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Energetic Salts Based on Monoanions of N,N-Bis(1H-tetrazol-5-yl)amine

Yong Guo,™ Guo-Hong Tao,™ Zhuo Zeng,"”! Haixian

Abstract: High-density energetic salts
that contain nitrogen-rich cations and
the  5-(tetrazol-5-ylamino)tetrazolate
(HBTA™) or the 5-(tetrazol-5-yl)tetra-
zolate (HBT™) anion were readily syn-
thesized by the metathesis reactions of
sulfate salts with barium compounds,
such as bis[5-(tetrazol-5-ylamino)tetra-
zolate] (Ba(HBTA),), barium imino-
bis(5-tetrazolate) (BaBTA), or barium
5,5'-bis(tetrazolate) (BaBT) in aqueous
solution. All salts were fully character-
ized by IR spectroscopy, multinuclear
('H, C, "'N) NMR spectroscopy, ele-

and 5,5'-Bis(tetrazole)
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impact sensitivity. Ba(HBTA),-4H,0
crystallizes in the triclinic space group
P1, as determined by single-crystal X-
ray diffraction, with a density of
2.177 gem ™. The densities of the other
organic energetic salts range between
1.55 and 1.75 gcm ™ as measured by a
gas pycnometer. The detonation pres-
sure (P) values calculated for these
salts range from 19.4 to 33.6 GPa, and
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the detonation velocities (vp) range
from 7677 to 9487 ms~', which make
them competitive energetic materials.
Solid-state *C NMR spectroscopy was
used as an effective technique to deter-
mine the structure of the products that
were obtained from the metathesis re-
actions of biguanidinium sulfate with
barium iminobis(5-tetrazolate)
(BaBTA). Thus, the structure was de-
termined as an HBTA salt by the com-
parison of its solid-state *C NMR spec-
troscopy with those of ammonium 5-
(tetrazol-5-ylamino)tetrazolate

mental analyses, density, differential
scanning calorimetry (DSC), and

tetrazoles

Introduction

Modern high-energy density materials (HEDM), in which
energetic nitrogen-rich salts are among the most recent and
exciting developments, continue to attract considerable in-
terest (Scheme 1)."* The attractive syntheses of novel en-
ergetic products include a wide range of neutral molecules
and salts, such as nitrogen-rich salts® 5-azidotetrazoles”!
and their salts,® derivatives of 1,5-diaminotetrazole,”? 1,5-di-
amino-4-methyltetrazolium dinitramide,® mono-, di-, and
trisubstituted nitroiminotetrazoles,”! hypergolic ionic lig-
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(AHBTA) and diammonium imino-
bis(5-tetrazolate) (A,BTA).

uids,'” energetic nitrate ester,'!! polyazido heteroaromatic
compounds,'? salts of pentanitrogen cation,® octanitrocu-
bane (ONC),' 2.4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaa-
zaisowurtzitane (CL-20),!! and salts of N,N'-dinitrourea
(DNU).I'I Novel properties, such as high density, high posi-
tive heat of formation, and high thermal stability, suggest
energetic organic compounds with high nitrogen content for
a variety of unique applications including gas generators,'”!
smoke-free pyrotechnic fuels,'*!” fire extinguishers onboard
military aircraft,®*?!! solid fuels in micropropulsion sys-
tems,?>> effective precursors for carbon nanospheres?*%!
and carbon nitride nanomaterials.?*>"!

5-N-Substituted tetrazoles,”” for example, 5-aminotetra-
zoles*!l  5.5-azotetrazolates,™” bis(1H-tetrazol-5-yl)amine
(H,BTA),* ¥ 5 5"-bis(1H-tetrazolyl)hydrazine (BTH),*" and
5-azido-1H-tetrazole!® have nitrogen contents greater than
82%, and many of their derivatives that bear tetrazole
group(s) are weakly acidic and thus have constituted anionic
moieties in energetic salts.**"3>% Qur recent communica-
tions!™*" about dianionic salts of N,N-bis(1H-tetrazol-5-yl)-
amine (Scheme 1) have aroused wide interest in many appli-
cations, such as high-energetic materials,*"-**333-38-611 meta]-
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dinium sulfate was reacted with
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caty Ny’ Ny N7\/N\ A i I N(\N>\NH2 @%NHZ NNOy, bariu Qb s(5-tetra .oate)
NN N N" R NTON, NHR N (BaBTA). This was confirmed
- 4 ‘
N NH; by solid-state “C NMR spec-
troscopy.
[\Z‘,"N;N,Noz Me.+NH, 0,NO—NO; —ONO, %N:N%
. N, N(CN)NO, H N— /)—Ns . .
"\‘R Me’ NH, 0aNo— o, —ONO; NIV Result and Discussion
Sodium dicyanamide was react-
ON o 0N _NO, ed with so@u}m azu?l.e. under
. O,N 2 ON— ¥ XN—NO2 o Brgnsted acidic conditions to
- 7 +
N i i ;
5 An ON- NO, . A [\N Caty OZN‘NJ\N,NOZ yield the corresponding N,V
ON" No, ON’ ‘NG, bis(1H-tetrazol-5-yl) amine as a

Scheme 1. Recent advances in HEDM (Cat =cation; An=anion).

lic coordination compounds!®*" and polymers,®®®"! theoreti-
cal calculations and physical predictions,®7? functional
ionic liquids,”>”" and so on.[®"

Recently, the single-crystal X-ray structure of H,BTA was
reported.’™ H,BTA is an amine substituted with two tetra-
zole groups, theoretically possessing three reversible types
of deprotonated, di-deprotonated, tri-deprotonated modes
(Scheme 2).1 Some metal-containing H,BTA derivatives

H
- H AN H NOOH Ao -
N N/> N a YO\ w NOYN I G) S
N~y >‘<H — N\ N — N-N >\N N-N >*N
=Hpt HN N +HY N®[‘\] +H* N®N
HN\N,’N N° N N

Scheme 2. Three reversible types of deprotonated, di-deprotonated, and
tri-deprotonated modes for H,BTA.

have been readily obtained because a planar H,BTA func-
tional heterocycle contains nine nitrogen electron-donating
atoms.> %84 On the other hand, the acidic protons of
H,BTA enable the formation of the corresponding salts by
reactions with nitrogen-rich bases. Although there are sever-
al reports of salts of H,BTA, most of them appear in patents
or unpublished documents.®™! Previously, we reported bis(4-
amino-1,2,4-triazolium) (BTA), which, when subjected to
microwave heating, gave rise to a nanopowder.’”! After that,
based on the dianion of H,BTA, we prepared several salts
(M;BTA?") with relatively high detonation pressures (17.5-
34.9 GPa) and detonation velocities (7636-9926 ms ™).l We
believe that salts of the monoanion (HBTA™) have not yet
been paired with nitrogen-rich cations. The promising deto-
nation properties and interesting applications of MIBTA*"
encouraged us to do further research on the monoanionic
salts of H,BTA. In this paper, we describe the syntheses and
theoretical calculations of monoanionic salts of H,BTA (M*
HBTA™), which were paired with nitrogen-rich energetic
cations. Also reported in this work is the formation of M*
HBTA™ rather than M**BTA* when, for example, biguani-
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monohydrate (H,BTA-H,O, I)
in 77% yield (Scheme 3).[%]
The reaction of barium hydrox-
ide with T (1:2 molar ratio) in
water gave the white salt Ba(HBTA),-4 H,O (II), which was
slightly soluble in water at 25°C and dissolved in hot water.
It was purified by recrystallization in water and was charac-
terized by IR spectroscopy, multinuclear NMR spectroscopy,
differential scanning calorimetry (DSC), thermogravimetric
analysis (TGA), and X-ray diffraction. The NMR spectro-
scopic data of II were collected in [Dg]DMSO. 'H NMR
spectroscopy of II showed a large, broad peak at 6=
4.75 ppm and a small peak at =10.4 ppm. A signal at =
156.3 ppm in the “C NMR spectrum was downfield from I
(0=154.7 ppm),**! which suggests anionic properties of
the tetrazole ring of II. The N NMR spectrum of II is
given in Figure 1 and discussed below.
The thermal behavior of II was investigated by DSC and
TGA. The thermal degradation temperature was 312°C as
determined by TGA, which is consistent with the exotherm

N’N>_ / N,N>_ H o\
U >N H,0 SN
N~ . 2 2 N~ -1,
N >/\NH.H20 + Ba(OH),*8H,0 —— Ba2* N >/\'\,' 4H,0
N _N N .N
N NN
H,BTAH,0 (1) Ba(HBTA),*4H,0 (II)
N H
2 H,0 m S—N
t * M2S0; 2Mm* ‘H >/»\N’ + BaSO; |
N. 2N
N
MHBTA (1-9)
+ + '
. - - NH, N2 NH,
Mt = NH, NH,NH3 )J\ )\\ HoN. )J\ NH,
HNT "NHy  H,N™ “NH, NN
1 2 3 4 5
/
v He o NH N=N /
HN 2 N=N
I ® Nr
HZN‘NJ\N’NHZ HszNJLNHz N‘N>\NH2 N~<3>\NH2
H H H NH, |
6 7 8 9

Scheme 3. Syntheses of HBTA salts from the metathesis reactions of II
with sulfates with singly charged cations.
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anion (10 and 11) instead of the
expected BTA salts (Scheme 4).
Salts 10 and 11 were character-
N5 ized by elemental and NMR

N10, J=76 Hz
N6 N9 WM

-300.0 il

spectral analysis, DSC, and
TGA. “CNMR spectroscopic
signals in [D¢]DMSO assigned
to 11 occur at 0=156.3 and

159.7 ppm. The peak at 0=
159.7 ppm is assigned to the

. N12
11 NH; NHj j‘,\Hz)N\Hz - .
HN SN, HN 7 N, b 'guanylguanldlmum. ?athn and
le\ — J is at the same position in gua-
” RS nylguanidinium dinitrourea dia-
- BN Ny nionic salts!'® and guanylguani-
Lg‘l\N‘ ,QN] II' dinium  5-aminotetrazolate.*"
H ‘ The other signal at J=
N14/N17 o T T
» | -285.0 2900 2950 156.3 ppm apparently shows
— —— T — that the anionic species is an
0 -100 s/oom 20 —300 HBTA  anion  (0=156.1-
ppm

Figure 1. "N NMR spectra of 1I, 8, 11, and 13 measured in [D¢]DMSO. Chemical shifts are given in ppm with

respect to MeNO, as external standard.

found by DSC beginning at around 314°C. The DSC curve
shows an endotherm at 141°C, which corresponds to the
loss of water. This was supported by 11.3 % weight loss from
128 to 175°C (calcd 14.0% for four water molecules of crys-
tallization) in its TGA curve. No melting point was ob-
served. The structure was further confirmed by single-crystal
X-ray structuring.

A crystal of II suitable for X-ray diffraction was obtained
by slow recrystallization from water at room temperature.
The structure is shown in Figure 2. Crystallographic and
structural refinement data for compoundII are listed in
Table 1, and selected bond lengths and angles are included
in Table 2. Tables of atomic coordinates and thermal dis-
placement parameters and a complete list of bond angles
and distances for II can be found in the Supporting Informa-
tion. Single-crystal X-ray diffraction revealed that compoun-
d II crystallizes in the triclinic space group P1. As shown in
Figure 2a, the unit cell consists of two barium cations, four
HBTA anions, and eight crystal water molecules. In the mol-
ecules of II, each Ba' ion is nine-coordinated with two
oxygen atoms of water as bridges between two barium cat-
ions. The Ba—N distance is between 2.8663(15) and
2.9664(16) A. The bond lengths of the HBTA anion are sim-
ilar to values in the literature.®™ The experimental density
of Il'is 2.17 gcm > (caled 2.177 gem 3, X-ray).

Several compounds (1-9) were prepared by the metathe-
sis of sulfate salts with II in aqueous solution (Scheme 3).
They were characterized by elemental and NMR spectral
analysis, DSC, and TGA. ®C NMR spectra occur in a small
range from 0=156.1 to 156.3 ppm, which is very close to
that of II (6 =156.3 ppm). Interestingly, the metathesis reac-
tions of barium aminobis(tetrazolate) (IIT) and sulfates with
doubly charged cations (IV and V) gave salts of HBTA
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156.3 ppm) rather than a BTA
dianion. To be sure of the struc-
ture of 11, solid-state *C NMR
spectra of salts 1, 11, and 14,
were determined (Figure 3).
The chemical shift of the BTA dianion in 14 is very different
from the HBTA anion in 1. For 14, a single peak at 6=
159.4 ppm was found in solid-state *C NMR spectroscopy,
thereby suggesting the symmetry of the BTA dianion. For 1,
two peaks at 0=157.1 and 151.2 ppm were found, thereby
suggesting the asymmetry of the HBTA anion in the solid
state, although there was only one peak at 6 =156.1 ppm be-
cause of the free movement of the proton when the
BCNMR spectrum was recorded in [Dg]DMSO. For 11,
there were three peaks at 0=160.2, 156.2, and 151.7 ppm.
The signal at 6 =160.2 ppm, close to that of the guanylguani-
dinium cation in [Dg]DMSO, was assigned to the guanylgua-
nidinium cation in the solid state. The remainder of the sig-
nals at 0 =156.2 and 151.7 ppm, therefore, were assigned to
the HBTA anion in the solid state. By using solid-state
3C NMR spectroscopy, we determined the structure of 11 to
be the form MHBTA rather than MBTA. This technique is
useful in determining the structural information of salts,
which may be hard to recystallize.

Salts 1, 3, and 4 can also be synthesized by the reaction of
II with corresponding carbonates. Salt 10 can be obtained by
the reaction of I and carbohydrazide (Scheme 5). Salts 12
and 13 were synthesized based on 5-(tetrazole-5-yl)tetrazo-
late (HBT) by the metathesis of barium 5,5-bis(tetrazolate)
(VI) with the corresponding sulfates IV and V. The signals
in the ®C NMR spectra in [Dg]DMSO are at 6 =149.2 ppm
for 12 and 6 =149.3 ppm for 13 (Scheme 6).

The "N NMR spectra of barium salt II, HBTA salts 8 and
11, and HBT salt 13 were obtained in [D¢]DMSO
(Figure 1). The chemical shifts are given with respect to
CH;NO, as external standard. The "N NMR spectrum of II
shows three signals at 6 =—307.0 (N5), —104.7 (N1/N4), and
43 ppm (N2/N3). The signals are farther downfield than
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Figure 2. a) Molecular structure of II (thermal displacement at 30%
probability). Hydrogen atoms are shown. b) Ball-and-stick packing dia-
gram of II viewed down the a axis. Dashed lines indicate hydrogen bond-
ing.

that of T (6=-315.7, —123.8, —17.9 ppm).”! The N NMR
signal of 8 can be divided into two sets of data: one set for
the 1,5-diamino-4-methyltetrazolium cation is six signals at
0=-310.5(N11), —300.7(N10), —177.8(N9), —159.2(N6),
—27.1(N8), and —15.7(N7), and the other set for the HBTA
anion close to that of II is three signals at 0=-307.1,
—105.4, and 4.5 ppm. In the "N NMR spectrum of 11, the
HBTA signals are also found at 6=-307.0, —105.4, and
3.9 ppm, and the remaining signals at 6 =—288.1(N12) and
—217.1 ppm (N13) belong to the highly symmetric guanyl-
guanidinium cation. For salt 13, in addition to the similar
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Table 1. Crystal data and structure refinement for IL

empirical formula C,H,BaN 30,

M, 513.66
crystal system triclinic
space group P1

a[A] 8.9204(8)

b [A] 9.5202(9)
c[A] 9.5760(9)

a ] 89.0880(10)
BI°] 81.5120(10)
7 [°] 76.9750(10)
vV [AY] 783.50(13)
VA 2

Peatea (20°C) [Mgm™] 2177

u [mm™] 2.600

6 range [°] 3.80 to 67.92°
independent reflns 3874 (R;,,=0.0147)
data/restraints/parameters 3874/9/268
GOF 1.094

R, (I>20(1)) 0.0171

wR, (I>20(1)) 0.0431

R, (all data) 0.0176

wR, (all data) 0.0435

largest differential peak and hole [e A~ 0.683 and —0.607
[a] Ry =Z|[F,| = | F||/Z| F,| s wRy={Z[w(Fi—Fo)* Z[w(F)*]}'™.

Table 2. Selected bond lengths [A] and angles [°] for IL?

Ba—N5 2.8663(15) N4-N5 1.365(2)
Ba-N6 2.8792(16) C1-N1 1.364(2)
Ba-N16 2.9509(16) C2-N1 1.384(2)
Ba—N4#1 2.9664(16) C2-N6 1.332(2)
C1-N5 1.334(2) C2-N9 1.340(2)
C1-N2 1.343(2) N6-N7 1.370(2)
N2-N3 1.344(2) N7-N8 1.304(2)
N3-N4 1.296(2) N8-N9 1.352(2)
N5-Ba-N6 61.26(4) N4-N3-N2 108.78(15)
N5-Ba-N4#1 115.17(4) N3-N4-N5 110.19(15)
N6-Ba-N16 76.05(4) C1-N5-N4 104.47(14)
N16-Ba-N4#1 106.82(4) N6-C2-N9 112.61(16)
02#1-Ba-02 78.30(4) N6-C2-N1 127.54(16)
Ba#1-O2-Ba 101.70(4) N9-C2-N1 119.86(16)
N5-C1-N2 110.50(16) C2-N6-N7 103.56(15)
N5-C1-N1 126.85(16) N8-N7-N6 109.84(14)
N2-C1-N1 122.65(16) N7-N8-N9 109.64(14)
C1-N2-N3 106.05(14) C2-N9-N8 104.35(14)

[a] Symmetry transformations used to generate equivalent atoms: #1 —x,
-y, —z+1

signals of cation as 11 at 6=-288.1 and —216.7 ppm, the
HBT signals are at 0 =—74.2 (N14/N17) and 12.6 ppm (N15/
N16).

Physical properties of the energetic salts: The phase-transi-
tion temperatures (midpoint of melting point) and thermal
stabilities of salts 1-13 were determined by using DSC and
TGA, respectively. As shown in Table 3, ammonium salt 1 is
the most thermally stable (7,=269 °C). For guanidinium-de-
rivatized salts 1-13, thermal degradation temperatures are
in the range of 189-269°C. Except for salts 8 and 13, for
which no melting points were detected, the melting points
of other salts fall in the range 187-263°C. For the guanidini-
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i e ~ - 3
sz . NN H ties of salts 1-13 are in the range of 1.55-1.75 gecm™. The
| ‘ Nt‘zj‘f\"b N\N>5_ N>/6\N— densities were also estimated by employing our tabulated
6 HNT N7 NH, N\N,,N volume parameters,”"! which agree reasonably well with the
“/\ﬁ s " experimental values. Oxygen balance (OB) is used to indi-
f\m cate the degree to which a compound can be oxidized.
Owing to the presence of only two nitro groups in the salts.
M“‘\ﬁ“l R \‘TMWM\wJV“?W\ All compounds possess negative OB, and are in the range
170 160 150 140 130 120 110 &/ppm from —42.1 to —60.1 %, which are more negative than TNT
Figure 3. Solid-state *C NMR spectra of salts 1, 11, and 14. (=24.7%).
Impact sensitivities of the salts were determined using a
BAM Fallhammer with approximately 20 mg samples. When
um salt 3, in addition to an endotherm at 263°C, the DSC a 10 kg mass was dropped from 40 cm, no explosion oc-
trace shows a second endotherm at 139°C that corresponds curred, thereby indicating that salts 10-13 are insensitive to
to the loss of water. This was further shown by a 6.4 % impact.[®’!
weight loss over the temperature range 82 to 108°C (calcd Heat of formation is another important parameter in eval-
7.1%). This was duplicated in the TGA curve. Similarly, uating the performance of energetic salts. This property of
DSC and TGA curves showed loss of water of salts 3-5, 7, the salts can be calculated with good accuracy (including the
and 9. heat of formation of the cation and anion, and the lattice
Density is one of the most important factors that deter- energy of salts).®*7%%] The heats of formation of the
mines the performance of energetic compounds. The densi- HBTA and HBT anions were calculated. Calculations were
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Table 3. Physical properties and thermochemical values of energetic salts based on the HBTA and BT anion.

Salt Cation T,k T, peas® OBl AtH yion AH AH Pl vpll
HBTA salts 550.1 (A;H of HBTA anion, kJmol™")
1 ammonium decomp 269 1.66 —52.8 626.4 5321 594.4,3.5 28.1 8936
2 hydrazinium 248 249 1.66 —52.8 770.0 5203 749.8, 4.0 30.7 9257
3 guanidinium 263 268 1.62 —52.8 563.7 498.9 565.0,2.7 232 8343
4 aminoguanidinium 210 234 1.64 —52.9 660.3 491.6 668.8,2.9 25.7 8696
5 diaminoguanidinium 205 213 1.55 —47.0 769.0 476.6 792.5,3.3 24.0 8413
6 triaminoguanidinium 211 213 1.58 —50.9 871.5 471.6 900.0, 3.5 263 8748
7 N-carbamoylguanidinium 227 231 1.63 —60.1 350.6 476.3 3744, 1.5 19.4 7671
8 1,5-diamino-4-methyltetrazolium decomp 201 1.64 —42.8 974.3 471.5 1002.9, 3.8 24.7 8401
9 S-amino-1,4-dimethyltetrazolium 257 258 1.58 —56.6 887.7 467.4 920.3, 3.5 213 7860
10 carbonic hydrazylhydrazidinium 187 189 1.75 —42.8 663.4 4912 672.3,2.8 33.6 9487
11 guanylguanidinium 257 258 1.69 —56.6 620.9 486.2 634.8,2.5 25.1 8645
HBT salts 424.9 (AH of HBT anion, kJ mol ')
12 carbonic hydrazylhydrazidinium 200 224 1.68 —42.1 603.4 499.1 589.2,2.6 272 8749
13 guanylguanidinium decomp 251 1.60 —56.9 620.9 487.0 558.8,2.3 20.4 7906
BTA salts 630.0 (A of BTA dianion, kJTmol ')
14 ammonium 142 230 1.56 —55.6 626.4 1526.8 356.0, 1.9 22.0 8341
15 hydrazinium 216 235 1.72 —552 770.0 1498.1 671.9, 3.1 352 9952
16 guanidinium 259 260 1.52 —61.9 563.7 1316.3 465.4,1.7 18.4 7717
17 aminoguanidinium 192 218 1.59 —61.1 660.3 1286.9 678.0,2.3 23.4 8525
18 diaminoguanidinium 159 196 1.55 —60.4 769.0 1229.4 938.6,2.8 24.5 8623
19 triaminoguanidinium 170 180 1.51 —59.8 871.5 1177.7 1195.2,3.3 25.1 8658

[a] Melting point [°C]. [b] Thermal degradation [°C]. [c] Measured density or density corrected from hydrate [gem]. [d] CO oxygen balance (OB) is an
index of the deficiency or excess of oxygen in a compound required to convert all C into CO and all H into H,O. For a compound with the molecular for-
mula of C,H,N,O, (without crystal water), OB [% ] =1600[{(d—a—b)/2}/M,]. [¢] Calculated molar enthalpy of formation of cation [kJmol™']. [f] Calculat-
ed molar lattice energy [kJmol™']. [g] Calculated molar enthalpy of formation of salts [kJ mol~']; specific enthalpy of formation of salts [kJg~']. [h] Deto-

nation pressure [GPa]. [i] Detonation velocity [ms™'].

carried out using the Gaussian 03 (Revision D.01) suite of
programs.”) The geometric optimization of the structures
and frequency analyses were carried out using B3-LYP func-
tional with the 6-314+G** basis set,”"! and single-point ener-
gies were calculated at the MP2/6-3114++4G** level. All of
the optimized structures were characterized to be true local
energy minima on the potential-energy surface without
imaginary frequencies.

Based on a Born-Haber energy cycle (Scheme 7), the
heat of formation of a salt can be simplified by the formula
given in Equation (1):

AH¢ (salt,298K) = 0
AH? (cation, 298K) + AH} (anion, 298K) — AH},

in which AH; is the lattice energy of the salt, which could
be predicted by using the formula suggested by Jenkins
etal. [Eq. (2)]:®%

o

Cation® Anion® mC(s) + nHy(g) +oN,(2) + pOy(g)

L AH,
@

Cation" (Gas) +

(solid)

E—

- A Hy’(anion)

Anione(Gas)

- A H(cation)

Scheme 7. Born-Haber cycle for the formation of energetic salts.
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AHy = Upor +{pl(nn/2) — 2] + ql(nx/2) = 2|} RT @)

in which ny; and nyx depend on the nature of the ions M;
and X, respectively, and are equal to 3 for monoatomic
ions, 5 for linear polyatomic ions, and 6 for nonlinear poly-
atomic ions. The equation for lattice potential energy U,
has the form [Eq. (3)]:

Upor[KImol™] = y(pn /M) + 0 3)

in which density, p,, [gcm™], M,, is the chemical formula
mass of the ionic material [g], and the coefficients y
[kJmol'cm] and & [kJmol™] are assigned literature
values.

All the heats of formation of cations are taken from liter-
ature data."** The task that remains is to determine the
heats of formation of anions, which are computed by using
the method of isodesmic reactions. The enthalpy of isodes-
mic reactions (A Hj) (Scheme 8) are obtained by combin-
ing the MP2/6-311+4+G** energy difference for the reac-
tion, the scaled zero-point energies (B3LYP/6-31+G**), and
other thermal factors (B3LYP/6-31+G**; see the Supporting
Information). The calculated heat of formation of the
HBTA anion is 500.1 kJmol ™ and that of the HBT anion is
424.9 kImol ™!, both of which are lower than the iminobis(5-
tetrazolate) (BTA dianion, 630 kJmol™).”1 All of the
HBTA and HBT salts exhibit positive heats of formation,
with 2 having the highest at 4.0 kJg™' (1,3,5-trinitro-1,3,5-tri-
azine (RDX): 0.42kJg'; 1,3,5,7-tetranitro-1,3,5,7-tetrazo-
cine (HMX): 0.35 kJg™").
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Scheme 8. Isodesmic reactions of HBTA and HBT anions.

The energetic properties of the new salts are character-
ized by their detonation velocities and pressures. These pa-
rameters are directly related to density, heat of formation,
and oxygen balance of salts. The detonation pressure and
velocity values (based on the traditional Chapman-Jouget
thermodynamic detonation theory) were obtained by using
CHEETAH 5.0.”*) As shown in Table 3, for salts 1-13, the
calculated detonation pressures (P) fall in the range of 19.4—
33.6 GPa, which is comparable to that of TNT (19.9 GPa)
and RDX (33.3 GPa). Detonation velocities (vp) are found
in the range from 7677ms™' (comparable to TNT,
6881 ms™") to 9487 ms~! (comparable to HMX, 9486 ms™).
Comparison of HBTA salts 1-6 with BTA salts 14-19,
when paired with the same cations, is interesting. HBTA
salts 1-6 are more thermally stable with 20°C higher decom-
position temperatures on average than that of the BTA salts
14-19 (240 >220°C). The mean measured density of HBTA
salts 1-6 is higher than that of BTA salts 14-19 (1.62>
1.58 gem™). The computed specific heats of formation of
salts 1-6 are larger on average than those of BTA salts 14—
19 (3.3>2.5kIg™"). The average predicted detonation pres-
sure and velocity of salts 1-6 are comparable to that of salt
14-19 (26.3 vs. 26.7 GPa and 8732 vs. 8636 ms™"). Therefore,
salts of HBTA are comparable to those of BTA with respect
to detonation properties.

The detonation properties of HBTA salts are superior to
those of HBT salts (10 vs. 12 and 11 vs. 13) because of
higher physical densities and energy densities. These HBTA
and HBT compounds have rather high nitrogen content that
exceeds 71 % and can be as high as 83 %. Polynitrogen com-
pounds are of significant interest as high-energy materials
for propulsion or explosive applications.[*'**% In the past
several years, the single most important breakthrough has
been the synthesis and study of the Ns* cation. A large
number of salts with polyazide anions compete very well as
materials with highest nitrogen content.*13%%! However,
compared to such compounds, the HBTA and HBT salts
have superior thermal and hydrolytic stabilities, which sug-
gests promise for practical applications. Contributing to
these properties is the anionic nature of the HBTA (HBT)
anion, which requires the presence of a stabilizing cation.

Conclusion

Salts of HBTA and HBT 1-13 were successfully synthesized
and fully characterized. All the new salts exhibit reasonable
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physical properties, such as high densities (1.55 to
1.75gem™) and good thermal stabilities (7,=189 to
269°C). Their detonation properties were evaluated by a
combination of theoretical and empirical calculations. These
materials exhibit a wide range of heats of formation (374.4
to 1002.9 kJmol™') and energy densities (1.5 to 4.0kJg™).
Their calculated detonation velocities (7677 to 9487 ms™')
and detonation pressures (19.4 to 33.6 kJmol™') are compa-
rable to those of energetics such as TNT, RDX, and HMX.

Experimental Section

Caution: Although we experienced no difficulties in handling these ener-
getic materials, small scale and best safety practices (leather gloves, face
shield) are strongly encouraged!

General methods: IR spectra were recorded with KBr plates using a
BIORAD model 3000 FTS spectrometer. 'H and *C NMR spectra were
recorded using spectrometers at 300 and 75.5 MHz, respectively, by using
[D¢]DMSO as the locking solvent except as noted. Chemical shifts were
reported in ppm relative to TMS. Densities were measured at 25°C using
a Micromeritics Accupyc 1330 gas pycnometer. Differential scanning cal-
orimetry (DSC) measurements were performed using a calorimeter
equipped with an auto-cool accessory and calibrated using indium. The
samples were heated from 40 to 400°C at 10°Cmin . The transition tem-
perature, T, was taken as peak maximum. Thermogravimetric analysis
(TGA) measurements were carried out by heating samples at 10°Cmin ™"
from 25 to 600°C in a dynamic nitrogen atmosphere (flow rate=
70 mLmin'). Elemental analyses were performed using a CE-440 Ele-
mental Analyzer.

X-ray crystallography: An irregular colorless crystal of dimensions 0.35 x
0.21x0.14 mm” was mounted on a MiteGen MicroMesh using a small
amount of Cargille immersion oil. Data were collected using a Bruker
three-circle platform diffractometer equipped with a SMART APEX II
CCD detector. The crystals were irradiated using graphite-monochromat-
ed Moy, radiation (1=0.71073 A). An MSC X-Stream low-temperature
device was used to keep the crystals at a constant 173(2) K during data
collection.

Data collection was performed and the unit cell was initially refined
using APEX2 [v2.1-0].”"! Data reduction was performed using SAINT
(v7.34A)' and XPREP (v6.12).°) Corrections were applied for Lor-
entz, polarization, and absorption effects using SADABS (v2.10).1% The
structure was solved and refined with the aid of the programs in the
SHELXTL-plus (v6.12) system of programs.'® The full-matrix least-
squares refinement on F* included atomic coordinates and anisotropic
thermal parameters for all non-hydrogen atoms. The hydrogen atoms
were included using a riding model.

CCDC-749624 (II) contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.

Ba(HBTA),,4H,0 (II): A mixture of I (6.84g, 40mmol) and
Ba(OH),-8H,0 (6.31 g, 20 mmol) in H,O (40 mL) was stirred at room
temperature overnight. After filtration, a solid product was obtained.
The crude product was added to water (150 mL) and heated at reflux to
dissolve. After a second filtration, the filtrate was collected and concen-
trated to approximately 60 mL. The condensed solution was cooled to
give white crystals (8.60 g, 16.7 mmol, 84%). 'HNMR: §=4.75 (br),
10.4 ppm (br); 'HNMR (concd): 0=5.07 ppm (br); CNMR 6=
156.3 ppm; “CNMR (concd): 0=156.6 ppm; “NNMR: 6=-307.0,
—104.7, 4.3 ppm; IR (KBr): #=23458, 3309, 1637, 1504, 1034 cm .

General procedures for the preparation of energetic compounds 1-9: A
mixture of II (514 mg, 1 mmol) and the sulfate salt (1 mmol) in water
(10 mL) was stirred and heated at reflux for a short time. After cooling,
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the BaSO, was filtered off. The clear filtrate was evaporated slowly in
the hood to give a white solid product.

Ammonium HBTA salt (1): White solid, yield: 323 mg (95%). '"H NMR:
0=6.09 (br), 7.90 ppm (br); *C NMR: 6=156.1 ppm; “C NMR (solid,
internal standard tetrakistrimethylsilylsilane, 6=2.7 ppm): 6=151.2,
157.0 ppm; IR (KBr): #=3247, 3049, 1655, 1508, 1452, 1043 cm™!; ele-
mental analysis caled (%) for C;HgN,, (M,=170.14): C 14.12, H 3.55, N
82.33; found: C 14.40, H 3.54, N 81.32.

Hydraziniom HBTA salt (2): White solid, yield: 351 mg (95%).
'HNMR: 6=7.48 ppm (brs); *CNMR: 0=156.2 ppm; IR (KBr): 7=
3305, 3037, 1655 cm™'; elemental analysis calcd (%) for C,H,Ny; (M, =
185.15): C 12.97, H 3.81, N 83.22; found: C 13.06, H 3.76, N 81.47.

Guanidinium HBTA salt-H,O (3): White solid, yield: 412 mg (97 %).
'HNMR: §=5.7-7.0 (br), 7.09 ppm (s); C NMR: 0 =156.2, 157.9 ppm;
IR (KBr): #=3413, 3169, 1658, 1591, 1509 cm!; elemental analysis calcd
(%) for C;H(N,O (M,;=230.19): C 15.65, H 4.38, N 73.02; found: C
15.85, H 4.38, N 72.79.

Aminoguanidinium HBTA salt:H,0 (4): White solid, yield: 412 mg
(97%). 'HNMR: 0=4.4-6.6 (br), 6.95 (br), 7.27 (br), 8.7 ppm (br);
BCNMR: 6=1562, 158.8 ppm; IR (KBr): #=3348, 3201, 3151, 1662,
1624, 1502 cm™'; elemental analysis caled (%) for C;H;N;;O (M,=
245.21): C 14.69, H 4.52, N 74.26; found: C 14.86, H 4.52, N 73.28.
Diaminoguanidinium HBTA salt-H,O (5): White solid, yield: 500 mg
(96%). '"HNMR: 6=4.9 (br), 7.18 (s), 8.62 ppm (br); *CNMR: 6=
156.3, 159.8 ppm; IR (KBr): #=3308, 3147, 2995, 1645, 1498, 1041 cm™';
elemental analysis caled (%) for C;H;,N,,O (M,=260.22): C 13.85, H
4.65, N 74.86; found: C 14.05, H 4.66, N 74.86.

Triaminoguanidinium HBTA salt-H,O (6): White solid, yield: 370 mg
(72%). 'HNMR: 86=4.47 (br), 544 (br), 8.57 (br), 10.4ppm (br);
BCNMR: 6=156.3, 159.0 ppm; IR (KBr): #=3320, 3212, 1683, 1638,
1494, 1330, 1126, 1036, 951 cm™'; elemental analysis caled (%) for
C;H N5 (M,=257.22): C 14.01, H 4.31, N 81.68; found: C 14.01, H 4.23,
N 79.08.

N-Carbamoylguanidinium HBTA salt-H,O (7): White solid, yield: 514 mg
(94%). '"HNMR: 6=3.60 (br), 7.15 (br), 8.03 ppm (br); *C NMR: 6=
154.5, 155.5, 156.1 ppm; IR (KBr): #=3375, 3331, 3109, 1707, 1648,
1608 cm™'; elemental analysis caled (%) for C,H;N;;0, (M,=273.22): C
17.58, H 4.06, N 66.65; found: C 17.89, H 4.01, N 65.98.

1,5-Diamino-4-methyltetrazolium HBTA salt (8): White solid, yield:
454 mg (85%). '"HNMR: 0=3.84 (s, 3H), 7.00 (s, 2H), 8.78 ppm (br,
2H); '"HNMR (concd): 0=3.85 (s), 7.05 (s), 8.28 ppm (brs); *C NMR:
0=34.4,147.5, 156.2 ppm; "N NMR: 6 = —310.5, —307.1, —300.7, —177.8,
—159.2, —105.4, —27.1, —15.7, 4.5 ppm; IR (KBr): #=3358, 3307, 3191,
3032, 2932, 1717, 1647, 1491, 1032 cm™'; elemental analysis calcd (%) for
C,HoN, 5 (M,=267.21): C 17.98, H 3.39, N 78.63; found: C 17.93, H 3.31,
N 77.92.

5-Amino-1,4-dimethyltetrazolium HBTA salt-H,O0 (9): White solid, yield:
540 mg (95%). 'HNMR: 6=3.85 (s, 6H), 6.95 ppm (br); *C NMR: 0=
33.9, 148.5, 156.2 ppm; IR (KBr): 7=3420, 3211, 3147, 3030, 2828, 2865,
1707, 1638, 1493, 1026, 785 cm™'; elemental analysis caled (%) for
CsH,N,,O (M,=284.24): C 21.13, H 4.26, N 68.99; found: C 20.86, H
4.25, N 67.90.

General procedures for the preparation of energetic compounds 10-13:
A mixture of III/IV (2 mmol) and the sulfate salt (2 mmol) in water
(10 mL) was stirred and heated at reflux for a short time. After cooling,
the BaSO, was filtered off. The clear colorless filtrate was evaporated
slowly in the hood to give white solid product.

Carbonic hydrazylhydrazidiniom HBTA salt (10): White solid, yield:
292 mg (60%). 'HNMR: 6=5.73 (br), 7.86 ppm (br); "C NMR: 0=
154.9, 159.9 ppm; IR (KBr): #=3329, 1666, 1507, 1168, 1026 cm™'; ele-
mental analysis calcd (%) for C;HyN ;0 (M,=243.19): C 14.82, H 3.73, N
74.87; found: C 14.72, H 3.63, N 73.86.

Guanylguanidinium HBTA salt (11): White solid, yield: 503 mg (99 %).
"H NMR: 6=5.93 (br), 6.80 (s), 10.5 ppm (br); '"H NMR (concd): 6 =7.03
(brs), 11.7 ppm (br); *"CNMR: 6 =156.3, 159.7 ppm; *C NMR (concd):
0=156.4, 160.1 ppm; "N NMR: 8=-307.0, —288.1, —217.1, —105.4,
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3.9 ppm; IR (KBr): 7=3406, 3346, 3175, 1638, 1561, 1030 cm™'; elemental
analysis caled (%) for C;H(Ny, (M,=254.22): C 18.90, H 3.96, N 77.14;
found: C 19.04, H 3.88, N 77.05.

Carbonic hydrazylhydrazidiniom HBT salt (12): White solid, yield:
429 mg (94%). 'HNMR: 0=4.3 (br), 8.4 ppm (br); *C NMR: 6 =149.2,
159.1 ppm; IR (KBr): 7=3263, 1672, 1563, 1509, 1438, 1350, 1152, 1117,
1064, 977 cm™'; elemental analysis calcd (%) for C;HgN;,O (M, =228.18):
C 15.79, H 3.53, N 73.66; found: C 15.54, H 3.41, N 71.53.

Guanylguanidinium HBT salt (13): White solid, yield: 469 mg (98%).
'"HNMR: 6=5.7 (br), 6.8 ppm (s); 'HNMR (concd): 6=6.94 (brs),
122 ppm (br); P"CNMR: 6=149.3, 159.7 ppm; "N NMR: 6=-288.1,
—216.7, —74.2, 12.6 ppm; IR (KBr): #=23434, 3349, 1707, 1334 cm™'; ele-
mental analysis caled (%) for C;H,(N,, (M,=254.22): C 18.90, H 3.96, N
77.14; found: C 19.04, H 3.88, N 77.05.
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