Acid-catalyzed polymerization of acylaziri-
dine compound.
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Figure 3. FTIR spectra of bonding agent/AP mix-
ture: (a) HX-752 / AP mixture; 1) HX-752 only,
2) HX-752/ AP, initial, 3) HX-752/ AP, 60 C, 16hr,
4) HX-752/AP, 60 C, 24hr and (b) AAF/AP mix-
ture; 1) AAF only, 2) AAF/AP, 60 C, lhr, 3) AAF/
AP, 60 C, 24hr, 4) AAF/AP, 60 'C, 48hr.
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Figure 4. Effect of AAF on viscosity build-up at 50
C curing.

[}

=

o]

EolzE 28T 5 ee o
‘_-{i, methylene chlorldei
TR} 2e] 47 HX-752/AP
o] ng] AAF/AP &3Eo| ¢ brittledt #
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27 dE AL Gl F ey
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Table 2. Composition and Properties of HTPB/
AP Propellants Containing HX-752 and AAF

.. mechanical properties  dilatation
b;t;:h addltt:/ve, NCO/OH o, €, 6, & E, H, &, slope,
ST MPa % MPa % MPa % MPa/%
1 HX-752,00 090 0442002831 25 51 - -
2 HX-752,03 084 0755707363 26 52 - -
3 HX-752,03 087 081470795 31 55 19 00053
4 HX-752,03 090 11237 110 41 54 67 - -
5 AAF, 0.3 090 0802307529 50 59 - -
6 AAF 03 092 081 22077 27 58 58 16 0.0049
7 AAF 04 092 0832407830 52 61 16 0.0052
8  AAF 10 092 054 25053 29 31 45 16 0.0036
WAE Gee BEsgon A 242 Table 2
o] Yehfgicth. #& a2 Alzd FHANA 2
A& A&sA] @ge A S (batch 1)Er} HX-

752 0.3% 5 ZFAE AMEE B$ (batch 4)9 7]
AR A WellA 27] B4E (E), HAH-EE (on)
Ao A&(eg)el d ARG o=
HX-7527} AP 3Hd| Al 7 EFE )
os) BT NEA T =4 AP} nigl
viete] A A S 272 4E. 1
gl AAF 0.3% & 63 2744 (batch 5)= 2
FA7E gl F74 (batch Dl ¥l8lo 6,2 71
a9 o1 HX-75290 wlal &, 49&3}

Ae) B3 wrh S DR AeH gas dil
atometerg o] &3] A& wE Fu FAHE
a3ty ot Nonreinforcing 34 &A1 7} %ol g
9 Bado) 2Ag A ARl ArIE FAUA
Zelol 2 AFA 9% 1A FAA} vt
debonding) T+ HICIGld] vacu-
oleo] 7WA AAH 237} Foken Al %
A 9] dAp=AvIeh T, FRAG viRIe A3E 2
23 mlelt]e] tear resistanced] <o)} 13 o]
W AYAES A7bstel welt e 3R A S
Z7MA71H dewetting AR Zobd 4= ot A
Aol Gl o3l vRjIY] TRE WHSIAA tear
resistance®] F&-& vjXA Aot weid A A}

ual
=

A A
te "@49e

[=]
7]

14]

dewetting (&<

&) Fig. 59 Yl e effective strain (eq)
#He Z2PA 7% AEH E 7 A& Fold

HX-752 0.3% & 3Ii% 3=
wslr] Y& AAFE 2

o
(=R

F4A] (batch 3)¢}
gekel 0.3% (batch 6)

=1
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Acylaziridinyl Ferrocened] 34 % £33 F2A &
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Figure 5. Typical stress-strain and dilatation curves
in composite propellant.!3
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Figure 6. Stress-strain and dilatation curves of
HTPB/AP propellants containing HX-752 and AAF
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2o 71 £ YEE 04% S H7HsE 24 (batch
7y 22l Aeke] AAFE 7S 74 (batch 8)
2] $¥-HE M3 dilatationFAE Fig. 64 v
1t Table 20 vteR} Sl wiel zFo] AAF
o] F/18rF ES) 0,8 #4230 g, 9
HAo Y eue 16% TR zol7l U] &
™ HX-7529] 19% Ethe= &gka 23 @3 7

71& RAbStA T L2t batch 67 79 E, Fhol
batch 3Xt} tih zDE ¥5=F B48L HRE
FAN A ZFA S H5g vashy] et NCO/
OH 3| & 0.84~0.90717) #HA 7|8 o] 717
E.2 7= #7418 423592 o (batch 2, 3, 4)
AAF Z3AE AME-8 F7A) (batch 5, 6)¢] 6,3
en®] HX-7529) 4% (batch 4)RB.t} 2% zokrh

ot

o x2 A Lo
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Figure 7. Variation of burning rate and pressure
exponent in HTPB/AP propellants with AAF content.
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Y 1A Ao Z2EA R ALEE acyl
aziridineZ] gES] 547 A4EE FAe 9%
& k= ferrocened] 544 3l 7= tls A
7kAl 2  1,1” -ferrocenedicarbonyl- b7 s-[ 2-methyl-
aziridine] (AAF) & #43le 284& Aldsta 5
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