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Herein, we have demonstrated that electrochemical synthesis of high-performing, insensitive energetic materials in an

environmentally friendly manner is possible in a single step from readily available precursors using a synthetic

transformation not possible by traditional chemical methods. The electrochemical oxidation of 1,2,5-triamino-1,3,4-triazole

in aqueous solution yielded a remarkably stable, high performing new energetic material that was further used to produce

various energetic salts. This electrochemically synthesized product and its energetic salts exhibit high thermal stability, low

sensitivity towards impact and friction, good calculated detonation performances, and a low-cost synthesis with low toxicity

waste streams and amenability to scale up. This works demonstrates electrochemistry’s utility towards production of novel

modern energetic materials that would otherwise be unobtainable through traditional synthetic pathways.

Introduction

The study of energetic materials, which includes explosives,
propellants, and pyrotechnics is a highly practical field of research
that endeavors to answer fundamental questions about compounds
that lie on the edge of existence. With an important role in both
commercial and military applications, the design of novel energetics
remains an modern

interesting challenge within synthetic

chemistry.1®

Traditional energetic materials, such as 2,4,6-trinitrotoluene (TNT)
and 1,3,5-trinitro-1,3,5-triazine (RDX), are cost effective, and
powerful explosives that utilize the classic method of combing fuel
and oxidizer within the same molecule to impart energy content. This
method is effective at producing high performing (high detonation
velocity and pressure) materials, but the higher performing
explosives based on this strategy are often quite sensitive. A current
driver in modern energetic materials research is to obtain energetic
materials with high performance and stability while additionally
minimizing environmental footprint from manufacturing and
high
performances from ring strain, increased packing density from planar

usage.”® Complex annulated heterocycles achieve
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structure, and improvements to heats of formation when based on
nitrogen heterocycles.® High nitrogen content materials are of
particular interest due to their numerous C-N, and N-N bonds that
provide a high heat of formation as a result of the thermodynamic
driving force of nitrogenous compounds to decompose forming
stable nitrogen gas. High nitrogen energetics often also have lowered
environmental impact when compared to traditional energetics; for
example aromatic nitro compounds like TNT or cyclic nitramines like
RDX are often toxic or carcinogenic, and nitrated compounds in
general often produce large amounts of waste acid during
synthesis.1®13 In addition, synthetic pathways to obtain energetic
heterocycle-based materials are still accompanied by numerous
steps and often require the use of toxic or heavy metal reactants.®14
16 A viable alternative to produce these materials is electrochemical
synthesis.

The use of synthetic electrochemistry is undergoing a “renaissance”
of sorts due the unique benefits it offers the synthetic chemist.
Numerous resources are available to beginners in the field hoping to
incorporate electrochemistry into a traditional a synthetic lab.17-20
Electrochemistry inherently utilizes many of the 12 principles of
green chemistry, which can be further applied towards the synthesis
of energetics, which helps to mitigate the aforementioned synthetic
issues.?! The electrons provided from the electrode system act as the
primary reagent - which reduces waste streams, reduces or prevents
stoichiometric amounts  of

the need for exogeneous

oxidizing/reducing agents, lowers the cost of synthesis, enables

unique pathways for energetic synthesis due to electrode
polarization, may be performed in recyclable solvents, and provides

a high degree of reductive/oxidative control, when compared to
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traditional chemical reduction/oxidation.?223 The following examples
demonstrate electrochemistry’s ability to approach synthesis of
energetic materials and precursors. Electrochemical remediation of
energetics waste is a highly popular technique, and as Wallace et al.
had reported, led to the accidental discovery of a novel insensitive
high-explosive (IHE) energetic material, azoxytriazolone (AZTO). 2425
The electrochemical oxidation of hexanitrobibenzyl (HNBB) to
produce hexanitrostilbene (HNS) demonstrates a means to eliminate
chemical oxidizing species as well as offering potential for
scalability.?®  The electrochemical synthesis of the energetic
precursor potassium 2,2-dinitroethane demonstrated a 90%
reduction in waste when compared to the traditional synthetic
methodology.?’” Numerous studies in recent years have utilized
electrochemistry produced annulated triazoles with potential
energetic applications via dehydrogenative coupling reactions.?3-3
Additionally, dehydrogenative couplings produce hydrogen gas as a
by-product of hydrolysis and hydrogen proton reduction, making
them enticing for industrial practices that can utilize this hydrogen as
fuel or as a desirable by-product.?! Two notable examples from
recent literature report direct synthesis of energetic materials
electrochemically. Xiaoxue Fu et al. recently reported on the
formation of well-known energetic azo-tetrazole from readily
available 5-aminotetrazole.3233 Baran et al. recently published on the
formation Cyclobutane at 100 g scale using a flow cell setup.3*

Currently, the intentional synthesis of new energetic materials via
electrochemistry remains a largely unexplored field. In this work we
sought to demonstrate electrochemistry’s utility for the synthesis of
novel high-nitrogen energetic molecules. Triazoles and azo coupled
triazoles are powerful and versatile energetic backbones due to high
heats of formation and possess tuneable stability resultant from the
incorporation of various functional groups. Their main product of
energetic decomposition is environmentally friendly N, gas making
them a promising alternative to traditional energetic materials. Azo
coupling of triazoles not only further improves heat of formation and
stability, but azo coupled high nitrogen compounds are notably less
toxic when compared to many azobenzene based energetic
compounds.3 The precursor for this work, 1,2,5-triamino-1,3,4
triazole [guanazine (1)] is a well-known high-nitrogen molecule and
is available in a facile one-step synthesis from readily-available
precursors hydrazine and dimethylcyanamide, or more conveniently
from diaminoguanidine and cyanogen bromide (Figure 1A).3637

Anodic oxidation of guanazine in water produced the novel
energetic molecule 1,1’,2,2’-tetraamino-5,5’-azo-bis-1,3,4-triazole
[(TAABT) (2)] suspected oxidative nitrene generation
mechanism. We produced five high energy salt derivatives which

via a

were chemically characterized by single crystal X-ray diffraction,
infrared spectroscopy, multinuclear NMR spectroscopy, elemental
analysis, and differential scanning calorimetry (DSC). Experimental
investigation of energetic sensitivities towards impact and friction
showed these materials to generally be of lower sensitivities than
used energetic materials. Computational

many commonly

calculations using the EXPLO6.05 software package were performed

2| J. Name., 2012, 00, 1-3

and show the materials’ high energetic performances, being
comparable to commonly used military explosive RDX.38

Results and discussion

Examination of compound 1 by cyclic voltammetry (CV), Figure 1(C-
D) below, shows three separate oxidation events. An initial reversible
one electron oxidation occurs at a peak current (E,;) of 444 mV vs
Ag/AgCl followed by two separate one electron irreversible
oxidations E,, = 864 mV and E,; = 1456 mV vs Ag/AgCl. Constant
potential electrolysis of guanazine at a cell potential of 2.0 V, under
aqueous conditions at room temperature readily produced a red
precipitate. Single crystals were produced via diffusion of water into
a DMSO solution of the precipitated product in a sealed vial at room
temperature. Single crystal X-Ray diffraction revealed the identity of
the product formed to be 1,1’,2,2’-tetraamino-5,5"-azobis-1,3,4-
triazole, 2, isolated as its monohydrate (2a®H,0 and 2beH,0 ).

Based on the electroanalytical CV studies in Figure 1C-E we
propose the reaction pathway shown It was

hypothesized that this pathway occurs through the formation of a

in Figure 1F.

reactive C-nitrene species that undergoes intermolecular insertion to
form a hydrazo intermediate, followed by a final oxidation to form
the azo complex. It has been shown that electrochemical oxidation is
an effective means to access nitrenes.3? Nitrene species are highly
reactive and known to undergo a variety of molecular
C-H

cycloadditions, and aryl nitrene ring expansion and contraction.*0-42

transformations such as nitrene insertions, nitrene
The ipa/ipc >1 for Figure 1C, indicating that the system was
perturbed by a chemical event prior to the reduction of the oxidized
species.”® This perturbation was rationalized in Figure 1F as the
formation of the azo compound 2. Additionally, as shown in Figure
1D, E,; decreases from 1456 mV at the initial scan rate of 1000 mV/s
to 1129 mV at the final scan rate of 50 mV/s. This decrease in voltage
of the peak current was rationalized as a decrease in concentration
of guanazine in the solution as a result of forming the dimerized
product, which will then lower the potential measured at the

electrode according to the Nernst equation.*?

Generation of the C-nitrene intermediate rather than the N-
nitrene intermediate is believed to be favoured due to radical
stabilization from electronic communication with the triazole
ring.***>This is supported by previously-known N-amino compounds
having lone pair electrons on the nitrogen that are not in electronic
communication with the ring as shown by the N-N bond lengths and
free rotation of the of the N-amine vs corresponding C-amines on
which

communication.* Therefore, the C-nitrene is stabilized by resonance

comparable heterocyclic systems are in electronic
which would not be possible for the N-amine. This is the proposed
reason the azo couple formed at the C-amine, rather than the N-
amine where the nitrene species would typically be expected to
form. The azo-coupling of a C-amine in the presence of an N-amine
is believed to be a unique reaction afforded by this electrochemical
synthesis and would be difficult if not impossible to perform via
conventional synthetic techniques given the higher reactivity of N-

amines towards traditional azo coupling reagents.

This journal is © The Royal Society of Chemistry 20xx
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For all electrolysis experiments carbon was utilized for the working
electrode to prevent alteration to the surface chemistry that may
result from Pt or other metals after extended periods of time at high
oxidative potentials (i.e., Pt-O formation). Pt was chosen as the
cathode due to its fast kinetics for the hydrogen evolution reaction
(HER) which will further improve current density.** Time for the
but all
experiments took approximately 3 hours to reach 2 F/mol electrons

experiments varied depending on current density,

passed. When experiments were attempted past 2.5 F/mol the

A. Synthesis of guanazine

B. Proposed redox couple

Journal ofcMaterials Chemistry A

current density dropped dramatically (~.1mA/cm?2). Due to the low
solubility of the dimerized product in aqueous environments, 2¢H,0
readily precipitates and is easily isolated. Neutral pH reaction
using 0.1 M LiClIO;, 0.1M NaNOs;, 0.1M
triethylammonium acetate resulted in low yields, with a maximum
yield of 18.1% (Table 1). Initial studies of variable electrolyte systems

conditions or

revealed insignificant variation in percent yield as a result of the
electrolyte used

C. CV Guanazine
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Figure 1: (A) Synthesis of (1). (B) Proposed redox couple for reaction mechanism. (C) CV scans of guanazine in 0.1M KNO; and blank electrolyte
at 1V/s scan rate. (D) Guanazine variable scan rate study. (E) CVs of 1.7mM TAABTeH20 and blank electrolyte at 1V/s. (F) Electrochemical

synthesis of (2¢H20) from (1). (G) Product collected from 0.1 0.1 M

Further optimization of reaction conditions found that mildly basic
electrolytes substantially improve yields. Entries 3 and 4 in Figure 1G
show that addition of either 1 or 2 mol eq. of Na,COs resulted in
approximately double the yield over neutral conditions. The highest
recorded yield was observed with entry 5 using an ammonium
bicarbonate electrolyte. Addition of stronger bases such as NaOH or
NH4OH prevented formation of 2eH,0 entirely yielding only
unidentified decomposition products. Electrolysis under neutral and

This journal is © The Royal Society of Chemistry 20xx

LiClO4 electrolysis.

acidic conditions followed by quenching with a mild base failed to
further precipitate 2eH,0, indicating that presence of the base may
assist in oxidation of guanazine via proton coupled electron transfer.
CV studies of guanazine in (NH4),CO;3, Figure 2A, show the loss of the
second oxidation peak and the shift of the third oxidation peak to a
lower potential of 1273 mV vs Ag/AgCl which support the idea of a
proton coupled electron transfer and has led to the development of
the proposed reaction pathway as shown in Figure 2C.30

J. Name., 2013, 00, 1-3 | 3
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To test possible overoxidation of 2eH,0, a dilute solution of 26H,0  conducted at very high potentials (>3.5 V vs H,0 reduction on Pt).

was made and tested by CV as shown in Figure 1E, revealing a lack of Constant current conditions where attempted, however, the
oxidation within the potential window of the electrolysis. This potential fluctuated and reached high values from increases in cell
suggests that overoxidation of solvated 2e¢H,0 is unlikely. However, resistance due to the large amounts of solid precipitate formed.

overoxidation of initial starting material and formation of These experiments also formed unidentified byproducts.

unidentified byproducts was observed when the experiments were

Table 1: Electrolysis results for guanazine using various electrolytes. Potential of 2.5 V vs hydrogen evolution reaction on Pt (entry 1) and 2.5
V vs water reduction on Pt (entries 2-6).

Entry Electrolyte Electrodes Potential (V) Charge (F mol) Percent Yield (%)
1 0.1 M NHEt;* OAC C/Pt 2.5V 2 18.1
2 0.1 M NaNO3 1mol eq. NaHCO; C/Pt 2.5V 2 33.4
3 0.1 M NaNO; 2mol eq. NaHCO; C/Pt 2.5V 2 35.8
4 0.1 M (NH,),CO3 C/Pt 2.5V 2 40.2
5 0.1 M NaNO3; 2mol eq. NaOH C/Pt 2.5V 2 0
6 0.1 M NaNO; 2mol eq. NH,OH C/Pt 2.5V 2 0
A. Cyclic voltammetry in basic solution C. Proposed mechanism in basic solution
e —— 2.4 mM Guanazine
s Blanik
NH, Basc
(- 5o0x10* HEN ﬁ :
g i
e .
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s s N N
g 5.0x107 NH
2
NH
N A /' N o
e o 500 1000 - 1500 2000 Y /: ﬁ. | >_NH
Potential (mV) vs Ag/AgCl N"‘N o / 2
1T N
1
B. Proposed redox couple (basic) ITIIZ THz L0
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I

NH, NH,

2.H,0

Figure 2: (A) CV of TAABTeH20 in and blank electrolyte in neutral versus basic solution. This was performed at 1V/s using a 2mm glassy
carbon working electrode, carbon plate counter electrode, and Ag/AgCl reference electrode. (B) Proposed redox couple in basic solution. (C)
Proposed mechanism for the anodic azo coupling of guanazine to produce TAABT (2) in basic solution.

Syntheses of salts

Salts 3-7 were prepared by simple acid-base chemistry by reaction of
2 with nitric acid, perchloric acid, 5-nitrimino-1,2,3,4-tetrazole, or 5-
nitro-1,2,3,4-tetrazole in an aqueous solution (Scheme 1). Salt 3 was
produced from a molar excess addition of concentrated nitric acid to
an aqueous slurry of 2 at room temperature with stirring. After
complete dissolution of 2, the solution was slowly crystallized

4| J. Name., 2012, 00, 1-3

yielding light orange plate-like crystals suitable for X-ray
measurements. Salt 4 was synthesized by combining an equimolar
solution of HNO3 and 2 in aqueous solution with continuous stirring
for 3 days, yielding a light orange slurry. This slurry was filtered and
isolated and after crystallization from water yielded crystals suitable
for X-ray measurements revealing a monohydrate crystal structure

4eH,0. 4¢H,0 was placed into a round bottom flask and dried under

This journal is © The Royal Society of Chemistry 20xx
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high vacuum on a Schlenk line at 90 °C for 12 hours yielding a dry

powder that that was identified as anhydrous 4 by elemental analysis.

Salt 5 was produced similarly to 3, by addition of a molar excess of
HCIO,4 to an aqueous slurry of 2 with stirring. Crystallization of the
solution vyielded orange plate-like crystals that revealed a
monohydrate crystal structure by X-ray measurement. Drying of
5eH,0 over P,0s in a desiccator produced light yellow crystals that
were identified as anhydrous 5 by elemental analysis. A crystal
structure for 5 was obtained by slow recrystallization from MeOH
that vyielded fine yellow needle crystals suitable for X-ray
measurement. Dissolution of 2 in an aqueous solution of 5-nitrimino-

1,2,3,4-tetrazole was only possible in large volumes of water with

Journal ofcMaterials Chemistry A

Crystallization of 6 yielded fine needle red crystals that were suitable
for X-ray measurements and where were identified as a tetrahydrate,
64H,0. Drying this tetrahydrate over P,0s yielded the monohydrate
6°H,0 as determined by elemental analysis. Recrystallization from
methanol vyielded a methanol solvate cocrystal of 6 with
unprotonated 2 (6¢MeOH®0.5C,N;,Hg). Salt 7 was produced
similarly to 6, however; 5-nitro-1,2,3,4-tetrazole is more acidic and
more readily protonated than 2 without heating. Recrystallization
yielded yellow needles suitable for X-ray measurement. Salts 3 and 7
were the only crystal structures in which the acid doubly protonated
TAABT (2).

heating.
- _.N
N -
| \>— NO,
o I
N N—-—N
§ o W
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3
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Scheme 1: Syntheses of salts 3-7. (3) 1,1°,2,2’ tetra-amino-5,5’-azo bis-1,3,4-triazolium, (4) 1,1’,2,2’ tetra-amino-5,5’-azo bis-1,3,4-triazolium
nitrate, (5) 1,1’,2,2’ tetra-amino-5,5’-azo bis-1,3,4-triazolium perchlorate, (6) 1,1’,2,2’ tetra-amino-5,5’-azo bis-1,3,4-triazolium 5-nitrimino-
1,2,3,4-tetrazolate monohydrate, (7) 1,1°,2,2’ tetra-amino-5,5’-azo bis-1,3,4-triazolium di-5-nitro-1,2,3,4-tetrazolate.

Single Crystal X-ray Structure Determinations
Neutral compound 2a crystalizes in the triclinic, P1 space group

with a density of 1.626 g/cm3 at 150 K and 2 symmetry units per cell.
This density is notably lower than TAABT polymorph 2b, which
crystallizes in the monoclinic space group P21/c with a density of
1.723 g/cm3 at 150 K and 4 formula units per unit cell. The difference
between the polymorphs is the direction the hydrogen atoms point

This journal is © The Royal Society of Chemistry 20xx

on the N-amine; in 2a the hydrogen atoms point inward and in 2b
they point outward. Nitrate salt 3 crystalizes in the triclinic space
group P1 with a density of 1.789 g/cm3 at 150 K and 1 formula unit
per unit cell. Nitrate salt 4¢H20 crystallizes in the monoclinic space
group P21/n with a density of 1.752 g/cm3 at 150 K and 4 symmetry
units per cell. The crystal under investigation for salt 4¢H20 was

J. Name., 2013, 00, 1-3 | 5
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found to be non-merohedrally twinned and further solution data for
this crystal can be found in the supplementary information.
Perchlorate salt 5 crystalizes in the monoclinic space group P21/c
with the highest observed density in this work of 1.821 g/cm3 at 150
K and 2 symmetry units per cell. The cation is monocationic (two
protons shared between two neighboring cations). The ammonium
H atom is located on a twofold axis and is shared between two
symmetry equivalent N atoms. Both anion and cation are located on
special positions and each half of the ion is within the asymmetric
unit. Salt 5¢H20 crystalizes in the monoclinic space group P21/c with
a density of 1.748 g/cm3 at 150 K and 4 symmetry units per cell. The

structure of 6#4H20 is metrically orthorhombic but crystallizes in
P21/n as a pseudomerohedric twin, with close to 1:1 twin ratios
(0.521(2):0.479(2). The density of 6#4H20 is 1.622 g/cm3 with 4
symmetry units per cell. The lowered density compared to the others
is due to the 4 waters of hydration. 6¢MeOH*0.5C4H8N12
crystalizes in the triclinic space P1 with a density of 1.669 g/cm3 at
150 K and 2 symmetry units per cell. Nitrotetrazolate salt 7 crystalizes
in the monoclinicspace group P21/c with a density of 1.762 g/cm3 at
150 K and 2 symmetry units per cell.

Page 6 of 11

Table 2. X-ray data and parameters of TAABT and energetic salts.

2¢H,0a 2¢H,0b 3 4¢H,0 5¢H,0 5 6¢4H,0 6¢MeOH 7
#0.5(C4HsN1,)
Formula C4HgN1, C4HgN1, [C4H1oN o) [C4HoNy, I* [C4HgN )" [C4HgN,]* [C4HgN,]* [C4HgN,]* (O PR\ PPY
*H,0 *H,0 [2(NO3)]> [NOs] [CIO.) [CIO.) [CHNGO,] [CHNGO,] [2(CNs0)]*
*H,0 *H,0 *4(H,0) ©0.5(C4HgN1,)
*CH;0
M; [g mol?] 242.24 242.24 350.26 305.26 342.70 324.68 426.37 498.46 454.36
Crystal Triclinic Monoclinic Triclinic Monoclini  Monoclini Monoclinic Monoclinic Triclinic Monoclinic
system c c
Space Group p1 P2./c p1 P24/n P2/c P2/c P2./n p1 P2./c
Color Orange Red Orange Orange Orange Yellow Red Yellow Orange
Habit Plate Rod Block Plate Plate Needle Needle Needle Needle
Size [mm] 0.45 x 0.35 0.22 0.33 0.35 - 0.55 0.20 0.55
0.25 x0.11 x0.20 x0.28 x0.33 - x0.05 x0.03 x0.23
x 0.18 x 0.10 x0.15 x0.11 x0.16 - x0.03 x0.01 x0.19
a[A] 7.968 (5) 11.091 (7) 6.689 (2) 7.308 (3) 7.648 (4) 7.410 (6) 6.901 (4) 8.350 (11) 5.532 (3)
b [A] 8.142 (5) 12.028 (7) 8.682 (3) 16.635 (7) 18.754 8.693 (9) 15.047 (8) 10.757 (17) 14.965 (8)
(10)
c [A] 8.418 (6) 7.087 (5) 12.025 (5) 9.625 (4) 9.465 (5) 9.554 (7) 16.811 (10) 12.007 (16) 10.665 (5)
al[’] 89.45 (2) 90 80.34 (17) 90 90 90 90 104.53 (10) 90
B[] 69.47 (2) 99.01 (3) 75.03 (15)  98.40 (14) 106.36 105.80 (5) 90.01 (4) 107.05 (9) 856.35 (8)
(16)
v[] 76.13 (2) 90 77.99 (14) 90 90 90 90 91.66 (1) 90
V[A3] 494.9 (6) 933.7 (10) 655.05 (4) 1157.5 (8) 1302.5 592.2 (9) 1745.7 (17) 992.0 (3) 856.4 (8)
(12)
z 2 4 2 4 4 2 4 2 2
pcalcd [g 1.626 1.723 1.776 1.752 1.748 1.821 1.622 1.669 1.762
cm?3]
U [mm?] 0.13 0.14 0.16 0.15 0.35 3.34 1.24 1.17 0.15
F(000) 252 504 360 632 704 332 888 516 464
T[K] 150 150 150 150 150 150 150 150 150
Fniry Fmax [°] 2.6,33.2 2.5,33.1 2.4,33.0 2.5,283 2.5,33.2 5.1, 80.9 2.6,80.3 4.0,69.9 2.4,33.0
dataset -11:12; - -17:17; -10:9; -9:9; -10:11; -9:8; -5:8; -9:10; -7:8;
10:12; - -18:18 -13:13; 0:22; -28:28; -10:11; -19:18; -12:13; -23:23;
12:12 -10:10 -18:18 0:12 -11:14 -9:11 -21:21 -15:15 -16:16
reflns 12648 24491 29403 16546 40210 4375 13925 9304 28936
collected
indep reflns 3727 3582 4987 2799 4960 1237 3710 3831 3287
Rint 0.026 0.063 0.037 0.123 0.031 0.062 0.076 0.117 0.036
obsd reflns 3189 2373 3554 2363 4518 1076 3087 2108 2692
params 194 194 332 210 243 114 311 359 166
R, (obsd)? 0.033 0.049 0.042 0.083 0.032 0.053 0.052 0.061 0.037
WR; (all 0.093 0.133 0.111 0.237 0.088 0.161 0.144 0.165 0.101
data)¢
Sd 1.07 1.04 1.04 1.02 1.04 1.09 1.09 0.90 1.05
res density -0.28, -0.45, -0.26, -0.52, -0.64, -0.54, -0.29, -0.41, -0.27,
[e A'3] 0.48 0.47 0.26 0.79 0.54 0.42 0.40 0.46 0.47
solution SHELXTL SHELXTL SHELXTL SHELXTL SHELXTL SHELXTL SHELXTL SHELXTL SHELXTL

@ See Methods for complete description of General Procedures for X-ray crystallographic data collection. ?Ry= 2| | F, |- | Fc| |/Z|Fo|. ‘WRy= {Z[w(F,%-

F2)/Z[W(F.)21}2; w=[02(F,2)+(xP)2+yP] ™t and P=(F,2+2F2)/3; ¢ S=GOF= {Z[w(F,?-F2)*/(n-p)}/> (n= number of reflections; p=number of parameter
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Mass spectrometry

Compound 2 and its hydrate shows up at 226.1177 m/z by MALDI
analysis, which corresponds to the M+2H ion. For all salts tested,
the TAABT cation shows up at 225.2 m/z by ESI+. The counterions
all appear where expected by ESI-: NO;™ at 62.1 m/z, ClO, at 99.1
m/z, 5-nitrimino-1,2,3,4-terazolate at 129.1 m/z, and 5-nitro-
1,2,3,4-tetrazole at 114.1 m/z.
Nuclear Magnetic Resonance Spectroscopy
used to

Multinuclear 13C) was

characterize all compounds. Compound 1 possesses a singlet at

NMR spectroscopy (H,

5.15 ppm corresponding to the resonance of the N-amine protons,
and a singlet at 5.03 ppm corresponding to the C-amine proton
resonance.*” Once azo coupled, a similar spectrum was seen for
compounds 2-7 , with the exception of salts 3 and 7 where more
powerful acids were used to make the salt (conc. nitric and 5-nitro-
1,2,3,4-tetrazole),
resonance of N-amines protons to broaden due to protic
interactions with the solvent. The 3C spectrum of 2 shows two

which caused the peak corresponding to the

peaks corresponding to the C-amine carbons and the azo carbon
separated by ~1ppm. The 13C spectrum of 3 shows a narrowing of
these peaks and, for 4, 5, and 7, a complete overlap is observed.
This indicates that the chemical environment of the carbons is
becoming close to identical as a result of forming an ionic salt.
Infrared Spectroscopy

TAABT (2) and its salts, being a symmetrically substituted trans
azo complex, is predicted to have IR forbidden N=N stretching
vibrations typically seen at 1580-1400 cm™. The secondary amines
of 2 displayed a weak doublet band at 3289.78, and 3111.19 cm™.
Protonation resulted in the appearance of an additional band in this
region of 3500-2400cm-. Broadening of this region was observed
for 6eH,0 and 7 due to the presence of 5-nitrimino-1,2,3,4-
5-nitro-1,2,3,4-tetrazolate
Deformation bands can be observed for all compounds in the
region of 1660-1500 cm™! for the primary amines and in the region

tetrazolate and respectively.

of 1660-1590 cm* for the amine salts. Compounds 2 and 3 show
strong bands in this region, while 4 and 7 show the formation of
shoulder bands in this region possibly due to the N-H* bonds. A
strong band was present at ~1310 cm™ for salts 3, 4, 6eH,0, and 7
due to the presence of nitrate.*®
Thermal Stabilities

The thermal behaviors of compounds 2, 2¢H,0, 3, 4, 5, 6¢H,0, and
investigated by combination differential scanning
calorimetry — thermogravimetric analysis (DSC/TGA). All
measurements were conducted with a heating rate of 10 K-min™2.
Decomposition temperatures for 2eH,0 and 2 were both near

7 were

300 °C, while the remaining compounds decomposed below 250 °C.
The waters of hydration for 2eH,0 and energetic salts were lost
prior to decomposition. Temperatures of decomposition were
determined from the onset of the exothermic detonation peak as
seen on the DSC. Onset of decomposition was based on deviation
from the baseline and not peak values which can overestimate
thermal stabilities. This demonstrates a high degree of thermal
stability beyond conventional energetics of similar performance.
Sensitivities

This journal is © The Royal Society of Chemistry 20xx
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For initial safety testing, the impact and friction sensitivity tests
of the prepared nitrogen-rich salts were carried out.*>>° The impact
sensitivity tests were carried out according to STANAG 4489 (Table
3) and were modified according to instruction using a OZM-BFH-10
drophammer setup.0-52 The friction sensitivity tests were carried
out according to STANAG 4487 (Table 3) and were modified
according to instruction using a BAM friction tester. Impact
sensitivities >40 J and friction sensitivities >360N were considered
insensitive.>3-5> Due to the dark orange-red colours of TAABT and
energetic salts, determination of decomposition was dependent on
whether an audible snap was heard or if a noticeable smell was
produced. Compounds 2eH,0, 2, 6¢H,0, and 7 showed no signs of
decomposition over 7 trials of 40 J drop hammer testing and are
therefore considered insensitive to impact. Compounds 2, and
6eH,0 compressed to a black metallic like material without
noticeable decomposition. Salts 3 and 4 show the opposite degree
of sensitivity and detonated readily with 1 J impact. Although both
3 and 4 utilize a NO5™ anion, 3 shows a much higher handling
sensitivity than 4. Compounds 2, 4, 6eH,0, and 7 showed no
obvious signs of decomposition after 7 replicate trials at 360 N,
indicating the materials are insensitive to friction. Salt 3 also did not
produce a smell or audible sign of decomposition, however, 3 is
light-orange and showed obvious darkening in the region of 64-80
N. Salts 5 and 7 produced audible snaps at 128 N and 116 N
respectively and are therefore considered sensitive to friction.
Energetic Properties

Theoretical predictions of heats of formation and crystalline
density were performed using the Gaussian09 program package.>®
For neutral molecules, these were calculated using the methods of
Byrd and Rice, where the molecules were initially optimized using
the spin-restricted B3LYP density functional theory with the 6-
31G** basis set.>>% Subsequently the energy of formation was
obtained using the electronic energies from the B3LYP/6-
311++G(2df,2p) and electrostatic parameters on the 0.001
electron/bohr? isosurface. For ionic species, the structures were
optimized in a similar manner to the neutral species, while the
heats of formation were obtained from the G3MP2(B3LYP)
energies and either the Gutowski for 1:1 salts or Jenkins derived
(for all other salts) lattice enthalpies.®®73 Performance values were
calculated from theoretical heats of formation, and when available,
experimental room temperature crystal densities (otherwise
calculated densities were used) using the EXPLO6.05 software. The
density that was used for EXPLO6.05 calculations was outlined in
each column. Performance is calculated from the input of the
and the
maximum densities according to their crystal structures at low

molecular formula, calculated heats of formation,
temperatures or calculated densities in cases where experimental
values are not obtained. EXPLO6.05 is based on the chemical
equilibrium, steady state model of detonation. It uses Cowan—
Fickett's equation of state for solid carbon and Becker—
Kistiakowsky—Wilson’s equation of state (BKW EOS) for gaseous
detonation products. Compound 2, in addition to salts 3-7, all
showed high thermal stability, and high performance with

J. Name., 2013, 00, 1-3 | 7
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detonation pressures of ~26-30 GPa and detonation velocities
comparable in performance to RDX.

Table 3. Energetic performance of TAABT and energetic salts

Entry 2¢H,0 2 3 4 5 6eH,0 7 RDX
Formula C4HgN;, #H,0 C4HgN1, (o Pra\\PPY [C4HgN, I+ [C4HsN )" [C4HsN )" [C4H1oNo]* C3HgN6Os
[2(NO5)]> [NOsJ [ClO.) [CHNGO,] [2(CNs0)]*
*(H,0)
FW/g mol* 242.20 224.19 350.21 287.20 324.64 372.27 454.29 222.12
1Se/) >40 >40 <1 >40 <1 >40 >40 7.5
FS?/N >360 >360 64-80 >360 128 >360 116 120
N¢/% 69.40 74.97 63.40 55.99 51.77 67.73 67.83 37.84
Q%% -79.27 -85.64 -31.98 -52.92 -41.89 -64.47 -45.79 -21.61
Toect/°C 291 302 224 230 254 220 241 205 ¢
Prray /g CIE - - - - - -
Dyray /8 1L - s 1.776 - 1.821 = 1.762 1.85857
Peac " /g et 1.594 1.827 1711 1714 1.767 -
*EXPLO6.05 2

-Ag U/ klkg? - 3896 -4220 -4480 -5115 -4320 -4408 5740
Toed/K - 2576 3003 3004 3582 2909 3189 3745
Pc/GPa - 26.9 27.4 27.3 29.8 27.8 25.6 33.6
Vpet./m s71 - 8742 8444 8585 8584 8742 8340 8801
V,m/L kg 818 858 857 824 865 829 784

Entry 2¢H,0a 2¢H,0 b STANA(? 4:487 STANAG 4489

Formula CaHaNoy CaHaNm BAM Friction Tester BAM Drop Hammer

*H,0 *H,0 _

Pxray ' /8 M : e

Pucay /g cM? 1723

DU /kIkg? -3637 -3621 -

Toed/K 2443 2400 1: g,._f*ﬂ_._

P.//GPa 24.3 27.3 ¥ -

Voerk/m s 8416 8839 *e :

V,//L kg1 862 857

9 Impact sensitivity (BAM drop hammer 1 of 6). ® Friction sensitivity (BAM friction tester 1 of 6). ¢ Percent nitrogen ¢ Oxygen balance (Q =
1600/MW/(2xC+0.5yH-z0). e Temperature of decomposition. f Density single crystal x-ray crystal diffraction at room temperature. 9 Density
single crystal x-ray crystal diffraction at 150 K. " Computationally predicted density. ' Enthalpy of Explosion./ Temperature of detonation.
Detonation pressure according to Chapmen—Jouguet. ' Velocity of detonation. ™ Volume of detonation gases. *EXPLO5 values calculated
using experimentally obtained room temperature densities when available, otherwise, values calculated using calculated using
computationally predicted densities. The density values outline in a box were used for EXPLO5 calculations.

Compound 2eH,0 b shows the highest detonation velocity of all
materials tested at 8839 m s, which exceeds RDX. Interestingly,
this material shows a higher density and performance than
anhydrous 2, which may indicate that the actual density for
anhydrous 2 may be higher than the calculated density and the
performance is therefore higher than what is reported in Table 3.
Compound 2 and its hydrate both show extremely high thermal
stability with thermal onsets for decomposition at >300 2C, friction
sensitivities >360 N, and impact sensitivities >40 J. This makes 2 a
very promising thermally stable IHE alternative to RDX. The
energetic salts produced have a higher density and have slightly
improved detonation pressures, but with the trade-off for higher
sensitivity.

Conclusions

The skillset of the synthetic chemist must grow to meet the demand
for novel energetics and increasingly complex heterocyclic

8 | J. Name., 2012, 00, 1-3

materials. Electrochemistry allows the modern chemist to broaden
their synthetic toolbox while mitigating the waste streams
produced from traditional synthesis. This work has demonstrated
electrochemistry’s utility to the synthetic energetic materials
chemist with the facile production of high-performance energetic
materials through electrochemical synthesis in mild environment
with low-hazard waste streams. All materials produced in this work
demonstrate high detonation performances that rival RDX, and
remarkably low thermal, impact, and friction sensitivities. These
unique materials would be difficult, if not impossible, to obtain
through conventional synthesis techniques due to the presence of
the highly reactive N-amine on guanazine. Further exploration into
the electrochemical formation of reactive N-nitrene species could
produce a variety of interesting novel high nitrogen content
heterocycles for use in energetics, medicine, and biology that may
not be available by other means.”
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Electrochemical azo coupling of guanazine yields novel thermally insensitive high-explosive. DFT and EXPLO 6.05 calculations reveal
energetic properties that rival RDX making this a potentially cheap, and green alternative to traditional energetics.
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