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Abstract: Nitrogen-rich compounds such as ammonium (1), hydrazinium (2), aminoguanidinium (3), diaminoguanidinium 

(4), triaminoguanidinium (5), aminonitroguanidinium (6), aminocarbonylguanidinium (7), metforminium (8), based on 

nitrogen-rich anion [CA
− 
(N % = 32.55%, CA= Cyanuric Acid) and co crystal 5-amino-1H-tetrazole based on CA (9) were 

synthesized by means of metathesis reactions. The crystal structures of compounds 2, 4, and 9·H2O were determined by 

single-crystal X-ray diffraction and fully characterized by UV-Vis, FT-IR, 
1
H NMR, MS and elemental analysis. The 

thermal stabilities were investigated by differential thermal analys is  (DTA) and thermo gravimetric analysis (TGA). The 

DTA results show that all compounds exhibit high thermal stabilities . Additionally, the heats of formation were calculated 

by using the B3LYP functional with 6-311++G** basis set and a Born–Haber energy cycle. Theoretical calculations 

provided detonation pressures and velocities for the energetic salts within the range of 16.88-30.71 GPa and 6276.5-8392.1 

m/s, respectively. Impact sensitivities of the compounds were determined by the Fall hammer test. All compounds show 

insensitive impact sensitivities (＞ 60 J), which are better than that of TATB (50 J). 

Key words：Nitrogen heterocycles, Nitrogen-rich compounds, Thermal stabilities, Detonation properties 

Introduction 

As a significant branch of material science, energetic materials including explos ives, propellants, and pyrotechnics, 

continue to be an intensively investigated area of the utmost importance. High energy density materials (HEDMs) have 

become the frontier of energetic material development, which are one of the most important key technologies of national 

defense and have been given unprecedented attention by many countries. High-nitrogen heterocycles represent a unique 

class of energetic molecules, which have recently attracted signif icant interest in the fields of energetic materials. Five- or 

six-membered nitrogen-rich heterocyclic compounds, such as triazole
1-4

, tetrazole
5-7

, triazine
8-11

, and tetrazine
12-14

, have 

been investigated extensively to screen for promising candidates for HEDMs
15-30

. 

1,3,5-Triazines (or s-triazines) rings have been studied for use in a number of applications such as herbicides, synthesis, 

dyes, and polymers
31-35

. s-Triazines and its derivatives such as melamine represent an important class of industrial 

chemicals, and the theoretical and experimental researches on triazine and its derivatives have been very active
8, 36-40

. A 

series of derivatives of 1,3,5-triazines containing energetic substituent (like azido, nitamino or nitro) were investigated 

(Figure 1 a), owing to their positive heat of formation, high nitrogen content, and thermal stability
41, 42

. Although these 

compounds are highly energetic due to their positive heats of formation, the characteristics of high sensitivity signif icantly 

limit their application potential for use on a large scale (Figure 1 b). 

In the last decade, a unique class of high energetic compounds composed of nitrogen-containing heterocyclic anions 

and/or cations have been developed to meet the continuing demand for improved energetic materials
10, 43-47

. Nitrogen-rich 

ionic salts have constituted a unique class of energetic materials and attracted substantial interests due to their ''greenness” 

of explosion products, toxicity to human health, intrinsically low volatility, low vapor pressure, low handling hazards, high  

thermal stability, simple synthesis routes for low cost etc
48-60

. Because of its low tension, good stability, high nitrogen 

content (51.83%), and higher formation enthalpy, 1,3,5-triazine, a six-membered ring heterocycle with alternating C-N 

bonds, is a potential building block for emerging energetic compounds. As the most ubiquitous triazines, melamine and 

cyanuric chloride are usually used as substrate in synthesis of s-triazine-based energetic salts
8,85

. There are scarcely reports 

on cyanuric acid (CA) as raw material. Herein, we present our attempts at designing and synthesizing a series of 

high-nitrogen triazine-salts compounds through the strategy of bonding an energetic cation and the CA anion. For these new 

ionic salts, the high nitrogen content of both the cations and anions are expected to contribute higher crystal density, higher 

heats of formation, and environmentally benign decomposition products (N2), and thereby result in an excellent detonation 
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performance. The compounds shows outstanding thermal stability, good detonation properties and insensitive impact 

sensitivities, which suggest that they are insensitive energetic materials. 

 

Figure 1 Molecular frameworks (a) and properties (b) of derivatives of 1,3,5-triazines  

Results and Discussion 

Syntheses 

As shown in scheme 1, a series of triazine-salts and co crystal based on CA were synthesized and their structures were 

fully investigated and confirmed by UV-Vis, IR spectroscopy, 
1
H NMR, 

13
C NMR, mass spectrometry and elemental 

analyses. All the products were stable in air and could be stored for months. 

 

 Scheme 1 Syntheses of the CA salts and co crystal  

In this work, our expected compounds should be a maximum of three cations in each salt (Scheme 1 Expected 

Compounds). However, all characterizations (i.e. X ray single crystal diffraction, mass spectrometry, elemental analysis) 

indicated that 1:1 stoichiometry compounds were obtained (As shown in Scheme 1 Final Compounds). Ammonium 

4,6-dione-3,5-dihydro-[1,3,5]triazin-2-ol (1) and hydrazinium 4,6-dione-3,5-dihydro-[1,3,5]triazin-2-ol (2) were prepared 

by the selective action of CA with aqueous ammonia and hydrazine hydrate (80%) at room temperature, respectively.  

Barium based on CA was treated directly with aminoguanidine sulfate and guanylurea sulfate in water to form 
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aminoguanidinium (3) and aminocarbonylguanidinium (7) in excellent yields. Organic hydrochloride reacted with sodium 

salts or silver salts of CA to achieve the products 4, 5, 6 and 8. Herein, the same products were obtained when 

diaminoguanidinium hydrochloride, triaminoguanidinium hydrochloride, aminonitroguanidinium hydrochloride, and 

metforminium hydrochloride reacted with sodium salt and silver salt. 

It is interested and unexpected that 9 can be get by reacting CA-anion with 5-amino-1H-tetrazole or its hydrochloride, 

and its exothermic peak is higher than 400 
o
C. It has a total mass loss 69.1% after heating up to 850 

o
C. At the same time, 

the single crystal of compound 9 was obtained and characterized, which was used to compare with other products  (i.e. 2 and 

4 ) and explain this interesting phenomenon.   

Crystal Structures 

Crystals of 2, 4, and 9 suitable for single-crystal X-ray diffraction were cultured by slow evaporation of the respective 

solvent at room temperature and normal pressure. Their crystallographic and structural refinement data are summarized in 

Table 1, and structures are shown in Figures 2-7, respectively. Further information about crystal-structure determinations is 

given in the Supporting Information.  

Table 1. Crystallographic data and structure refinement parameters. 

 2 4 9·H2O 

Formula C3H7N5O3 C4H10N8O3 C4H7N8O4 

M(g/mol) 161.14 218.17 232.18 

Crystal Color  colorless colorless colorless 

Crystal System Monoclinic  Triclinic Triclinic 

Space Group P2(1)/n P-1  P-1 

a [Å] 9.4591(15) 6.7212(17) 5.4748(11) 

b [Å] 6.7214(10) 11.023(3) 9.655(2) 

c [Å] 9.6711(15) 11.825(3) 9.881(2) 

α [
o
] 90 87.770(9) 66.29(2) 

β [
o
] 101.349(3) 82.156(8) 75.35(3) 

γ [
o
] 90 78.806(7) 72.33(3) 

V [Å
3
] 602.85(16) 851.3(4) 450.50(19) 

Z 4 4 2 

T [k] 113 113 113 

λ [Å] 0.71073 0.71075 0.71075 

ρ calcd [g/cm-3] 1.775 1.702 1.712 

μ [mm
-1

] 0.156 0.144 0.150 

F (000) 336 456 238 

crystal size [mm
3
] 0.240×0.220×0.180 0.260×0.240×0.220 0.260×0.240×0.220 

θ max [
o
] 27.506 35.022 27.483 

No. Refl. collected 5845 14660 5846 

No. Indep. reflections 1380  7145 2036 

[R int] 0.0228 0.0174 0.0800 

GOF
[a]

 on F
2
 1.056 1.064 1.068 

R 1 
[b]

 [I>2σ(I)] 0.0254 0.0338 0.0746 

w R 2
 [c]

 [All refl.] 0.0792 0.1059 0.2233 

CCDC number 1435469 1410778 1410779 

[a]GOF= Goodness of Fit; [b] R1 = ∑||Fo|-|Fc||/∑|Fo| [c] wR2 = [(w (Fo

2

-Fc

2

)
2

 )/w(Fo

2

)
2

]
1/2

 

The X-ray crystallographic analysis data for 2 shows that it crystallizes in the monoclinic space group P2 1/n with a 

calculated density of 1.775 g/cm
3
 (Figures 2) based on four molecules packed in the unit-cell volume of 602.85(16) Å

3 

(Table 1). Compared with the structure of CA·H2O (Figure S1), all the C-N bonds and C-O bonds are slightly changed (C-N 

bond length from 1.374 Å to 1.383 Å, C-O bond lengths 1.225 Å), which may be caused by the negative charge on anion 
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rings. The bond lengths of C1-N1 [1.3528(11) Å], C1-N2 [1.3903(11) Å], C2-N2 [1.3657(12) Å], C2-N3 [1.3651(11) Å], 

C3-N3 [1.3872(11) Å] and C3-N1 [1.3437(12) Å] are between standard C–N single bond (1.47 Å) and standard C=N double 

bond (1.32 Å) lengths and indicative of an aromatic system
61, 62

. The C1-O1, C2-O2 and C3-O3 bond lengths (approx. 1.24 

Å) are longer than the standard C=O [1.215 Å] double bond
63

, indicating the CA-anion ring tautomerism. In addition, the 

bond angles of nitrogen heterocyclic in the range of 114.53(7)- 123.44(7)° are closed to 120°, which further confirm 

tautomerism of s-triazines ring. Meanwhile, all the torsion angles [i.e. C3-N1-C1-O1(-178.08°), C1-N-C3-N3(1.11°) ] are 

close to ±180° and 0°, which illustrates atoms of anion are strictly coplanar. If there are no symmetry transformations used 

to generate equivalent atoms, each molecule has only one hydrogen bond N(2)-H(2)...N(5), and strong hydrogen bond 

interaction makes the bond length of N2-H2 [0.924(14) Å] slightly longer than that of N3-H3 [0.882(16) Å]. However, there 

are many intermolecular hydrogen bonds in compound 2, and its packing diagram shows that it is cross layered stacking 

structure viewed down the b axis (Figure 3). Layers are connected by many hydrogen bonds , which exist between 

1,3,5-triazines rings and hydrazine cations, and there are hydrogen bonds in configuration similar two layer. 

 

Figure 2  Ball-and-stick molecular structure of 2. 

  

Figure 3  Ball-and-stick packing diagram of 2 viewed down the b axis. Dashed lines indicate hydrogen bonding. 

Crystal of the diaminoguanidinium 4,6-dione-3,5-dihydro-[1,3,5]triazin-2-ol (4) depicted in Figure 4 and crystallizes in 

the triclinic space group P-1 with two diaminoguanidinium cations and two CA-anions in the unit cell. The density of salt 4 

is 1.702 g/cm
 3
 and the cell volume is 851.3(4) Å

3
 , which is larger than compound 2. In contrast to the crystal structure of 2, 

the triazine anion moiety in product 4 is not planar and the density is slightly lower than that of 2. There are a little change 

in bond lengths of C-N, and these are also between standard C–N single bond and standard C=N double bond lengths. All 

the C-O bonds lengths are similar to that of compound 2 except C2-O2 and C4-O4 bond lengths. In salt 2, the position of 

hydrazinium cations are close to hydrogen atom between C1-O1 and C2-O2, however, the diaminoguanidinium cations of 4 

are near to oxygen atom not to hydrogen atom. So, C2-O2 and C4-O4 bond lengths become a little bit longer.  

The anion bond angles of salt 2 and salt 4 are almost the same . Compared with compound 2, salt 4 have three kinds of 

hydrogen bonds, one is the hydrogen bonds between anions and cations, another one is the hydrogen bonds formed by 

anions to anions, the other one is cations to cations. Its packing structure is configured by hydrogen bonds; the extensive 
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hydrogen-bonding interactions form a complex 3D network (Figure 5). Further details are provided in the Supporting 

Information. 

 

Figure 4  Ball-and-stick molecular structure of 4.  

 

Figure 5  Ball-and-stick packing diagram of 4 viewed down the a axis. Dashed lines indicate hydrogen bonding. 

Compound 9·H2O crystallizes in the monoclinic pace group P-1 with two molecular units in the unit cell, a cell 

volume of 450.50(19) Å
3
 , which is smaller than any other's volume, and a density of 1.712 g/cm

3
, which is slightly higher 

than that of CA monohydrate (1.682 g/cm
3
) and similar to 5-amino-1H-tetrazole monohydrate (1.711 g/cm

3
). As shown in 

Figure 6, the unit contains one independent molecule of 9 and a co-crystallized solvent molecule of H2O. In contrast to other 

salts, the bond lengths of C1-O1 [1.229(4) Å], C2-O2 [1.227(3) Å] and C3-O3 [1.223(3) Å] are very close to each other and 

longer than the standard C=O [1.215 Å] double bond, which caused by s-triazines ring tautomerism. Another reason is that 

it is co crystal rather than ionic salt. The bond lengths of N5=N6 [1.360(4)Å], N6=N7 [1.290(3)Å], and N7=N8 

[1.356(4)Å] are slightly longer than that of typical N=N double bonds (1.245 Å)[12], and C-N bond lengths [i.e. C1-N1(Å), 

C1-N3(1.371Å), C2-N2(1.367Å), C3-N2(1.371Å), C4-N5(1.334Å), C4-N8(1.335Å)] are also between standard C–N single 

bond and standard C=N double bond lengths. All of these indicate that the conjugated structures are existed in both tetrazole  

and triazine rings. The torsion angles of compound 9, such as C1-N1-C2-O2 [-177.7(2)°], C2-N2-C3-O3 [179.98(19)°], 

C2-N2-C3-N3 [-0.9(3)°], C3-N2-C2-O2 [-179.35(19)°], N6-N5-C4-N4 [178.18(19)°], C4-N5-N6-N7 [0.1(2)°], 

N7-N8-C4-N4 [-178.26(19)°] , are close to 0°or ±180° which support that all atoms are coplanar except hydrogen on the 

water molecules and primary amines. As shown in Figure 7(a), the hydrogen bonds are observed in the packing diagram, 

which are gathered in the Supporting Information. Compared with other salts, 9 have five kinds of hydrogen bonds, and 

they are the hydrogen bonds between s-triazines rings and 5-amino-1H-tetrazole rings, and hydrogen bonds formed by 

triazines rings to triazines rings, tetrazole rings to tetrazole rings, and triazines rings or tetrazole rings to H2O. Two 

s-triazines rings and two tetrazole rings are connected by two water molecules with strong hydrogen bond interactions. 

Because of hydrogen bonds, N-H and O-H bond lengths become longer than that of CA·H2O [i.e. N1-H1 0.98(4) Å to 

1.05(3) Å, N3-H2 0.85(4) Å to 0.88(3) Å , O-H in H2O 0.92(5) Å to 1.05(3) Å], and bond angle of crystallization water 

increase from 106(3)°to 116(4)°. Compound 9 is roughly parallel layer-to-layer structure, and there are no hydrogen bond 

among each layer (Figure7 b). 
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Figure 6 Ball-and-stick molecular structure of 9·H2O.  

 

Figure 7  Ball-and-stick packing diagram of 9·H2O viewed down the a axis(a), layer-to-layer structure of 9(b). Dashed 

lines indicate hydrogen bonding. 

Thermal Behavior 

In order to determine the melting points and decomposition temperatures approx. 3.0 mg of each material were 

measured by differential thermal analys is (DTA) in open crucible at a heating rate of 10 
o
C/min with static air atmosphere. 

As shown in Table 2, only salts 3 and 4 have melting at 280.0 and 252.3 
o
C, respectively, and higher than that of TNT (80.4 

o
C) and RDX (204.1 

o
C). The decomposition temperature (Td ) of all compounds is higher than RDX (230.0 

o
C) except 

compound 2 and 6, and some compounds (1,9·H2O) even higher than that of TNT (295.0 
o
C). Td of all products, in the 

range of 192.8 
o
C (2) to 417.5 

o
C (9·H2O), indicate that these compounds are promising energetic materials that exhibit 

good thermal stability.  

Table 2  Thermal properties of compounds 1-9 

 1 2 3 4 5 6 7 8 9·H2O TNT
[c]

 RDX
[c]

 

Tm
[a] /

 o
C － － 280.0 252.3 － － － － － 80.4 204.1 

Tdec
[b]/

 o
C 364.2 192.8 292.8 255.2 253.2 202.1 248 238.5 417.5 295.0 230.0 

[a] Melting point["－"means no melting points]. [b] Decomposition peak temperature.[c] Reference 64 

In this work, decomposition process of compounds 2, 4, 5, 6 and 9·H2O were also investigated by thermo gravimetric 

analys is (TGA) at a heating rate 10
 o
C/min with air atmosphere. As shown in Figure 8, salts 2, 4, 5 and 6 have three steps 

decomposition to be cations, anionic skeletons and fragments, and when heated to 600 
o
C the whole mass loss are up to 

99.2%, 99.8%, 99.0% and 99.5%, respectively.  
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Figure 8 TG curves of salts 2,4,5 and 6 under air atmosphere 

It is interested and unexpected that 9 is a co-crystal of CA and 5-amino-1H-tetrazole. The TG and DTG curves (Figure 

9) show that it has a total mass loss 69.1% with four step decomposition until the temperature up to 850 
o
C. First step, 

crystal water of 9 begins to lose weight at 183.5 
o
C, and the mass loss is 10.77% and DTG peak temperature at 190.8 

o
C 

(endothermic). Second and third steps have 50.12% mass loss due to heterocyclic skeleton decomposition. The onset 

temperature is 397.3 
o
C and peak temperatures are 415.5 

o
C (endothermic) and 444.0 

o
C (exothermic), respectively. The last 

step is decomposition of small pieces which produced by heterocyclic skeleton decomposition at 751.4 
o
C (exothermic). 

The characteristics (composition, morphology, microstructure and so on) of the residue (about 30%) after heating up to 850 
o
C need to be further investigated. 

 

Figure 9 TG and DTG curves of co-crystal 9 under air atmosphere 

Energetic Properties 

The heat of formation (HOF) is an important parameter in evaluating the performance of energetic salts, which can be 

calculated with good accuracy (including the heat of formation of the cations and anion and the lattice energy of salts)
19, 20, 

65-67
. The HOF of the anion based on isodesmic reaction (Scheme 3) was calculated to be -66.4 kJ/mol; the values for the 

cations are available in the literature
64, 68

. As summarized in Table 3, the positive heat of formation of salts 2–6 were 

calculated using the Born–Haber energy cycle. HOFs of the salts were in the range of 118.9 kJ/mol (3) to 337.5 kJ/mol (5), 

which is much higher than that of HMX (104.8 kJ/mol), TNT (95.3 kJ/mol) and RDX (83.8 kJ/mol). 

Oxygen balance (OB), an expression used to indicate the degree to which an explosive can be oxidized, is an important 

index for identifying the potential of energetic materials as explosives or oxidants. It is a shortage that all salts have negative 

oxygen balance, which fell in the range of -44.61% (5) to -19.35% (6), and only oxygen balance of 6 is slightly better than 

that of TNT (-24.67%) and RDX (-21.61%) . In addition, all these salts have high nitrogen-oxygen content, most of them 

exceeding 70%, especially 6 reaching as high as 77.39%, which conform with its good oxygen balance. 

The performance of a high explosive is characterized by its detonation velocity, vD [m/s], and detonation pressure, P 

[GPa]. The empirical Kamlet–Jacobs equations (shown as equation 4 and 5 ) were employed to estimate the values  of 

detonation velocity and detonation pressure. As shown in Table 3, the detonation pressures of salts 2–6 ranged from 16.88 
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GPa (3) to 30.71 GPa (6). Salt 3 exhibited the lowest value 16.19 GPa, which is lower than that of TNT (19.5 GPa). The 

values of other salts are all higher than that of TNT, especially salts  6, with the values 30.71 GPa. The detonation velocities 

of these salts are distributed from 6276.5 m/s (3) to 8392.1 m/s (6), and salt 3 also displayed the lowest value, lower than 

that of TNT (6881 m/s). The values of other salts were all above that of TNT, especially salts 2 (8328 m/s) and 6 (8392 m/s), 

higher than TATB (8114 m/s). For most of them are superior to TNT, thus the investigated compound may be of interest as 

potential energetic materials. 

Sensitivity deserves significant attention by researchers because it is closely linked with the safety of handling and 

applying explosives. In this study, impact sensitivities of the compounds were determined using the fall hammer test with 

approximately 50 mg samples (5.0 kg drop hammer), and found that the impact sensitivities were more than 60 J, which are 

listed in Table 3. Salts of 2-6 are less sensitive to impact, which is possibly caused by the tautomerism of s-triazines ring to 

strengthen the bonds in the anions. In other words, the formation of salts greatly reduces the sensitivities.  Co crystal 9·H2O 

is also an insensitive compound, which may be caused by the tautomerism of s-triazines ring and strong hydrogen bonds 

formed among triazines rings, tetrazole r ings and crystal water. The impact sensitivities of all compounds are more 

insensitive than that of RDX (7.4 J), HMX (7 J) and TNT (15 J), even better than that of TATB (50 J). As is the case for the 

very insensitive explosive TATB, these compounds can signif icantly improve the safety and survivability of munitions, 

weapons, and personnel, in addition to their quality explosive properties. 

 

Table 3  Properties of compounds 2-6 and 9·H2O compared with TNT/RDX/TATB 

 
ρ

[a] 

[g/cm
3
] 

N[b] 

[%] 

OB[c] 

[%] 

Δf Hcation
[d] 

[ kJ/mol] 

Δf Hanion
[e] 

[ kJ/mol] 

ΔHL
[f] 

[ kJ/mol] 

Δf Hsalt
[g] 

[ kJ/mol]/[kJ/g]  

P
[h] 

[GPa] 

vD
[i] 

[m/s] 

IS
[m]

 

[J] 

2 1.775 43.47 -34.77 774.1 -66.4 535.5 172.2/1.07 30.51 8328.0 ＞60 

3 1.70 48.26 -43.33 671.6 -66.4 486.3 118.9/0.59 16.88 6276.5 ＞60 

4 1.702 51.54 -44.01 772.7 -66.4 489.2 217.3/1.0 26.04 7794.5 ＞60 

5 1.70 54.72 -44.61 875.1 -66.4 480.8 327.9/1.41 27.31 7984.8 ＞60 

6 1.75 42.41 -19.35 877.0 -66.4 473.1 337.5/1.36 30.71 8392.1 ＞60 

9·H2O 1.704 49.54
[k]

 -26.28
[k]

 － － － 172.4/0.74
[l]

 25.89 7757.3 ＞60 

TNT
[j]

 1.648 18.50 -24.67 － － － 95.3/0.42 19.5 6881 15 

RDX
[j]

 1.806 37.84 -21.61 － － － 83.8/0.38 34.9 8748 7.4 

TATB
[n]

 1.86 32.55 -18.60 － － － -139.7/-0.54 31.15 8114 50 

[a] Calculated density. Density of 3 and 5 were taking the density of 4 as a reference. [b] Nitrogen and Oxygen content. [c] 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 H2O. For a compound 

with the molecular formula of CaHbNcOd (without crystal water), OB[%] = 1600 [(d-a-b/2)/M w]. [d] Molar enthalpy for the formation of the 

cations, Reference68. [e] Calculated molar enthalpy for the formation of the anion. [f] The lattice energy of the ionic salts. [g] Calculated molar 

enthalpy for the formation of the salts. [h] Detonation pressure. [i] Detonation velocity. [j] Reference64 [k] Calculated without crystal water. [l] 

the heat of formation for the compound iscalculated by addition of Δ f H
 º (s, 298K) for H2O, which is -311kJ/mol. [m] Impact sensitivity . [n] 

Reference43,83,84.  

Conclusions 

A family of nitrogen-rich compounds based on ammonium (1), hydrazinium (2), aminoguanidinium (3), 

diaminoguanidinium (4), triaminoguanidinium (5), aminonitroguanidine (6), aminocarbonylguanidinium(7), metforminium 

(8) and 5-amino-1H-tetrazole (9) combined with CA-anion or CA were prepared and fully characterized by IR and 
1
H NMR 

spectrum, DTA, and elemental analysis. The structures of 2, 4 and 9 were also analyzed by single-crystal X-ray diffraction. 

All the compounds exhibited excellent thermal stabilities (192.7 to 417.5 
o
C), and the density range from 1.702 g/cm

3 
(4) to 

1.775 g/cm
3 

(2). In addition, the detonation properties were calculated and most salts exhibited good detonation velocities 

(the best 8392.1 m/s) and detonation pressure (the best 30.71 GPa). More important, BAM fall hammer tests show that these 

compounds are very insensitive (IS > 60 J) to impact. Depending on the good detonation properties, excellent impact 

sensitivities and high thermal stabilities, these compounds have intensively potential application for energetic materials. In 
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brief, the CA and its derivatives were proved to be an excellent backbone of novel energetic salts. 

Experimental Section 

Caution: Although none of the compounds described here has exploded or detonated in the course of this research, these 

materials should be handled with extreme care by using the best safety practices. 

X-ray analyses: Clear prism crystals of 2, 4 and 9 were mounted on mounted on a glass fiber. All measurements were made 

on a Rigaku XtaLAB P200 diffractometer using multi-layer mirror monochromated Mo-Kα radiation. All calculations were 

performed using the Crystal Structure
69

 crystallographic software package except for refinement, which was performed 

using SHELXL2014
70

. 

Computational details: Computations were performed with the Gaussian 09 program
71

. The geometric optimization of the 

structures based on single-crystal structures, where available, and frequency analyses were carried out by using the B3LYP 

functional with 6-311++G** basis set
72

, and single energy points were calculated at the MP2/6-311 ++G** 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
66, 73

 (Scheme 2), the heat of formation of a salt can be simplified by 

Equation (1): 

Cation Anion (solid)

Cation Anion(Gas) (Gas)+

-Δ fH 0
m C(s) n H2(g) o N2(g) p O2(g)+ + +

-Δ fH 0(Anion)

-Δ fH 0(Cation)
 

Scheme 2 Born–Haber cycle for the formation of energetic salts. 

0 0 0( ,298 ) ( ,298 ) ( ,298 )f f fH Salt K H Cation K H Anion K H   LΔ Δ Δ Δ                     (1) 

where ΔHL is the lattice energy of the ionic salts that could be predicted by Equation (2), as suggested by Jenkins et al.
74-76

 

as: 

= M XH U p n q n RTPOTLΔ +[ ( /2-2)+ ( /2-2)]                                     (2) 

where nM and nX depend on the nature of the ions Mp
+
 and Xq

-
, respectively, and are equal to 3 for monatomic ions, 5 for 

linear polyatomic ions, and 6 for nonlinear polyatomic ions. The lattice potential energy U POT [Eq. (3)] can be calculated as 

follows: 

-1 1/3

m m·mol = /U M  POT/kJ ( ) +                                           (3) 

where ρm [g/cm
3
 ] is the density, Mm is the chemical formula mass of the ionic material, and values for δ and the coefficients 

γ [kJ/mol cm] and δ [kJ/mol] were taken from the literature
74-76

. 

The heats of formation of the cations and anions were computed by using the method of isodesmic reactions
77-79

. The 

isodesmic reaction for CA-anion is shown in Scheme 3 (isodesmic reactions for cations in Support Information). The 

enthalpy of the reaction, the scaled zero point energies, and other thermal factors are obtained. Thus, the detonation 

pressures (P) and detonation velocities (vD) were calculated by the empirical Kamlet–Jacobs equations (shown as Equation 

(4) and (5))
58, 76, 80, 81

. 

＋
N NH

H
N O

O

O
＋ NH3 ＋ 3 CH4

H2N NH2

NH

CH3

N CH3

CH3

＋＋ H3C OCO2

 

Scheme 3  Isodesmic reaction for calculating the heat of formation of the CA-anion. 

1/2
1/2 1/21.01( ) (1 1.3 )D NM Q                                               (4) 
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1/22 1/21.558P NM Q                                                   (5) 

Where D is the detonation velocity (km/s), P is the detonation pressure (GPa), N is the explosive detonation that generated 

gas moles per gram (mol/g), M is the gaseous product of the average molecular weight (g/mol), Q is the explosive 

detonation chemical energy per gram (kJ/g), ρ is the density (g/cm). The Q value should be calculated first to calculate the 

D and P values. Q is also determined by the ΔHf of the detonation reactant and product. Here, the parameters N, M , and Q 

were calculated according to the chemical composition of each explosive
81

 (shown in Table 4). 

Table 4 Methods for Calculating the N, M and Q Parameters of the CaHbOcNd Explosive 

Parameter 
Stoichiometric ratio 

c ≥ 2a + b/2 2a + b/2 ＞ c ≥ b/2 b/2 ＞ c 

N (b + 2c + 2d)/4M (b + 2c + 2d)/4M (b + d)/2M 

M  4M/(b + 2c + 2d) (56d + 88c - 8b)/(b + 2c + 2d) (2b + 28d + 32c)/(b + d) 

Q (28.9b + 94.05a + 0.239ΔHf
0
)/M [28.9b + 94.05(c/2 - b/4) + 0.239ΔHf

0
)/M (57.8c + 0.239ΔHf

0
)/M 

CaHbOcNd denotes the compound composed of the C, H, O, and N elements; a, b, c,  and d  stand for the number of C, H, O, and N atoms in the 

compound. N is moles of gaseous detonation products per gram of explosive (in mol/g); M is the average molecular weight of the gaseous  

products (in g/mol); Q is the chemical energy of detonation (in kJ/g); M in the formula is the molecular weight of the title compounds (in g/mol);  

ΔHf
0 is the standard heat of formation of the studied compound (in kJ/mol).  

General methods for characterization: FT-IR spectra was recorded on Nicolet 380 FT-IR spectrophotometer (Thermo 

Fisher Nicolet, USA) employing a KBr matrix with a resolution of 4 cm
−1

, in the wavelength range of 400 cm
−1

 to 4000 

cm
−1

. The UV-vis spectra were measured using a UV-2102 PCS spectrophotometer with H2O as the solution. 
1
H NMR 

spectra was recorded with a JEOL GSX 600 MHz nuclear magnetic resonance (NMR) spectrometer. DMSO-d6 was a 

solvent and tetramethylsilane was an internal standard. Elemental analysis was performed on a Vario ELCUBE (Germany) 

Elemental Analyzer.  

General method for the preparation of CA-anions salts and co crystal 

Method for salts (sodium salt, barium salt, silver salt) based on CA  

Sodium salt: NaOH (3.6 g, 90 mmol) was added to a suspension solution of CA (3.87 g, 30 mmol) in water (35 mL) with 

stirring until transparent solutions were formed. After remove the water under vacuum, the precipitate was filtered off, and 

washed three times with chilled ethanol (10 mL×3) to remove small amounts of NaOH. The product was then dried in a 

vacuum oven at 50 
o
C. 

Barium salt: The solution of CA (1.29 g, 10 mmol, 250 mL H2O) and Ba(OH)2·8H2O (4.73 g, 15 mmol, 80 mL H2O) were 

mixed with stirring at room temperature, and immediately precipitate appeared. The resulting suspension was stirred for 

another 2 h. Then, the precipitate was filtered off, and washed four times (ice-water, 5 mL×2; chilled ethanol 3 mL×2). The 

product was dried at 50 
o
C  

Silver salt: In the dark condition, a solution of AgNO3 (0.51 g, 3 mmol, 15 mL ethanol and 5 mL H2O) was dropwise added 

to the suspension solution of CA (0.39 g, 30 mmol, 30 mL ethanol and 15 mL H2O), and reflux for 1h. Then, the precipitate 

was filtered off, and washed four times (water, 5 mL×2; chilled ethanol 3 mL×2). The sliver salt was dried and stored in 

dark place.  

Ammonium 4,6-dione-3,5-dihydro-[1,3,5]triazin-2-ol (1): CA (129 mg) was stirred in excess ammonia solution (15 mL) 

at room temperature for more than 24 h. The precipitate was filtered off, and washed several times with ice-water. Final 

product was freeze-dried to give a white powder (128 mg, 88% yield). UV-Vis (H2O): λmax = 215 nm; FT-IR (KBr) ṽ: 3414, 

3129, 2830, 1723, 1684, 1591, 1398, 1053, 777, 555; 
1
H NMR (DMSO-d6, 600 MHz) δ: 7.68 (s, 4H, NH4

+
) pp; MS (ESI) 

m/z: 147.1 (M + H
+
); Elemental analys is (C3H6N4O3, 146.04) Calcd: C 24.66%, H 4.14%, N 38.35%; Found: C 24.69%, H 

4.35%, N 38.62%. 

Hydrazinium 4,6-dione-3,5-dihydro-[1,3,5]triazin-2-ol (2): The same method was used as described for compound 2, but 

by using hydrazine hydrate to give the product as white solid (145 mg, 90% yield). Salt 2 was recrystallized from water to 

get colorless crystalline solid. UV-Vis (H2O): λ max = 215 nm; FT-IR (KBr) ṽ: 3451, 3295, 2828, 1716, 1594, 1484, 1356, 

1133, 966, 782; 
1
H NMR (DMSO-d6, 600 MHz) δ: 4.58 (s, 5H, N2H5

+
) pp; MS (ESI) m/z: 162.1 (M + H

+
); Elemental 

analys is (C3H7N5O3, 161.05) Calcd: C 22.36%, H 4.37%, N 43.47%; Found: C 22.10%, H 4.22%, N 43.25%. 

Aminoguanidinium 4,6-dione-3,5-dihydro-[1,3,5]triazin-2-ol (3): A solution of aminoguanidine sulfate (123 mg, 1 mmol)  
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in water (5 mL) was added to a suspension solution of barium based on CA (200 mg) in water (30 mL) at room temperature 

with stirring overnight. The precipitate was filtered off, and the filtrate was retained. After removed the water under vacuum, 

white solid was washed four times (ice-water, 1.5 mL×2; chilled ethanol 1.5 mL×2). Product was dried in air to give a white 

powder (178 mg, yield 87.8%), which was recrystallized from distilled water to give colorless needles.  UV-Vis (H2O): λ max 

= 214 nm; FT-IR (KBr) ṽ: 3431, 2853, 1637, 1383, 1076, 779, 539; 
1
H NMR(DMSO-d6, 600 MHz) δ: 4.61 (s, 2H,NH-NH2), 

6.54 (s, 4H, H2NCNH2
+
), 7.63 (s, 1H, NH-NH2), 9.32 (s, 2H, NH) pp; MS (ESI) m/z: 224.1 (M + H

+
); Elemental 

analys is(C4H9N7O3, 203.08) Calcd: C 23.65%, H 4.47%, N 48.26%; Found: C 23.69%, H 4.75%, N 48.42%. 

Diaminoguanidinium 4,6-dione-3,5-dihydro-[1,3,5]triazin-2-ol (4): A solution of sodium based on CA(195 mg, 1 mmol) 

in water (2 mL) was added to a solution diaminoguanidinium hydrochloride (125 mg, 1 mmol) in water (1.5 mL). Then the 

addition was completed and precipitation appeared, and the resulting suspension was stirred for 2 h at room temperature. 

The resulting solid was collected by filtration and washed four times (ice-water, 1.5 mL×2; chilled ethanol 1.5 mL×2), and 

dried in air to give the desired product as a colorless crystalline solid (195 mg, yield 89.4%). UV-Vis (H2O): λ max = 215 nm; 

FT-IR (KBr) ṽ: 3342, 3321, 3299, 3190, 2853, 1730, 1698, 1667, 1590, 1389, 1165, 1063, 983, 783, 555; 
1
H NMR 

(DMSO-d6, 600 MHz) δ: 4.54 (s, 4H, NH-NH2), 6.39 (s, 2H, CNH2
+
), 7.63 (s, 2H, NH-NH2), 9.20 (s, 2H, NH) pp; MS (ESI) 

m/z: 219.2 (M + H
+
); Elemental analysis (C4H10N8O3, 218.09) Calcd: C 22.02%, H 4.62%, N 51.36%; Found: C 22.00%, H 

4.19%, N 51.45%. 

Triaminoguanidinium 4,6-dione-3,5-dihydro-[1,3,5]triazin-2-ol (5): The same method was used as described for 

compound 4. White solid (214 mg, yield 91.8%) was recrystallized from distilled water to give colorless needles.  UV-Vis  

(H2O): λ max = 215 nm; FT-IR (KBr) ṽ: 3535, 3449, 3320, 3212, 2836, 1747, 1656, 1601, 1486, 1386, 1334, 1127, 1086, 950, 

783, 557；1
H NMR (DMSO-d6, 600 MHz) δ: 4.47 (s, 9H, NH-NH2), 9.18 (s, 2H, NH) pp; MS (ESI) m/z: 234.3 (M + H

+
); 

Elemental analysis (C4H11N9O3, 233.1) Calcd: C 20.60%, H 4.72%, N 54.08%; Found: C 20.69%, H 3.75%, N 54.72%. 

Aminonitroguanidinium 4,6-dione-3,5-dihydro-[1,3,5]triazin-2-ol (6): Aminonitroguanidine was prepared according to 

literature
82

, and dissolved in concentrated hydrochloric acid. After standing at room temperature for two weeks, colorless 

cube crystal, aminonitroguanidinium hydrochloride, appeared. A solution of aminonitroguanidinium hydrochloride (156 mg, 

1 mmol) in water (15 mL) was slowly added dropwise to a suspension solution of sliver salt based on CA (236mg) in water 

(30 mL) at room temperature with stirring overnight. After filtered precipitate, the filtrate was concentrated under vacuum, 

and the desired product as a colorless crystalline prism was filtered off. Thereafter, product dried in air (238 mg, yield 

96.0%). UV-Vis (H2O): λ max = 212 nm, 267 (NO2) nm; FT-IR (KBr) ṽ: 3400, 3317, 3215, 1719, 1672, 1582, 1396, 1180, 

1052, 777, 555；1
H NMR (DMSO-d6, 600 MHz) δ: 4.68 (s, 2H, NH-NH2), 7.56 (s, 2H, CNH2

+
), 8.30 (s, 1H, NH-NH2), 9.28 

(s, 2H, NH), 11.16 (s, 1H, NH-NO2) pp; MS (ESI) m/z: 249.2 (M + H
+
); Elemental analysis (C4H8N8O5, 248.06) Calcd: C 

19.36%, H 3.25%, N 45.15%; Found: C 19.20%, H 3.19%, N 45.45%. 

Aminocarbonylguanidinium 4,6-dione-3,5-dihydro-[1,3,5]triazin-2-ol (7): Compound 7 was get by the same method of 

salt 3. White solid (218 mg, yield 94.3%). UV-Vis (H2O): λ max = 218; FT-IR (KBr) ṽ: 3366, 3133, 2823, 1726, 1622, 1490, 

1370, 1143, 1079, 776, 556; 
1
H NMR (DMSO-d6, 600 MHz) δ: 6.29 (s, 2H, CNH2), 7.20 (s, 2H, CNH2

+
), 7.65 (s, 2H,  

NH2-C=O), 11.24 (s, 1H, NH-C=O) pp; MS (ESI) m/z: 232.1(M + H
+
); Element analys is (C5H9N7O4, 231.07) Calcd: C 

25.98%, H 3.92%, N42.41%; Found: C 25.77%, H 3.99%, N 42.45%. 

Metforminium 4,6-dione-3,5-dihydro-[1,3,5]triazin-2-ol (8): According to the method of compound 6. White solid (228 

mg, yield 88.4%). UV-Vis (H2O): λ max = 221 nm; FT-IR (KBr) ṽ: 3318, 3173, 3026, 2836, 1724, 1632, 1575, 1484, 1398, 

1053, 780, 556；1
H NMR (DMSO-d6, 600 MHz) δ: 2.92 (s, 6H, CH3), 5.54 (s, 4H, NH2CNH2

+
), 6.99 (s, 1H, NH=C), 7.68(s, 

1H, C-NH-C), 9.55 (s, 2H, NH) pp；MS (ESI) m/z: 259.3 ( M + H
+
); Elemental analys is (C7H14N8O3, 258.12) Calcd: C 

32.56%, H 5.46%, N 43.39%; Found: C 32.37%, H 5.99%, N 43.55%. 

Co crystal of 5-amino-1H-tetrazole and cyanuric acid monohydrate (9): Product 9 was obtained by adding solution 

5-amino-1H-tetrazole to a solution sodium based on CA (195 mg, 1 mmol). White solid (228 mg, yield 88.4%). UV-Vis  

(H2O): λ max = 214 nm; FT-IR (KBr) ṽ: 3416, 2847, 1722, 1647, 1426,1295, 1072, 1055, 998; 828; 538; 
1
H NMR 

(DMSO-d6, 600 MHz) δ: 9.40 (2H, NH) pp; MS (ESI) m/z: 215.2 (M + H
+
); Elemental analysis (C4H8N8O4, 232.07) Calcd: 

C 20.69%, H 3.47%, N 48.27%; Found: C 20.95%, H 3.32%, N 49.54%. 
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