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ABSTRACT

Traditional propellants emit toxic gases such as carbon dioxide and hydrogen chloride during
combustion which are harmful to the environment. This study established a synthetic process of a
high nitrogen containing derivative of tetrazine, 3,3-Azobis(6-Amino-1,2,4,5-Tetrazine) (DAAT), which
can be applied as solid fuels for a solution to environmental concerns. Also, this paper described the
detailed process and the analytic results of properties, which were not mentioned in previous reports.
The compound was characterized by NMR, IR spectroscopy, and thermal, impact, and friction stability
were measured. In addition, the heats of formation (AHf) and detonation properties (pressure and

velocity) of DAAT were calculated using Gaussian 09 and EXPLO5 programs.
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o] e Eokel HEEHo foh EAQ] 1L T2 A4 5AH0E 8 g2 A7 JdH
A FHAAY P5ZE Al ammonium AE EZoln

perchlorate(AP),  Octahydro-1,3,5,7-tetranitro-1, < Los Alamos 749 Chavez #HAF9} H]
3,5,7-tetrazocin(HMX), ~ Cyclotrimethylenetrinitr S AT4A Koppes HHAl= HIEZR Ad9 3}
amine(RDX),  v}ITQl  hydroxy-terminated FHEQl 3,3-Azobis(6-Amino-1,2,4,5-Tetrazine)
polybutadiene(HTPB) &°] St} ol&2 #H& (DAAT)E L3t TH10,11]. DAATE %<& 4
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Fig. 1 Compounds type of tetrazine.
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2. DAAT2| g 3! &M| B}

DAAT+ guanidine hydrochloride(GHC)E &
W EAE 6BAE AA 3 EIRItH(Fig. 2).
194l GHC9} 3|=2kx Rizdlo] =g o] E 9]
HHg 02 90TolA 2417 &<t BHEAIA 98% <]
TEER triaminoguanidine  hydrochloride
(TAG-HCHE 2. sl=etzle 35 F&Fo] F
A=, 2 o] Fo] FYHW TAG-HCIO|
Sl=gtgle] FHol F5g&o] AT =gt 5
THF EA A FAE FE70%).
TAG-HCI &4 : 250 mL %5719
(0.198 mol) GHCS} 80 mL 1,4-t}o]&4s £
gty wHkS SPE A 341 g(0.681 mol) 3] =2k
Yi3lo] =g o] E9}t 20 mL 1,4-Tho]&2kS
SAE HH3] W&o TPy Fjo] ¢
Hw 90ToNA 2417 B wRkgTh wkE-ol
299 Aoz Yyztsle TAG-HCS o33}
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GHC TAG-HCI :M\/ N}\_;?/
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a e
Ay N NH,
v v NSN
N___N N__N N__N
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R _— = —_— 3
i-ProOH hH acetonitrile l DMSO I
NN N =
N. N N. N N. N
T B T
L N NH,
- O DAAT
/B—‘ Br
HDPT Br-HDPT
Fig. 2 Synthesis of DAAT.
a1, 1,4-tho]&xlo g A st 60TColA 8A17F HN " HC o o "o HZN‘U\ Het
+ 2 2 o~ MNHIAIHN .
Azslo] TAGHCI 236 g(0.168 mol, 98%)& @ "hyhyme © 7 A IS RN
=t} TAG-HCI 1
2GAIE TGA-HCIF 24-3lElITho] &8 whS-A] o .
A 1 tete @Al ol th(Fig. 3). olRlF &< m' <”" Hel AN
TGA-HCIS AEF 2729 24-3etio] &5} 1l mo (oo e ot o e
HN—N ) N= HN =N NS
oo}o% A CINF B4 FHAEE 1] B N_>/ " A
228} wgel ofsl B B4 2747 WAL} O~ >
”“1 pyrazole 118E #Aste] FIHAANE 27} 2 pPOT
B} ol%F, ZIYAE 2 F EAUF Foll o3| Fig. 3 Synthetic mechanism of DPDT.

tslo| =2 HEgGR R AT eI Rci e 3,6-
Bis(3,5-diaminopyrazol-1-yl)-1,2-dihydro-1, mol) TAG-HC1# 90 mL S/HFE FYsta, 4

»
il
it

2,4,5-tetrazine(DPDT)7} A= 3L, 81%2 +5F& oA wykste]  $A3F gAY 101 g
2 Aozt 24-AEtoe] e T &£ (0100 mol) 24-Fditto] &S Fistar, 2ol
DPDTe A3 <xd 9FL v|Xg. 15 A 2A1ZF mREeE & 70°Co A 2A13F mEkshg
mL/min ©]3te] T EEoXE T3 @itol Hhgol TEEW F2o=® Wzsy, DPDTE
WAEle] JEpdy 2o PAADE Adom FTHTE AFHS g 60ToAA 6217 5
dojA ™, NMR &4 A3 v BeEe] & oF Ax3te] d& DPDTE 11.0 g(0.0405 mol
A ERlstdrtk. olHd EAE Ay ¢ 81%)°lth

| HE 2 mL/min ©]4e] 9 £x& 24-3E 3HAE Hilol=zHERNS 4HEste] HE
thol 25 FYstoiof gt grlog wEste Aot £dd &

\=}
DPDT 4 : 250 mL ®H§-7]el 7.03 g(0.0500 Hiskey method[12]E ©¢]&3lH TSlo|=ZHE
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DPDTE 3,6-Bis(3,5-dimethylpyrazol-1-
tetrazine(DPT) 2.2 4F3}st4 a1, 90%<]
dolzltt.

DPT &4 : 250 mL %F&7]el 11.0 g(0.0405
mol) DPDT# 90 mL oMEAFS FYdsta, &
2ol A kit o] F, 341 g(0.0480 mol) o}
MHEFS W7l A FSlgth F9)o
S EE 40Tl A 443 FF wksta, vhg

Z254 ¥87]9 100 mL €S5S £33}

A
e 043
-yD)-1,

HH" DPTE HdFsta FHRFZ M 6
0ColA 6A1ZF B9t AZRsY] 4& DPT= 9.19

g(0.0340 mol, 90%)o] .

4RAE FEee ol gdte] T #Ab9] DPT

€ 9dsh= Aot HeErl= HaA F&
olg7]e]7] Wil s|=epxlel] ofsf &g A
2 nkgo] dojdth =S 05 THN F
det22 A5 DPT & ##4s} s|=ehxle] whg
& A" 247 e DPT & 24sh w8

3t 1,2-Bis(6-(3,5-dimethyl-1H-pyrazol-1-y1)-1,2,
4,5-tetrazin-3-yl)hydrazine(HDPT)7} A=,
62%°] F5EZ Aot

HDPT 34 100 mL ®Eg7]el 100 g
(0.0370 mol) DPT$} 70 mL 2-Z 2RSS FY

gto] wykgith ¥h3-7] i 255 10CE {4
st Sl=ekzl Rimsto]l=golE 0.926 g(0.0185
mol)& 3] whE7]d FAF 302 Ut A
2ol A wwkstar, 2417 Ft vtE SR &, A
208 Wziste] 2412F Ft wRkgth. HDPTS
2-Z2HEE M H3M AFH3t, 60T oA
4AZF Bt 1E3te] HDPT 8.73 g(0.0229 mol
62%)S d=ot

5TAl= HDPTY FAFE XS =2k~
dr1E olF7|Z 4tglsle "Alolth olwlv] Y

4:, 3-chloroperbenzoic acid(m-CPBA) 2]
Atol= AE o] AgHAE o]&dte= W, MnO,,

HgO 59 "lEg SA|=ES o] &3sh= W 5ol
thdstA 4 A ook kA HDPTE 2tst e
o AFE-3F WH-E N-bromosuccinimide(NBS)E
o) Welth ot AseAYAE N8
wor oljel WelEdel MEe EdgoA
F2 olg7|2 vhEo] v& ®he
494 ABRGANA o £
38 Q2 5 Q7] MRtk of WHS ol gl
(E)-1,2-bis(6-(4-bromo-3,5-dimethyl-1H-pyrazol-1-
y1)-1,2,4,5-tetrazin-3-yl)diazene (Br-HDPT)< 96%
o F5EE Lot

Br-HDPT 343 100 mL ®Eg7]el 6 g
(0.0158 mol) HDPT®} ol EYo|lELH 78 mLS
FAsta wyksit, i 25 10CE fA3)
™ NBS 114 g(0.0632 mol)S HH3) T3}
olF, oA 123t F<t wHketal, Br-HDPT
< tert-butyl methyl ether2 A& 3}™ o 1}git}.
60C QB A 4AIZF FF 7d=Z3te] Br-HDPT
8.13 g(0.0152 mol, 96%)& +=th.

oy

et e 2 6T Al PEULE o83 13
4 A& grgolth BEo] =Y HEPE S F
& olgrjoln®z ormujole} e A9 A
3 wrgo] vz Z dojdrh Edd LA
WHES YRYol 7t2E o] &3 A%, FH =
A g FHFo] BolatA &) W] B Aol

Me gdRYolget drUol-mghg §HS ALS
st dRYoleE AMES A9 A whgo]
=2 FRAAT, dRYol-mers &Aqs ARG
ALdE 32%9 FE2 DAATZE fojHoh wh

& ¥ DAATE= &vWl2 AL&3 DMSOE 24+
2 7HAA A "ok ol EEEY olyg 4
sAE T4 ¥ 4TS F7) Wi SHTFE
7}4 8735t DMSOE A A &tedok g}

DAAT &4 100 mL ®H&7]el 40 mL
DMSO# 2.34 mL(0.0164 mol) 7 N = 1jo}-u
gE §4S WSl FAsta wwRkgith 4 g
(0.0750 mol) HDPTE WH&7]el F=H3tar, 308
B Wit} o]%F, 40 mL 2-ZEHALS WS
71 Fdeta, Crude DAAT 1.96 g(0.00660
mol, 40%)E 2-ZEZHLZ A3 o3
100 mL #¥F$-7]9] crude DAATS} FHSF 20
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Fig. 4 IR spectrum of DAAT.

mL& FASFIL 143 Ft ISR o] F
DAATE ZH42 AHsy 731, 60T oA
6712 Bt AZx3e] DAAT 1.16 g(0.00520 mol,

31 DAATS] £33 24

R 2FEHe uAsef 2485 93 ATR
A3t 2™, NicoletAl 331 E ©] 8314
(model i510). 'H, ®C NMR 3 #2e 3
MHz(Bruker AVANCE 300) &z}7]&% &3
2 g3, &9E DMSO-dg,  CDCl,
DMF-d-& ©]-&3t3th.

DAATS] IR spectrums A EH 3365, 3280,
3182, 2969 cm'elA -NH,9 2E#3 3=7}
e ¥e2  Ueldt(Fig. 4). ol HEZA
o FHTFx wEolgt ddFETh

T3 860 cm™MoA -NHe| wig sz}l o4
= J3E  F ATk 1625, 1499 cm'loﬂfﬂ%
748 -C=N-9] 2E#A =7} BFEUL, 1345
et A= -C-N- 2E# 3 937} JJrZLQ 4=

DAATS] NMR #42 N,N-Dimethylform
amide-d;(DMF-d;) 2.2 Z33& %t 'H NMR =
HAEGA= 1 7§ A2do] #ZHA(Fig. 5).
DAATel & -NHy7t 27 EAstA T - thA <l

>
NS 8o

by

— Hy0
DME-d,
S N _/THs
d N .
15.0 10.0 5.0 0.0
ppm
)
A —
1es DMF-d
R |
|

200 150 100 50 0

Fig. 5 'H and C NMR spectrum (DMF-d;) of DAAT.

BAo)7] WEe FFe X g -NHo] Al1d
o] FY3A #ZEHT AolH, 894 ppmelA] Al
Uelsth BC NMR 2" EHq = 270
do] & ZEJ OiD}(Fig. 5). DAATOE 470
}, DAAT® 34 wid
! 27H«1 @47t FA5H
al A8 209 AR FL3}
HAA 2 Al1d2 162.6, 167.2 ppmell
s

=

o
o
A ¥
A

L JIN'
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32 DAATY] E218 54 24
DAATS] AAE AAS Gaussian 09 TZ 1
AS ARSI,

geometric

structure$}  frequency <]
6-31+G* A =Z
B3LYPE AM&3F4ATh  Single-point  energy~
MP2/6-311++G** 2 Al 2Fst A TH13].
reactiond AEIFH= MP2/6-311
++G**9] o X =}o]e} zero-point energy(MP2
/6-31+G**), 18] o2 o8 7}A factor(MP2
/631+G) 2] z3to 2 A thFig. 6). Z%

optimization<

Isodesmic
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Table 1. Physical properties of DAAT.
T’ | Taec Denﬁ? AH AH P D* IS | Fs®
Compd | 2y | €] |18 pgnor | g ) | (GPal [ms | D) | (N)
Meas. Lit.
DAAT - 270 1.79 1.76" 1147 5.21 31.1 8651 18 >360
TNT! 80 295 1.65 -67.0 -0.29 19.5 6881 15 353
RDX' 206 230 1.81 66.9 0.30 35.2 8977 74 120
HMX 280 287 191 75.0 0.25 39.6 9320 74 120
*Melting and thermal decomposition temperature under nitrogen gas (DSC, 10°C min ). "Gas pycnometer (25°C). ‘Heat of formation (calculated

via Gaussian 09). “Calculated detonation pressure (EXPLO5 V5.05). “Calculated detonation velocity (EXPLO5 V5.05). Tmpact sensitivity (measured

via BAM drop hammer). 8Friction sensitivity (measured via BAM friction tester). "Ref. [10]. ‘Ref. [14].

N=N
N-N  N—{ )—NH,
HzN—(i]_N\}_N’ N-N + 4CH; + 2NH;

DAAT

— = 2 <\N N,) + HN=NH + 4H,N-CH,

Fig. 6 Isodesmic reaction of DAAT.

Hip Tk £x o] AAS or|ox Ao Y
I 2z 9] gevEeE o] &3 EXPLOSE 34t
DAATS]  AtdE AAHELE AH > 0

(endothermic) ©]™ 521 kJ g'(1147 kJ mol")Z
TNT(-0.29 k] g, -67.0 k] mol™), RDX(0.30 kJ
g’, 669 k] mol?), HMX(0.25 kJ g”, 75.0 K]

mol) 2t w$ E& UAZ FH3n 9
(Table 1). 7}~ Sawdez 238 2xe

1.79 ¢ cm®Z RDX(1.81 g cm™), HMX(1.91 g
em®) Hoh vral TNT(1.65 g cm™) Rt} &=k
EXPLO5 Z2a# oz A4k DAATY =<t
Hy} ZurEw= 311 GPa# 8651 m s'& TNT
(195 GPa, 6881 m s’)Et} gk, RDX(35.2
GPa, 8977 m s'), HMX(39.6 GPa, 9320 m s7)
woh skt

=37 dEd2E <= Differential Scanning
Calorimeter(METTLER TOLEDO DSC)E ©]-&-3}
o 9 10T ¢ &2z A AT 43
DAATS] BEaLEE 270CE &4 glo] &)

€913, RDX(230C) Rrh ¥3, TNT(295C),
HMX@S7C) Be} ofzt 2o 94 9ges n

S, BAM drop hammers ©]|&3}o ZA3h
DAATY %7 Z=% 18 ] 2 TNT(15 J), RDX
(74 ], HMX(7Z4 ]J) Rtk #3813, BAM
friction testerE ©|-83}o] =%A3 DAATS vz
ZEE 360 N o]4o 2 TNT(353 N), RDX(120
N), HMX(120 N) Et} wj-¢ #7233

2 dFoAMe 2daE Ags
DAATE #A43sta, 71&

e FAR AF e
RS o] gafe] ¥ A7)
u, DSCE olgaf] &

0C)E &33At. =3, 7|1& 74

12 & DAATY AALAH; = 521 K] gh)&
Gaussian 092 A4tstd, 7t= saxdyHE
=438t

51

o] &3l DAATS EE(179 g em™)E
. DAAT®] F4d%5(P = 31.
m s')& EXPLO5 ZTEIYW-S o]&alo] A AHs}
A1, FA/0pF =18 ], >360 N)E
drop hammer®} friction testerE ©]&3}o] =4
3199t DAATE ¥ 14 A52 AE453 ¢
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