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1,2,4,5-tetrazine: green nitrogen-rich gas-
generating agent†
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Nitrogen-rich energetic materials (EMs) have been widely studied because of their high thermal stability,

insensitivity, excellent detonation performance and non-toxic characteristics. In particular, these

compounds are well applied as gas-generating agents (GGAs). As a nitrogen-rich heterocyclic

framework, 1,2,4,5-tetrazine derivatives have shown great potential in the design of GGAs. The guanidine

salts of 3,6-bis-nitroguanyl-1,2,4,5-tetrazine (DNGTz), guanidine (G2DNGTz) (1), aminoguanidine

(AG2DNGTz) (2), diaminoguanidine (DAG2DNGTz) (3), and triaminoguanidine (TAG2DNGTz) (4) have been

synthesized and characterized by elemental analysis and FT-IR. The crystal structures of 1 and 2 were

obtained by X-ray single crystal diffraction. Crystal analysis shows that 1 and 2 arrange through zigzag-

chain-like assembly and face-to-face geometries, which is helpful in decreasing mechanical sensitivity.

The thermal stability and thermal decomposition kinetics of these four salts were studied by Differential

Scanning Calorimetry (DSC). Furthermore, the thermogravimetry-Fourier transform infrared-mass

spectrometry (TG-FTIR-MS) analysis of thermal decomposition products reveals that the main

decomposition gaseous products are H2O, N2O, CO2, NO, N2 and NH3. Then, the cytotoxicity of the four

salts was tested by MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide) method,

and it was found that salts 1–4 show slight cytotoxicity in mouse fibroblasts (L929), at a concentration of

0.125 mg ml�1. The insensitivity, low toxicity, and production of clean gases without solid residue after

burning of salt 1 indicate that it can be used as a potential green energetic material for GGAs.
Introduction

Recently, car accidents have been greatly increasing year-by-
year. Therefore, it is strongly desired to develop inatable air
bags for protecting the human body from serious injury in the
event of a collision. Different kinds of such air bags are in
practical use.1 Gas-generating sources are important in the
device. Currently, most air bags are lled with solid gas-
generating agents (GGAs) due to their high safety and reli-
ability. The GGAs themselves and their decomposition products
for expanding the air bag must be completely nontoxic, because
they might possibly come into contact directly with the drivers
and passengers if they should leak from the bag.2 High nitrogen
energetic molecules based on heterocyclic backbones have
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f Chemistry 2020
attracted much attention in recent years.3 They have the
advantages of higher positive heats of formation (HOF), insen-
sitivity, good detonation performances and hypotoxicity.4–7 As
a high nitrogen heterocyclic framework, 1,2,4,5-tetrazine
derivatives have shown great potential in the design of gas-
generating agents due to the low combustion temperature,
good mechanical properties, and production of clean gases
without solid residue aer decomposition, which is generally
used as an ination source in the airbag system.8,9 A large
amount of gases can be generated during the decomposition of
medicament to inate the generating device, so as to achieve
the purpose of buffering.

As one of the representative tetrazine derivatives, 3,6-bis-
nitroguanyl-1,2,4,5-tetrazine (DNGTz), can be used as a GGA.
The HOF of DNGTZ is +389 kJ mol�1, which is higher than of
nitroguanidine (�98.7 kJ mol�1), indicating that the introduc-
tion of tetrazine ring can greatly increase HOF.10,11 In addition,
it is insensitive to impact and friction stimuli (>14 J, 320 N).12–14

These characteristics show that DNGTz is a prospective GGA
with insensitivity.

At present, energetic ionic salts have attracted extensive
interest, which outperform non-ionic molecules due to their
lower vapor pressure and strong hydrogen bonding.15–17 Among
RSC Adv., 2020, 10, 36287–36294 | 36287
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them, tetrazine-based ionic salts have high HOF and low carbon
and hydrogen content to improve oxygen balance, showing
promising potential to meet the needs of GGAs.18–24

In this paper, the guanidine salts of DNGTz, guanidine
(G2DNGTz) (1), aminoguanidine (AG2DNGTz) (2), dia-
minoguanidine (DAG2DNGTz) (3), triaminoguanidine (TAG2-
DNGTz) (4) have been synthesized. The formation of guanidine
salts could decrease acidic of DNGTZ and improve nitrogen
content. The mainly decomposition products of salts 1–4 were
investigated by thermogravimetry-Fourier transform infrared-
mass spectrometry (TG-FTIR-MS) measurement to verify
whether it contains toxic gases. Furthermore, to investigate the
toxicity of four energetic salts, the MTT (3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide) assay was
used for the cytotoxicity experiment according to the ISO stan-
dards (ISO 10993.12-2005).
Experimental
Synthetic procedures

According to the ref. 6, the intermediate sodium-3,6-bis-
nitroguanyl-1,2,4,5-tetrazine (Na2DNGTz) was prepared. Other
chemicals were purchased from Aladdin and used without
further purication.

Na2DNGTz (0.066 g, 0.2 mmol) was dissolved in 4 ml water
and guanidine hydrochloride (CH5N3$HCl) (0.38 g, 4 mmol) (1)
was dissolved in 2 ml water, then the latter solution was slowly
added to the Na2DNGTz aqueous solution and stirred for 2 h at
25 �C. The red precipitate was collected by ltration (Scheme 1).
As for the preparation of salts 2–4, the same procedure was
adopted. Single crystals of 1 and 2 were obtained by slow
evaporation in 2 days.

G2DNGTz (1): IR (ATR), n (cm�1): 3390(w), 3149(m), 2970(m),
2364(s), 2326(m), 1726(w), 1485(s), 1215(m), 1062(w). Elemental
analysis: calc. (%) for C6H16N18O4: C 17.82, N 62.38, H, 3.96;
found: C 17.74, N 61.52, H 3.86. AG2DNGTz (2): IR (ATR), n
(cm�1): 3390, 3143, 2964, 2364, 2362, 1726, 1487, 1211 1062.
Elemental analysis: calc. (%) for C6H18N20O4: C, 16.59; N, 64.51;
H, 4.15. Found: C, 16.89; N, 63.65; H, 3.89. DAG2DNGTz (3): IR
(ATR), n (cm�1): 3417, 3147, 2964, 2360, 2331, 1726, 1485, 1220,
1065. Elemental analysis: calc. (%) for C6H20N22O4: C 15.52, N
66.38, H 4.31; found: C 15.55, N 65.51, H 3.88. TAG2DNGTz (4):
IR (ATR), n (cm�1): 3408, 3145, 2968, 2356, 2324, 1726, 1481,
1215,1063. Elemental analysis: calc. (%) for C6H22N24O4: C
14.57, N 68.02, H 4.05; found: C 14.38, N 67.01, H 4.81.
Scheme 1 Synthetic route of salts 1–4.

36288 | RSC Adv., 2020, 10, 36287–36294
Materials and physical measurements

Elemental Analyses (EA) were performed on a Vario EL Analyzer.
Infrared (IR) spectra were measured with ATR using IRAffinity-
1S apparatuses. The crystal morphology was observed by Scan-
ning Electron Microscope. DSC measurements were performed
on Q2000 apparatus under nitrogen atmosphere with the
owing rate of 50 ml min�1. TG-MS-FTIR was performed using
Mettler TGA/DSC3+ HT/1600, Thermo Fisher NICOLET iS10 and
Pfeiffer Vacuum GSD 320 T3. Two gas pipelines (N2 and Ar) were
assembled to steer gaseous products from TG to FTIR and MS
simultaneously. Under the constant N2 owing rate (100
ml min�1), the temperature was 40 to 300 �C at a heating rate of
10 �C min�1. The impact sensitivity test was performed on
a ZBL-B impact sensitivity instrument.

X-ray crystallography

A red plate (0.31 � 0.25 � 0.14 mm3) (1) and a red block (0.37 �
0.30 � 0.14 mm3) (2) were used for the X-ray crystallographic
analysis. X-ray diffraction data were collected on a Bruker Smart
Apex CCD X-ray diffractometer. The structures were solved by the
direct methods using SHELXS-97 and rened by the full matrix
least-squares method on F2 with anisotropic thermal parameters
for all non-H atoms (SHELXTL-97),25 and H atoms were added
according to the theoretical models. Crystal data are listed in Table
1. Selected bond lengths angles are listed in Tables S1 and S2,†
respectively. CCDC 948107 and CCDC 953452.

Cytotoxicity test (MTT assay)

In vitro cytotoxicity test, Mouse Fibroblast (L929) cells were
propagated and maintained in cell culture dishes and seeded to
wells. L929 cells were seeded on plates at a density of 104 cells
per well (100 mL). The multi-well plates were incubated at 37 �
1 �C, air (5% CO2) for 24 h. The cultures were replaced with 100
mL media at four different concentrations: 100%, 50%, 25%,
12.5%. Similarly, cultures were replaced with 100 mL of positive
control (DMSO 10%, 5%, 2,5%, 1.25%) and 100 mL of the
reagent control (RPMI-1640) and 100 mL of negative control. The
wells were incubated at 37 � 1 �C in 5% CO2 for 24 � 0.5 hours.
Following incubation, the cultures were examined microscopi-
cally (Olympus IX-51) to evaluate cellular characteristics. The
cultures were then prepared for an MTT assay by aspirating the
media and then adding 20 mL MTT in culture media to the
volume of cells and keeping in a dark environment for 24 h at
37 �C. Subsequently, MTT was aspirated and 150 mL DMSO was
added to each well. Then, the absorbance at 490 nm was
measured using a Thermo Scientic Microplate Reader (Bio
Tek). MTT assays were repeated in three separate experiments.

Results and discussion
Crystal structure

The morphology of salts 1–4 were studied by SEM measure-
ments. As shown in Fig. S1,† it could be clearly seen that 1 forms
plate-like crystal with a smooth surface. 3 and 4 show rod-like
crystalline morphology. While, 2 crystalizes in small particles.
This journal is © The Royal Society of Chemistry 2020
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Table 1 X-ray diffraction data collection and refinement parameters
for salts 1 and 2

1 2

Formula C6H16N18O4 C6H16N20O4

Formula weight 404.37 434.40
Crystal system Monoclinic Triclinic
Temperature (K) 296.15 296.15
Space group P21/c P�1
a/(�A) 8.4812(18) 7.4720(16)
b (�A) 24.898(5) 7.8861(16)
c/(�A) 7.7969(16) 8.2265(18)
a/(�) 90.00 80.222(4)
b/(�) 95.961(4) 64.653(3)
g/(�) 90.00 84.717(4)
r 1.640 1.671
Z 4 1
F (000) 840 226
q range/(�) 1.64, 25.10 2.77, 25.09
R indices (I > 2s(I)) R1 ¼ 0.0552,

wR2 ¼ 0.0855
R1 ¼ 0.0713,
wR2 ¼ 0.1601

R indices (all data) R1 ¼ 0.1191,
wR2 ¼ 0.1047

R1 ¼ 0.1100,
wR2 ¼ 0.1844

GOOF 1.030 1.036
CCDC 948107 953452
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Crystal structures of G2DNGTz (1) and AG2DNGTz (2) are
shown in Fig. 1. Both 1 and 2 have the 2 : 1 of cation and anion
in the crystal structure. In the DNGTZ anions (DNGTZ2�), the
lengths of N–C and N–N are within 1.316–1.400 �A and 1.306–
1.332�A, which is longer than normal N]C, N]N bond (1.22�A,
1.20�A) and shorter than normal N–C,N]N bond (1.47�A, 1.41�A)
(Tables S1 and S2†).26,27 These results prove that DNGTZ2� exists
as a large p-conjugated system.

G2DNGTz (1) crystallized in the monoclinic space group P21/c
with a density of 1.640 g cm�3 (Fig. 1(1a)). The amine and nitro
groups of DNGTZ2� form hydrogen bonds with the N atoms of
guanidine anions (G+). Besides, these extensive inter- and intra-
molecular hydrogen bonds between DNGTZ2� and G+ not only
support a planar structure by forming a ve- and six-member
hydrogen-bonds rings, but also improve the thermal stability
and decrease mechanical sensitivity (Fig. 2(1b) Table S3†). The
dihedral angles: N1–N2–C1–N3 (0.9(5)) and N8–N7–C2–N5 (0.2(5))
are almost zero, which shows that DNGTZ2� has a planar struc-
ture. In addition, the hydrogen atoms from amino groups partic-
ipate in large numbers of hydrogen bonds with the nearby
Fig. 1 Crystal structure of G2DNGTz (1) and AG2DNGTz (2).

This journal is © The Royal Society of Chemistry 2020
nitrogen and oxygen atoms, thereby forming a zigzag-chain-like
structure along the a-axis (Fig. 3(1c)).

AG2DNGTz (2) crystallized in the triclinic space group P�1 with
a density of 1.671 g cm�3 at 296 K (Fig. 1(2a)). All atoms of the
DNGTz2� are almost coplanar, for the biggest deviation of the
torsion angles is 4.3� (O2–N1–N2–C1). The molecular moieties are
involved in extensive hydrogen bonding network through the
hydrogen atoms of the amine groups and nitrogen and oxygen
atoms of AG+ and DNGTZ2� (Fig. 2(2b)). The crystal structure of 2
features face-to-face geometries with the interlayer distance of
3.489 �A and the p-stacked sheets were arranged in a layer-like
structure (Fig. 3(2c)). Among them, the p-stacked layers were
deemed to decrease the mechanical sensitivity by converting
mechanical energy into intermolecular interaction energy.28

To further understand the interactions between the molecules
contained in 1 and 2, theHirschfeld surface (dnorm (Fig. 4(d)) shape
index (Fig. 4(e)), curvedness (Fig. S2†))and 2D ngerprint plots
were analyzed.29 As shown in Fig. 4(d), the surfaces of 1 and 2 have
a plate shapes because of the conjugated molecular structures and
most of the red dots indicating close molecular contact between
molecules are located on the side of the plate. It indicates that the
intermolecular interactions in the crystal structure occur through
the oxygen and nitrogen atoms surrounding the molecules. The
curvedness surfaces show broad, relatively at regions character-
istic of planar stacking. Furthermore, complementary red and blue
triangles (outlined by two white rectangles) can be identied on
the shape index plots, which can be considered as p stacking
interactions in a plane. The 2D ngerprint of the populations of
these weak interactions is shown in Fig. 4(f) and (g). It observed
that two sharp spikes existed in the bottom le of the spectra,
indicating the interactions of O/H and N/H. Among them, the
interaction of N/H (and H/N) (37.6% and 36.3%) was much
higher than that of O/H (23.8% and 24.1%), showing the main
interactions of the energetic molecules were N/H interactions.
Thermal behaviors and non-isothermal kinetics

DSC analysis was used to investigate the thermal decomposition
behaviors of salts 1–4. As can be seen the DSC curves in Fig. 5,
all of the materials exhibit high decomposition temperatures
over 180 �C, satisfying the thermal stability requirements for
GGAs. And only one exothermic process with the peak of 189.2
to 239.3 �C can be observed for salts 1–4. Salt 1 has the best
thermal stability and the decomposition peak temperature is
239.3 �C. The results show that as the hydrogen on guanidine
RSC Adv., 2020, 10, 36287–36294 | 36289
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Fig. 2 Two-dimensional structure of G2DNGTz (1) and AG2DNGTz (2).

Fig. 3 Packing diagram of G2DNGTz (1) and AG2DNGTz (2).

Fig. 4 Hirshfeld surfaces mapped with dnorm (d) and shape index (e) of G2DNGTz (1) and AG2DNGTz (2). The 2D fingerprint plots (f) for G2DNGTz
(1) and AG2DNGTz (2). Percentage contributions of the individual atomic contacts to the Hirshfeld surface (g) for G2DNGTz (1) and AG2DNGTz (2),
respectively.
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group is gradually replaced by amino group in salts 1–4, the
thermal decomposition temperature decreases and the
exothermic decomposition process accelerates.

In order to estimate non-isothermal kinetics of salts 1–4
during the exothermic decomposition process, the kinetic
parameters have been calculated through Kissinger method and
Ozawa method (eqn (1) and (2)) at different Tp (maximum
decomposition peak temperature).30,31 The kinetic parameters
are listed in Table 2.

ln
b

Tp
2
¼ ln

AR

E
� E

RTp

(1)

lg bþ 0:4567E

RT
¼ C (2)

where b (�C min�1) is the heating rate, R (8.314 J K�1 mol�1) is
the gas constant and C is a constant, E is the apparent activation
energy (kJ mol�1) and A is pre-exponential constant.
Thermal safety analysis

To further evaluate their thermal safety, the critical temperature of
thermal explosion (Tb), entropy of activation (DSs), enthalpy of
activation (DHs) and free energy of activation (DGs) of salts 1–4
were obtained from eqn (3)–(7).32 The thermal parameters are
36290 | RSC Adv., 2020, 10, 36287–36294
listed in Table 3. According to Table 3, Tb of salts 1–4 is within the
range of 177.15–229.47 �C, and the results reveal that the order of
thermal stabilities of these energetic salts is: 1 > 2 > 3 ¼ 4. The
positive values ofDGs (193.56–378.53 kJmol�1) andDHs (128.61–
142.93 kJ mol�1) of salts 1–4, show that the exothermic decom-
position reaction of salts 1–4 must proceed under heating condi-
tion. At the same time, the greater the values ofDGs andDHs, the
greater the external energy required for material decomposition,
and the more stable it is under the same external thermal stimu-
lation condition. The DGs and DHs of salts 2–4 are less than 1,
indicating the highest thermal safety of 1.

Tpi ¼ Tp0 + abi + bbi
2 i ¼ 1–4 (3)

Tb ¼
EO �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EO

2 � 4EORTp0

q
2R

(4)

where a and b are coefficients, b is the linear heating rate.

A ¼ kBT

h
exp

�
DSs

R

�
(5)

DHs ¼ Ea � RT (6)

DGs ¼ DHs � TDSs (7)
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 DSC curves of salts 1–4 at a heating rate of 10 �C min�1.

Table 3 Calculated values of kinetic parameters of decomposition
reaction for salts 1–4

Tp0/�C Tb/�C
DSs/J
mol�1 K�1 DHs/kJ mol�1 DGs/kJ mol�1

1 228.57 229.47 469.59 378.53 142.93
2 202.77 203.99 210.78 236.39 136.08
3 176.46 177.57 152.27 197.39 128.93
4 176.02 177.15 144.60 193.56 128.61
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where T¼ Tp0, Ea ¼ EK and A¼ AK. kB is the Boltzmann constant
(1.381 � 10�23 J K�1) and h is the Planck constant (6.626 �
10�34 J s).
Fig. 6 TG curves of salts 1–4 at a heating rate of 10 �C min�1.

Decomposition gas products analysis by TG-MS-FTIR

TG-MS-FTIR were used to analyze the thermal decomposition
process and identify gaseous products during the thermal
decomposition of reference compounds. Fig. 6–9 shows the
thermal decomposition process of salts 1–4 in the temperature
range of 30–300 �C.

In the TG thermograms (Fig. 6), mass loss process of salt 1
mainly occurred from 228.41 to 245.33 �C, reaching maximum
mass loss rate at 240.55 �C, with a weight loss percentage of
35.27%. Similarly, the exothermic peak temperature of salts 2–4
was found at 213.48, 194.18 and 188.36 �C with a weight loss
percentage of 22.39%, 29.17% and 36.74%, showing the rapid
weight loss process (204.62 to 219.58 �C, 190.19 to 196.89 �C and
186.28 to 191.39 �C). These results show that when the hydrogen
on the guanidyl group is gradually replaced by the amino group,
the weight loss process is gradually shortened and the weight
loss rate is accelerated. For all compounds, the temperature
range of mass loss processes was found to be in agreement with
that of the exothermic processes.
Table 2 Kinetic parameters from the exothermic decomposition reactio

b/�C min�1 Tp/�C EK kJ�1 mol�1

1 5 234.40 382.71
10 238.54
15 241.00
20 241.77

2 5 210.07 240.35
10 214.74
15 219.36
20 220.49

3 5 184.54 201.13
10 191.18
15 194.10
20 196.34

4 5 183.7 197.30
10 190.43
15 193.09
20 195.84

This journal is © The Royal Society of Chemistry 2020
The evolved gaseous products during the decomposition
processes of salts 1–4 were detected by quadrupole mass spec-
trometry(MS) and FT-IR. From Fig. 7–9, we can deduce that the
main decomposition products of salts 1–4 are NH3 (v ¼ 3334–
3330, 967–963 and 932–928 cm�1,m/z¼ 16, 17), H2O (m/z¼ 18),
N2 (m/z ¼ 14,28), NO (v ¼ 1831–1825 cm�1, m/z ¼ 30), N2O (v ¼
2206–2204 and 2237–2239 cm�1, m/z ¼ 44) and CO2 (v ¼ 2349–
2347 cm�1, m/z ¼ 44). When the temperature reached to Tp,
infrared signals were nearly vanished, there by proving that
salts 1–4 were completely decomposed. Besides, with the
increasing of heating temperature, HCN (v ¼ 713 cm�1, v ¼
681 cm�1, m/z ¼ 27) can be detected during the decomposition
of salts 3 and 4. The thermal decomposition rates of salts 1–4
show the order of 1 < 2 < 3 < 4.
n for 1–4 at various heating rates

log(AK)/s
�1) rK EO/kJ mol�1 rO

37.55 0.9936 372.01 0.9939

24.01 0.9909 236.28 0.9915

20.93 0.9970 198.59 0.9972

20.52 0.9968 194.93 0.9970
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Fig. 7 MS spectra of detected gaseous products for thermolysis of salts 1–4.
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Cytotoxicity test

In addition to pursued nontoxic decomposition products, low
cytotoxicity has also become a consideration for designing
Fig. 8 3D FTIR spectra of salts 1–4 thermal decomposition with the he

36292 | RSC Adv., 2020, 10, 36287–36294
GAAs. Lately, M. Gozin reported cytotoxicity in Normal Human
Dermal Fibroblasts (NHDF) cells results for some energetic
compounds, using alamar-Blue assay.28 According to the ISO
standards (ISO 10993.12-2005), the MTT assay was used for the
ating rate of 10 �C min�1.

This journal is © The Royal Society of Chemistry 2020
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Fig. 9 FT-IR spectra of the gaseous products for thermolysis of salts.

Fig. 10 Results of cytotoxicity tests for salts 1–4.
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cytotoxicity experiments of 1–4 (Fig. S3†). We found that all salts
show slight cytotoxicity in mouse broblasts (L929) at 0.125 mg
ml�1. And that, with the increase of salt concentration, the
activity of cells decreases. Salt 1 was found to be the safest
compound in the cytotoxicity test with the L929 cells viability of
above 75% at a salt concentration of 1 mg ml�1. While the 2–4
were found to have similar toxicity, with L929 cells viability of
above 52–60% at 1 mg ml�1 (Fig. 10).

Impact sensitivity

Sensitivity is an important property for GGAs during storage
and transportation. The impact sensitivity (IS) for salts 1–4 was
determined by fall hammer method using 2 kg drop weight with
maximum height of 120 cm. No explosion was detected aer 10
time strikes which means the compound has the IS value larger
than 24 J. By pairing with nitrogen-rich anions, the energetic
This journal is © The Royal Society of Chemistry 2020
salts are well stabilized with additional ionic and hydrogen
bonding, thus the four salts could be classied as insensitive
compounds.
Conclusions

In summary, four energetic ionic salts based on DNGTz were
synthesized and characterized by EA and FT-IR. The crystal struc-
tures of G2DNGTz (1) and AG2DNGTz (2) were obtained by X-ray
single crystal diffraction and the crystal densities are 1.640 (1)
and 1.671 (2) g cm�3, respectively. When the hydrogen on the
guanidyl group is gradually replaced by the amino group, the Tp, Ea
and Tb gradually decreases. Besides, TG-FTIR-MS analyses show
that themain decomposition gas products of salts 1–4 areH2O, N2,
CO2, and NH3. Furthermore, the cytotoxicity of the four salts were
tested by MTT method, and it is found that all the compounds
show slight cytotoxicity in mouse broblasts (L929), at concentra-
tion of 0.125 mg ml�1. Additionally, the impact sensitivity of salts
1–4 are >24 J. The insensitivity, low toxicity, production of clean
gases and without solid residue aer burning of salt 1 indicate that
it can be used as a potential green energetic material for gas
generating agents.
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