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Abstract

The energetic alkali metal salts (Liþ, Naþ, Kþ, Rbþ, Csþ) of the 5-nitraminotetrazole mono-anion(II) and di-anion(III) were

synthesized and their properties compared with neutral 5-nitraminotetrazole(I). The decomposition temperatures by DSC

follow the order ðIIIÞ > ðIIÞ > ðIÞ, and for the salts of (III) Liþ > Naþ > Kþ > Rbþ > Csþ. Both thermal stability trends are

consistent with a major role played by the crystal lattice energy. Loss of H2O is detected by TGA in cases where hydrates also

form. The crystal and molecular structures of Cs(II) and Rb3(III)(NCNNO2)�H2O were determined by X-ray diffraction. The

latter compound is the first structural characterization of (III) and also contains the nitrocyanamide anion, NCNNO2
�. The

compound NCNNO2
� appears to have formed by loss of HN3 from (II) or N3

� from (III) during one of the synthesis attempts

of Rb(II). The major atom motions in the IR spectra of (I), (II), and (III) were assigned on the basis of density functional

theory (DFT) using the B3LYP method. Both the IR spectral and crystal structure trends show that increasing the negative

charge on the anion primarily shifts the partial double bond character from the C–NNO2 bond to the CN–NO2 bond.
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1. Introduction

Metal salts of 5-nitraminotetrazole(I) have been

evaluated for their gas generation [1] and explosive

properties [2]. The Kþ [3,4] and Agþ [2] salts of the

mono-anion(II) have been reported. In addition, all of

the Group 1 salts [6] and several transition metal and

main group element salts [1,2,7] of the di-anion(III)

are known. Of these compounds, the Hg2þ salt was

identified as having the best potential to be a useful

explosive [2]. The structures of (I), (II), and (III)

shown here satisfy valence rules but are not intended

to represent the true bond orders.

The exothermic decomposition temperatures of the

Group 1 salts of (II) were previously reported [5]; the

decomposition mechanisms of the Agþ salts have

been discussed [7]; and the crystal structures of (I)

[8] and the Kþ salt of the 3-methyl derivative of (II) [4]

are available. However, a systematic comparative

characterization of the chemical properties of these
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materials is not available. To this end, the DSC, TGA,

and IR spectral assignments of the Group 1 salts of (II)

and (III), along with X-ray crystal structures of the

Csþ salt of (II) and the Rbþ double salt of (III) and the

nitrocyanamide anion, NCNNO2
� are reported here.

2. Experimental methods

The Naþ and Kþ salts of (II) were prepared by the

reaction of the metal nitrite and nitraminoguanidine

[9]. The Liþ, Rbþ, and Csþ salts were made by the

reaction of nitroguanyl azide and the metal hydroxide

[9]. The Group 1 metal salts of (III) can be made from

the reaction of (I) with the metal hydroxide, but

cleaner products were obtained by stoichiometric

addition of the metal hydroxide to an aqueous solution

of the metal salt of (II). The resulting products were

dried in a vacuum desiccator, but in several cases they

retained H2O of crystallization. The salts were soluble

in H2O, slightly soluble in DMSO, and, except for the

Liþ salts, are insoluble in organic solvents. The Liþ

salts are somewhat soluble in methanol. Table 1 con-

tains the C, H, and N analyses and stoichiometries.

The transmission IR spectra of the salts were

recorded as KBr pellets using a Nicolet 20SXC FTIR

spectrometer operating at 4 cm�1 resolution. The DSC

measurements were made with a DuPont Instruments

Model 910 on 0.2–0.5 mg of sample in a sealed Al

pan. A heating rate of 10 8C/min was employed. The

reproducibility in the exothermic decomposition tem-

perature is about �5 8C. The TGA measurements

were conducted with a DuPont Instruments Model

951 on 3–7 mg of sample with a heating rate of 10 8C/

min and a flow of Ar gas.

Many attempts to grow crystals suitable for X-ray

diffraction were successful with only the Csþ salt of

(II), which formed by evaporation of an H2O solution.

In addition, crystals grew from the reaction mixture

in which synthesis of the Rbþ salt of (II) was being

attempted. In the latter case, the crystals were actually

the one-to-one co-crystallization product of the

monohydrated Rbþ salt of (III) and the Rbþ salt of

nitrocyanamide (NCNNO2
�), i. e. Rb3(N4CNNO2)-

(NCNNO2)�H2O. This salt is not the same as the

Rb2(III) salt whose elemental analysis is given in

Table 1. Apparently during this singular attempted

synthesis of Rb(II), the loss of HN3 or N3
� occurred

from (II) or (III), respectively. The deazidation process

was not investigated further but provided diffraction

quality crystals.

Ab initio calculations to optimize the geometries

and ground state energies of the anions were per-

formed using the Gaussian 98 package [10] by the

B3LYP density functional theory (DFT) method and

the 6-31G� basis set. The vibrational spectra were

calculated and were multiplied by 0.965, as is cus-

tomary with DFT to obtain a better match with the

observed frequencies. Viewing the modes with the

MOLDEN software package [11] provided the major

motions that correspond to each frequency. Most of the

modes involve strongly internally coupled motions.

3. Properties of the salts

Table 2 gives the exothermic decomposition tem-

peratures for the salts as measured with DSC. In

addition small endotherms were observed in the

Table 1

Elemental analyses of Group 1 salts of (II) and (III)

Calculated (%C) Observed (%C) Calculated (%H) Observed (%H) Calculated (%N) Observed (%N)

Li�H2O 7.79 7.95 1.73 2.07 54.55 54.67

Na�H2O 7.06 7.02 1.76 1.75 49.41 47.98

K 7.14 7.18 0.60 1.06 50.00 49.05

Rb 5.59 5.66 0.47 0.59 39.16 38.12

Cs 4.58 4.67 0.38 0.43 32.06 31.41

Li2�2H2O 6.74 7.32 2.30 1.87 47.20 44.72

Na2 7.00 7.45 0.00 0.31 48.28 48.24

K2 5.83 5.82 0.00 0 40.78 40.01

Rb2 4.01 3.99 0.00 0 28.09 27.42

Cs2 3.05 3.10 0.00 0 21.32 21.26
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100–110 8C range for the Liþ salts and one of the Naþ

salts, which was interpreted as resulting from the loss

of H2O of crystallization. The temperature of the

exothermic decomposition of the neutral 5-nitramino-

tetrazole (I) was determined to be 136 8C. With

respect to this temperature, the order of stability of

the compounds is ðIIIÞ > ðIIÞ > ðIÞ. A less definite

trend appears to exist in the salts of (III) where the

decomposition temperature follows the order

Liþ > Naþ > Kþ > Rbþ > Csþ. The former trend

correlates with increasing H-atom content and also

with increasing lattice energy. The presence of N–H

bonds could lower the decomposition temperature by

permitting access to decomposition channels that lead

to neutral products. That the lattice energy however

may be the important factor is suggested by the latter

trend in which the cation in the salts of (III) is varied.

A decrease in the ionic potential (charge/size ratio) of

the cation roughly correlates with a decrease in the

decomposition temperature, although the difference is

within the reproducibility of the measurement in

several cases. A decrease in the lattice energy is

expected to occur in the same order. Perhaps, because

the difference in the lattice energy is small, the cations

have no systematic effect on the decomposition tem-

peratures of the salts of (II).

The energy released upon decomposition of these

compounds was difficult to quantify by DSC because

the exotherms tended to be very sharp and narrow. The

qualitative behavior was indicated however when each

was heated slowly on a hot plate. The salts of (II)

ignite while those of (III) explode. When subjected to

a flame, the salts of (II) burn with flashes, while the

salts of (III) give a muffled pop.

TGA of the Liþ and Naþ salts of (II) and (III) and

showed a gradual but distinct loss of weight in the

100–150 8C range, which is undoubtedly the result of

loss of H2O of crystallization. The Naþ salt of (II) lost

10.9% of the sample weight, which corresponds to one

H2O per formula unit. The Liþ salts of (II) and (III)

showed a 22.00 and 20.23% weight loss respectively,

corresponding to two H2O molecules per formula unit.

The Liþ salt also forms a monohydrate whose ele-

mental analysis was obtained (Table 1).

TGA and DSC were performed on Rb3(N4CNNO2)-

(NCNNO2)�H2O for which suitable crystals were

obtained for X-ray crystallography. A loss of 3.2%

of the sample weight occurred in the range of 60–

100 8C, which is in fair agreement with the loss of one

H2O per formula unit (3.7%). The endotherm for this

event in the DSC occurs at about 120 8C, and is at a

higher temperature than the TGA value possibly

because of the restriction of evaporation by the

crimped pan. Distinct exotherms appear at 300 and

383 8C corresponding to the decomposition of the

nitrocyanamide ion and the nitraminotetrazole di-

anion, respectively.

4. X-ray crystallography

The crystal structure of the neutral (I) co-crystal-

lized with a molecule of H2O and half a molecule of

dioxane in the asymmetric unit was previously known

from work in this laboratory [8]. In the present work,

the Csþ salt of (II) grew large single crystals by the

slow evaporation of a water solution. The crystals

adopted the monoclinic space group P21/c, with four

molecules in the unit cell. Table 3 lists the crystal, data

collection, and refinement parameters. Table 4 lists the

atomic coordinates and Table 5 gives the bond dis-

tances and bond angles. Fig. 1 shows the structure of

the planar ion (II) and the relative positions of the Csþ

ions. The projection shown illustrates the intermole-

cular interactions.

Because of the high electron density of the Csþ

ions, the electron density corresponding to the H-atom

attached to (II) could not be refined with a high degree

of certainty. However, a region of higher electron

density is located about 0.9 Å from N(4). The residual

electron density near N(1), the other likely H-atom

location, was about one-third less than that near N(4)).

Thus the H-atom is probably attached to N(4). For

comparison, the two hydrogen atoms of (I) were

located on N(1) and N(4) on the basis of hydrogen

bonding [8].

Table 2

Temperatures (8C) of onset of exothermic decomposition

Cation (II) (III)

Li 220 411

Na 217 402

K 238 398

Rb 235 391

Cs 212 361
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The crystal structure of Rb3(N4CNNO2)(NCN-

NO2)�H2O was a surprise in that not only was the

structure of (III) obtained for the first time, but it was

found to be the double salt the NCNNO2
� ion whose

structure was recently reported [12]. Fig. 2 shows the

structural units in their relative locations in the crystal

lattice, while Table 6 gives the atomic coordinates

and Table 7 gives selected bond distances and angles.

Both (III) and the nitrocyanamide anion are planar

molecules.

Table 3

Crystal parameters and data collection for the Csþ salt of (II) and Rbþ double salt of (III) and the nitrocyanamide anion

(a) Crystal parameters

Formula CHCsN6O2 C2H2N9O5Rb3

Space group P21/c C2/c

Crystal system Monoclinic Monoclinic

a (Å) 5.145 (18) 23.244 (9)

b (Å) 17.982 (9) 7.077(3)

c(Å) 6.433 (4) 14.810 (7)

b (8) 92.46(4) 91.35 (3)

V (Å3) 594.7(5) 2435.4(17)

Z 4 8

Crystal dimensions (mm3) 0.3 � 0.3 � 0.3 0.3 � 0.4 � 0.4

Crystal color Colorless Colorless

Density (calculated, g/cm3) 2.926 2.605

Temperature (K) 244(2) 250(2)

(b) Data collection

Diffractometer Siemens P-4 Siemens P-4

Monochromator Graphite Graphite

Scan technique Omega Phi Omega phi

Independent reflections 990 (Rint ¼ 0.0528) 1759 (Rint ¼ 0.0850)

Y Scan range (8) 2.27–25.02 2.75–23.99

Completed at 94.3% (Y ¼ 25.028) 92.4% (Y ¼ 23.998)

(c) Refinement

Refinement method Full-matrix least-squares on F2

Final R indices R1 ¼ 0.0252 (wR2 ¼ 0.0746) R1 ¼ 0.0773 (wR2 ¼ 0.1904)

R indices (all data) R1 ¼ 0.0267 (wR2 ¼ 0.0753) R1 ¼ 0.1061 (wR2 ¼ 0.2071)

Largest diffraction peak/hole (eÅ�3) 0.844 and �0.411 1.646 and �1.712

GOF 1.495 1.336

Table 4

Atomic coordinates (� 104) and isotropic thermal parameters

(A

 2

� 103) for Csþ(II)a

x y z U (eq)

Cs(1) 5601.0(5) 6745.3(3) 1402.1(5) 27(1)

O(1) 10404(6) 7459(2) 4693(5) 31(1)

O(2) 12969(6) 6619(2) 6068(6) 29(1)

N(1) 6905(6) 5367(2) 7280(5) 21(1)

N(2) 7874(7) 4696(2) 7884(6) 25(1)

N(3) 10385(7) 4680(2) 7823(5) 23(1)

N(4) 11127(6) 5361(2) 7174(5) 19(1)

N(5) 8607(6) 6477(2) 6026(6) 21(1)

N(6) 10734(7) 6848(2) 5623(6) 20(1)

C(1) 8971(7) 5777(2) 6818(6) 16(1)

a U (eq) is defined as one-third of the trace of the orthogo-

nalized Uij tensor.

Table 5

Bond lengths (Å) and angles (8) for Csþ(II)

Bond lengths (Å) Bond angles (8)

O(1)–N(6) 1.260(4) O(2)–N(6)–O(1) 120.2(3)

O(2)–N(6) 1.243(5) O(2)–N(6)–N(5) 123.7(3)

N(1)–C(1) 1.338(5) O(1)–N(6)–N(5) 116.0(3)

N(1)–N(2) 1.356(5) N(3)–N(2)–N(1) 111.4(3)

N(2)–N(3) 1.295(5) C(1)–N(4)–N(3) 108.3(3)

N(3)–N(4) 1.354(5) N(2)–N(3)–N(4) 106.5(3)

N(4)–C(1) 1.349(5) N(1)–C(1)–N(4) 108.1(3)

N(5)–N(6) 1.317(5) N(1)–C(1)–N(5) 119.5(3)

N(5)–C(1) 1.368(5) N(4)–C(1)–N(5) 132.2(3)

N(6)–N(5)–C(1) 115.9(3)

C(1)–N(1)–N(2) 105.6(3)
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Fig. 1. The molecular structure of Cs(II) showing the relative positions of the rings and Cs atoms in the lattice.

Fig. 2. The molecular structures of (III) and the nitrocyanamide anion and the relative positions of the ions in the crystal lattice of

Rb3(III)(nitrocyanamide)�H2O.



A comparison of the structures of (I), (II), and (III)

reveals that almost all of the bond lengths and angles

are within three times the error in the determination.

Most of the differences are therefore indistinguishable.

The bond distances generally are much shorter than

the single bond distances (C�N ¼ 1:475 Å, N�N ¼
1:45 Å, and N�O ¼ 1:40 Å), which reflects the high

degree of p-electron delocalization throughout these

molecules. The N(2)–N(3) distance of 1.295 Å shows

the highest degree of multiple bond character. Despite

the similarity of the structures of the anions, the

different charges cause a notable redistribution of

electron density in the CNNO2 substituent. Table 8

compares the bond distances in the C–N–NO2 unit as a

function of the charge. As the negative charge

increases, the N–N bond shortens while the C–N

and N–O bonds lengthen. By electrostatic repulsion

the increased negative charge on the ring in effect

forces the partial double bond character in the C–N–

NO2 unit to redistribute to some extent out of the C–N

bond and into the N–N bond.

5. Vibrational motions

The mid-IR spectra of the salts of (II) and (III) in

this study were recorded and found to depend very

little on the counter cation. The spectra of (I), (II) and

(III) display several significant differences, and the

assignment of most of the modes is complicated by the

substantial coupling of the like-atom motions in the

conjugated structure. To resolve this problem the

motions corresponding to the absorptions were iden-

tified by calculation of the energies using DFT and

observation of the motions using the MOLDEN pack-

age. No cation was included in the calculation.

Tables 9–11 list the calculated and observed fre-

quencies for (I), (II), and (III) in the finger print region,

along with the qualitative description of the atoms

or groups that dominate the motion in each case. This

information on assignments is useful because some

of the frequency differences can be understood on

the basis of the charge-dependent electron density

Table 6

Atomic coordinates (� 104) and equivalent isotropic displacement

parameters (A

 2

� 103) for Rb3(N4CNNO2)(NCNNO2)�H2Oa

x y z U (eq)

Rb(1) �1506(1) �914(2) 2833(1) 17(1)

Rb(2) �2983(1) �1165(2) 3863(1) 16(1)

Rb(3) �4679(1) 2053(2) 4184(1) 21(1)

O(1) �1877(4) �580(15) 4764(7) 19(2)

O(2) �1286(4) �2(15) 5916(6) 14(2)

O(3) �3942(6) �1890(20) 2570(9) 41(3)

O(4) �4246(6) 950(20) 2457(9) 46(4)

O(5) �4236(5) �1583(15) 4887(7) 21(3)

N(1) �2219(6) 2413(19) 3708(9) 18(3)

N(2) �2363(6) 3865(18) 3180(9) 18(3)

N(3) �2092(6) 5380(20) 3436(9) 24(3)

N(4) �1759(5) 4969(18) 4175(8) 13(3)

N(5) �1538(5) 2396(17) 5064(8) 10(3)

N(6) �1586(5) 610(17) 5235(8) 12(3)

N(7) �4256(5) �740(19) 2202(9) 19(3)

N(8) �4643(6) �1190(20) 1604(9) 24(3)

N(9) �4627(8) �4510(30) 1155(12) 53(5)

C(1) �1840(6) 3140(20) 4312(10) 8(3)

C(2) �4617(7) �3020(30) 1408(12) 27(4)

a U (eq) is defined as one-third of the trace of the orthogo-

nalized Uij tensor.

Table 7

Bond lengths (Å) and angles (8) for Rb3(III)(nitrocyanamide)

Bond lengths (Å) Bond angles (o)

(III)

O(1)–N(6) 1.277(15) N(2)–N(1)–C(1) 104.4(12)

O(2)–N(6) 1.288(14) N(3)–N(2)–N(1) 110.7(12)

N(1)–N(2) 1.329(18) N(2)–N(3)–N(4) 108.6(13)

N(1)–C(1) 1.342(18) C(1)–N(4)–N(3) 104.8(12)

N(2)–N(3) 1.299(19) N(6)–N(5)–C(1) 118.4(11)

N(3)–N(4) 1.356(17) O(1)–N(6)–N(5) 125.8(11)

N(4)–C(1) 1.324(19) O(2)–N(6)–N(5) 115.6(11)

N(5)–N(6) 1.295(17) N(1)–C(1)–N(5) 133.8(13)

N(5)–C(1) 1.406(17) N(4)–C(1)–N(1) 111.4(12)

N(4)–C(1)–N(5) 114.7(12)

Nitrocyanamide

O(4)–N(7) 1.253(19) O(4)–N(7)–N(8) 116.7(14)

O(3)–N(7) 1.212(17) N(7)–N(8)–C(2) 110.8(14)

N(7)–N(8) 1.287(18) O(3)–N(7)–N(8) 123.2(15)

N(8)–C(2) 1.33(2) O(3)–N(7)–O(4) 119.8(14)

N(9)–C(2) 1.12(2) N(9)–C(2)–N(8) 172.0(2)

Table 8

Bond lengths (Å) in the CNNO2 unit of 5-nitraminotetrazole as a

function of the charge

Bond (I) (II) (III)

C–NNO2 1.344 1.368 1.406

N–NO2 1.331 1.317 1.295

N–O 1.245 1.252 1.282
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redistribution uncovered above in the crystal structure

data (Table 8). The predominately C–NNO2 stretch

decreases in energy (i.e. the bond lengthens) as the

negative charge on the ion increases [1680 cm�1 (I),

1545 cm�1 (II), 1452 cm�1 (III)]. At the same time,

the predominately N–NO2 stretching motion increases

in energy (i.e. the bond shortens) as the negative

charge increases [1226 cm�1 (I), 1315–cm�1 (II),

1398–cm�1 (III)]. Conversely, the –NO2 asymmetric

stretching energy decreases with the increase in the

negative charge and the N–O bond distance

[1613 cm�1 (I), 1423 cm�1 (II), 1295 cm�1 (III)].

In summary, salts of nitraminotetrazole are worthy

of further consideration in the energetic materials field.

In particular, the high thermal stability of the salts of

(III) might make them useful as high-temperature-

stable primary explosives. The thermal decomposition

characteristics of these compounds will be presented

[13] in a subsequent Special Issue of this journal

dedicated to Andrew Galway and Mike Brown.
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