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Investigating the Structure–Stability Relationship in Bridging 
Isomers of Bistetrazoles
Sarika Venugopal,a Bhargav Kolekar,b Rahul V Pinjari,*b and Anuj A Vargeese*a

Subtle modifications in the molecular structure of materials can have a profound impact on their properties because of the 
nature of bonding, strength of inter and intramolecular interactions, and the spatial arrangement of atoms. 5,5'-Bis-1H-
tetrazole and 5-(Tetrazol-1-yl)-2H-tetrazole are two structural isomers, with C-C and C-N linkages between the two tetrazole 
rings. These structural isomers exhibit distinct thermal behaviors and significant differences in their decomposition 
temperatures. To understand the differences in thermal stability, a combined experimental and computational study was 
performed using thermal analysis, Hirshfeld surface analysis, and 2D fingerprint plot analysis. The activation energy for the 
decomposition of these compounds was computed using isoconversional kinetic analysis to obtain insights into the stability 
of these compounds at elevated temperatures. A plausible fragmentation pattern was elucidated using high-resolution mass 
spectrometry (HRMS) and tandem mass spectrometry (MS/MS) data. Density Functional Theory (DFT) calculations of both 
the neutral and anionic forms were performed to understand the transition pathways for the decomposition of these 
compounds and to validate the fragmentation patterns obtained from mass spectrometry.  

Introduction
High-nitrogen containing heterocycles, especially the tetrazole 
derivatives have been considered as good high energy density 
materials (HEDMs), owing to their high nitrogen content, high 
density, thermal stability, and tendency towards lower 
sensitivity.1 Moreover, their decomposition yields 
environmentally benign by-products, making them more 
appealing as eco-friendly HEDMs.2 Introduction of 
explosophoric groups such as -NO2,-NHNO2, -N3, -C(NO2)3, etc. 
to an azole ring or bridged azole molecule enhances the 
detonation performance of the derived azole derivatives.3 The 
sensitivity of such HEDMs is greatly influenced by the kind of 
explosophoric group introduced in the tetrazole, the layered 
structure,4,5 and face-to-face - stacking.6 Our recent 
investigation on the influence of various explosophoric groups 
on the stability and decomposition pathways of 1,2,4-triazole 
derivatives suggests that replacing the amino group with 
nitramino group alters the decomposition behaviour of the 
compound.7 However, the direct incorporation of 
explosophoric groups into tetrazole or any other azole ring may 

lead to the high sensitivity towards various stimuli (impact, 
friction and electrostatic discharge), which hinders their 
practical utility (Fig. 1 (a) and Table. 1).8–10 To overcome these 
drawbacks, coupling one azole ring with another to enhance 
molecular conjugation has become a widely adopted strategy. 
This strategy enhances the tunability of both sensitivity and 
energetic parameters.11 In addition to extended conjugation, 
strong hydrogen bonding and a well-
 defined planar structure contribute to the stability and 
performance of these compounds.12 Recently, the C-nitro group 
in a fully nitrated triazole (IV) was replaced with a C-tetrazole 

                                                                          

Fig. 1 (a) Sensitive molecules with explosophoric group linked to tetrazole ring (Ⅰ8,Ⅱ9, 
Ⅲ10), (b) C-triazole derivatives13

Table. 1 Sensitivity data for compounds Ⅰ8,Ⅱ9, Ⅲ10

Properties 5-Azido-
1H-

tetrazole 
(I)

5-nitrotetrazole 
(II)

4,5-dihydro-
5-(nitrimino)-
1H-tetrazole 

(III)
Impact 

Sensitivity (J)
 1 1 1.5

Friction 
Sensitivity (N)

 5 5 8

Electrostatic 
discharge (mJ)

 2.2 - -

N

N N

H
N

N3
N

N N

H
N

NO2
N

N N

H
N NHNO2

I II III

N N

H
N NO2

O2N
NO2O2N

N
O2N

NN

N
H

NO2

O2N NO2

N
NO2

H
N

N
N NIV

V
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ring, resulted in the formation of a more stable 1-
(trinitromethyl)-5-nitroimino-3-tetrazole-1,2,4-triazole (V) (Fig. 
1 (b)) with better performance.13

In the literature, the thermal decomposition of two structural 
isomers of energetic azoles, pyrazole and imidazole, was 
studied theoretically at low and high densities, and nitrogen 
formation was observed in the initial and final stages of pyrazole 
and imidazole decomposition, respectively. Hydrogen cyanide 
generation has been proposed as the main decomposition 
channel for imidazole at normal density, whereas at high 
density its relevance has decreased. The thermal 
decomposition of their nitro-derivatives was also investigated 
and the results showed that ammonia formation is promoted at 
high density for both nitrocompounds.14 A computational study 
of 5,5'- bis(1H -tetrazolyl)amine molecular conformations based 
on Density Functional Theory (DFT) revealed that a non-
minimum energy conformation of the 5,5'-bis(1H-
tetrazolyl)amine molecule was more favorable for dense 
packing, with hydrogen bonding contributing to the 
stabilization of the entire system.15 A comparative investigation 
on the decomposition of 5,5'-Bis-1H-tetrazole,1,5'-bistetrazole, 
and 5-(5-azido-(1 or 4)H-1,2,4- triazol-3-yl)tetrazole following 
electronic state excitation revealed that the decomposition of 
these molecules yielded nitrogen as the primary decomposition 
product. Nitrogen formation in 5,5'-bistetrazole and 1,5'-
bistetrazole occurs through the opening of the tetrazole ring, 
however, in 5-(5-azido-(1 or 4)H-1,2,4-triazol-3-yl)tetrazole, it 
occurs by the cleavage of the N–N bond of the azide group.16 

5,5'-Bis-1H-tetrazole (1) and 5-(Tetrazol-1-yl)-2H-tetrazole (2) 
are N-rich heterocyclic structural isomers, with the only 
difference being the established bridge (Fig. 2). However, they 
exhibit a significant difference in their decomposition 
temperatures and, consequently, in their thermal stability. This 
observation motivated us to explore the reasons for the 
differences in stability. The thermal stability of compounds 1 
and 2 was examined using different thermal analysis 
techniques, and kinetic analysis was performed by employing 
Vyazovkin’s non-linear integral isoconversional method.17 
Isoconversional methods allow determination of the kinetics of 
multi-step decomposition processes. Tandem mass 
spectrometry (MS/MS) was used to propose the fragmentation 
pathways of the ions, where the parent ion was further 
fragmented through collisions with the inert gas argon. This 
approach facilitated the determination of specific 
fragmentation pathways for both the parent and daughter ions. 
In our previous investigation, mass spectrometric 
fragmentation patterns confirmed that the incorporation of an 
alkylidene bridge between two tetrazole moieties significantly 
enhances the thermal stability of the resulting bistetrazole 
compounds.18

 Fig. 2 Structures of 5,5'-Bis-1H-tetrazole (1) and 5-(Tetrazol-1-yl)-2H-tetrazole (2)

Trigger or weak bonds prone to dissociation can be identified 
using computational tools. A computational analysis was 
performed using DFT calculations to validate the fragmentation 
patterns deduced from high-resolution mass spectrometry 
(HRMS). Additionally, Hirshfeld surface graphs and 2D 
fingerprint plots of these molecules were generated to 
understand the structure-property relationships. The significant 
difference in the decomposition temperatures of these isomers 
was explained on the basis of the extent of hydrogen bonding 
and crystal packing.

Experimental
Materials and Methods

5,5’-Bis-1H-tetrazole (1) was synthesized from manganese 5,5’-
bis-1H-tetrazolate using water as the solvent.19 5-(Tetrazol-1-
yl)-2H-tetrazole (2) was synthesized from 5-aminotetrazole, 
sodium azide, and triethyl orthoformate using acetic acid as the 
solvent.20 The detailed synthetic procedures, thermal analysis 
results, and computational approaches for the kinetic 
evaluation are provided in the Supplementary Information.
Thermal analysis

Thermogravimetric (TG) analysis was performed using a Perkin 
Elmer Simultaneous Thermal Analyzer (STA 6000). For all 
experiments, approximately 0.35–0.5 mg of the sample was 
loaded in an open 100 µL alumina sample pan and heated under 
nitrogen flow maintained at 20 mL/min. Non–isothermal TG 
runs were performed at heating rates (β) of 2.5, 4, and 
5.5 °C/min and the thermal data were collected from 50 to 350 
°C at different heating rates. DSC analysis was carried out using 
a TA Instruments Q20 Differential Scanning Calorimeter. 
Nitrogen was used as the purge gas at a flow rate of 50 mL/min. 
About 0.6-0.7 mg of the sample was loaded into an aluminium 
pan, sealed and the DSC runs were conducted at 5 °C/min.
Kinetic computations 

The kinetic parameters can be computed by either model-fitting 
methods or model-free (isoconversional) methods.21 The 
model-free method is advantageous over model-fitting method 
as is does not follow any assumptions for the reaction 
mechanism and thus minimizes the possibility of homogeneous 
and heterogeneous kinetic data errors.22 Also, this method 
allows the determination of activation energy as a function of 
temperature or extent of conversion.23 In the present study, 
Vyazovkin’s non-linear integral isoconversional method was 
employed for the computations of kinetic parameters and 
further kinetic analysis. In Vyazovkin’s method, numerical 
integration is used and hence it provides more precise apparent 
activation energy values.17 The mass loss data obtained from 
the non-isothermal TG and DSC runs were converted to the 
extent of conversion (α) using the standard equation (1), 

𝛼 =  
𝑚0 ― 𝑚𝑡
𝑚0 ― 𝑚𝑓

             (1)

H
NN

N
N N

H
N

N
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where m0 is the initial mass mf is the final mass and mt is the 
mass at a given temperature. A 0.05 increment in α was used to 
compute the Eα values in Vyazovkin’s nonlinear integral 
isoconversional method. Further details of the kinetic analysis 
are provided in the supplementary information. 

HRMS analysis

Both the compounds were analysed using a Waters Synapt XS 
high resolution mass spectrometer. LC-MS-grade acetonitrile 
solvent was used to dissolve the sample in Waters certified 2 mL 
glass vials to obtain a concentration of the order of 100 ppb. 
Electrospray ionization (ESI) was performed for data acquisition 
in negative mode. The data range was 50–600 Da and leucine 
enkephalin (200 pg/μL) was used as the lock mass (m/z 
554.2615) for mass correction. The source temperature applied 
was 120 °C, and the desolvation gas flow was at 896 L/h with a 
desolvation temperature of 400 °C. The capillary voltage was at 
2.8 kV, and the cone voltage was 35 V. All the tandem mass 
spectra (MS/MS) were recorded using argon as the collision gas 
with a collision energy of 20 V. The obtained mass fragments 
were fitted to the possible molecular formulas using the i-Fit 
software available with the instrument.

Computational Studies

All calculations were performed with the molecules in the gas 
phase using Gaussian 16W program suite.24 Geometry 
optimizations of all the structures were achieved using the 
uB3LYP25,26 functional with the 6-311++G (d, p)27,28 basis set. 
Optimized geometries were verified with no imaginary 
frequencies. The first order saddle points (transition states) 
were confirmed by the presence of a single negative frequency. 
Intrinsic reaction coordinate (IRC) calculations were also 
performed for selected cases to affirm the transition states 
obtained. The crystal structures of compounds 1 and 2 were 
generated using Vesta 3 software. Hirshfeld surfaces and 2D 
finger plots of the compounds were generated using the 
CrystalExplorer software.  

Results and Discussion
To confirm the formation of compounds 1 and 2, they were 
characterized using multi-nuclear NMR, HRMS, and Fourier 
transform infrared (FTIR) spectroscopy (Fig. S1-S10). In the 13C 
NMR spectrum, compound 1 showed a peak at 148.12 ppm 
corresponding to the bridge carbon atoms connecting the 
tetrazole rings (C1) (Fig. S2). While for compound 2, the bridge 
carbon atom resonated at 155.40 ppm (C2) and the ring carbon 
atom resonated at 144.21 ppm (C1) (Fig. S7). In the 15N NMR 
spectrum of 1, two peaks were observed at 360.69 
(N2/N3/N6/N7) and 288.43 (N1/N4/N5/N8) (Fig. S3). Similarly, 
for compound 2, six different types of nitrogens were observed 
at 390.008 (N7), 357.94 (N6), 341.78 (N2/N3), 325.63 (N8), 
291.54 (N1/N4), and 223.25 (N5) (Fig. S8).
Thermal analysis

The thermogravimetric-differential thermal analysis (TG-DTA) 
data of the compounds obtained at a heating rate of 2.5 °C are 

shown in Fig. 3 and Fig. 4, respectively. From the DTG curve (Fig. 
3), compound 1 exhibited an onset decomposition temperature 
of 233 °C and a peak temperature of 259 °C. Similarly, for 
compound 2, the onset decomposition and peak of 
decomposition were observed at 120 and 145 °C, respectively. 
In TGA, compound 1 exhibited weight loss up to 279 °C, 
resulting in a total weight loss of 51%, whereas compound 2 
exhibited a weight loss of 29% and was continued up to a 
temperature of 160 °C with a slow weight loss observed after 
major decomposition. The slow weight loss indicates the 
possible oxidation of the carbonaceous decomposition 
products formed after the major decomposition event. As 
shown in the DTA curves (Fig. 4), compound 1 decomposed at 
259 °C and compound 2 decomposed at 145 °C.
DSC plots for both compounds were recorded at 5 °C/min (Fig. 
5). The onset and peak temperatures of decomposition of 
compound 1 were found to be 238 and 261 °C, respectively, and 
the decomposition process was completed at 292 °C. Similarly, 
the onset of decomposition of compound 2 occurred at 135 °C, 
and the decomposition peak was observed at 150 °C, and the 
process was completed at 167 °C. Table S1 summarizes the 
results of thermal analysis. The significant difference in the peak 
decomposition temperature indicated that compound 1 was 
more thermally stable than compound 2.

Fig. 3 TGA and DTG curves of compounds 1 and 2 at a heating rate of 2.5 °C/min

Fig. 4 DTA curves of compounds 1 and 2 at a heating rate of 2.5 °C
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Fig. 5 DSC curve of compounds 1 and 2 at a heating rate of 5 °C/min

Kinetic analysis

The thermogravimetric data recorded at heating rates of 2.5, 4, 
and 5.5 °C/min were used to compute the extent of conversion 
(α) values and, the kinetic parameters were computed within 
the temperature range of 230-265 °C for compound 1 and 130-
160 °C for compound 2. Fig. S11 and S12 shows the α – T curves 
of compounds 1 and 2. The activation energy (Eα) values were 
calculated using Vyazovkin’s method and plotted as a function 
of α (Fig. 6). For compound 1, the activation energy increases 
within the conversion range of 0.05 to 0.42, and the region is 
defined by an average activation energy of 203 kJ/mol. 
Subsequently, a decrease in Eα was observed within the 0.43 to 
0.85 region of α, with an average activation energy of 284 
kJ/mol. For compound 2, the activation energy is independent 
of extent of conversion and the average activation energy was 
found to be 224 kJ/mol in the 0.15 to 0.85 region of α. The 
independence of activation energy with α suggests two 
possibilities, a single-step process defined by a single activation 
energy, or the convergence of a multi-step process to a unified 
activation energy value.

Tandem mass spectrometry analysis 

ESI-HRMS spectra were recorded for the compounds in negative 
mode, and the results are tabulated in Table. 2. Mass 
fragmentation analysis and the possible pattern of compound 1 
were reported in our earlier studies.18 Fig. S4 shows the ESI-
HRMS spectrum of compound 1, and the compound exhibits a 
base peak at 137.0325, which represents the (M-H) ion. Fig. S9 
shows the ESI-HRMS spectrum of compound 2. A base peak was 
observed at m/z 137.0335 (2A), corresponding to the (M-H) 
ion. Furthermore, the results showed peaks at m/z 297.0565 
and 457.0786, corresponding to the possible adducts [(2M-H) + 
Na] and [(3M-2H) + 2Na], respectively.
Subsequently, MS/MS analysis of the (M-H) ion detected at 
m/z 137.04 for both compounds 1 and 2, was carried out to 
investigate the fragmentation pathways of the compounds. Fig. 
S13 and S14 represents the MS/MS spectra of compounds 1 and 
2, respectively. The results of MS/MS analysis are listed in Table. 
3. The MS/MS of compound 1 showed major daughter ions at 
m/z 109.0273 and 94.0208 (Fig. S13 and Table. 3).18 The

Fig. 6 Eα - α curves of compounds 1 and 2

fragmentation pattern for compound 1 suggests the possible 
formation of (C2HN6) and (C2N5) via nitrogen extrusion and 
HN3 elimination reactions of the (M-H) ion.18 For compound 2, 
the spectrum showed significant peaks at m/z 109.0268 and 
66.0103 (Fig. S14 and Table 3). Accordingly, a probable 
fragmentation pathway for compound 2 was proposed and is 
shown in Scheme 1. From the parent ion peak at m/z 137.033 
((C2HN8), 2A), the nitrogen extrusion reaction produced 2B 
[(C2HN6)] at m/z 109.0268, and 2B eliminated HN3 to form 2C 
[(C2N3)] at m/z 66.0103. Hence, both compounds eliminated 
molecular nitrogen and hydrazoic acid during fragmentation. 
The only difference is that, in compound 1, both eliminations 
occur from the same parent ion, whereas for compound 2, the 
elimination occurs in a sequence starting from the parent ion.
Computational Studies

To identify the decomposition pathways of both compounds, 
the individual bonds were systematically cleaved to yield 
simpler molecules such as N2, HCN, HNC, and HN3. The central 
theme of this approach is determining the relative strength of 
the bonds within each compound by calculating their bond 
dissociation energies with respect to the parent compound. This 
approach led to the identification of transition states (TS) 
produced from the parent compound. The optimized structures 
of all the TS were obtained upon completion of the calculations. 
Subsequently, the decomposition pathway was determined by 
identifying the most stable species based on their total energy. 
Minimal calculations for the TS with higher energies were not 
performed to save computational time and efforts.
For compound 1, all possible scan jobs were performed by 
breaking individual bonds in the system to obtain simpler 
molecules such as N2, HCN, HNC, and HN3 which resulted in the 
formation of seven transition states, as shown in Fig. 7. C1_A_TS 
showed the lowest energy (103.34 kJ/mol), indicating that it is 
the most energetically favourable TS. The other transition 
states, C1_B_TS to C1_G_TS, have barriers from 177.77 kJ/mol 
to 339.15 kJ/mol. The TS energy trend was found to be: 
C1_A_TS < C1_C_TS < C1_B_TS < C1_D_TS < C1_G_TS < C1_E_TS 
< C1_F_TS. Thus, further decomposition of compound 1 was 
considered to occur from the intermediate C1_A_Int1 formed 
from C1_A_TS only (Fig. 8). Initially, transition state C1_A_TS 
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Table. 2 Major ion species found in the ESI–MS analysis of compounds 1 and 2

Compound Molecular 
weight

Possible
Species

Elemental 
composition

Observed mass 
(m/z)

Calculated 
mass 
(Da)

Error

(ppm)
Compound 1 138.0909 (M–H) C2HN8 137.0325 137.033 3.6
Compound 2 138.0909 (M–H) C2HN8 137.0335 137.033 3.6

Table. 3 Major fragmented ion species found in the MS/MS analysis of compounds 

118 and 2 at 137.04

Compo
und

Peak 
selected for 

MS/MS 
analysis

Observed 
mass 
(m/z)

(Daughte
r ions)

Molecular 
formula

Exact 
mass 
(Da)

109.0273 (C2HN6) 109.02
68

Compo
und 1

137.04
(C2HN8)

94.0208 (C2N5) 94.015
9

109.0268 (C2HN6) 109.02
68

Compo
und 2

137.04
(C2HN8)

66.0103 (C2N3) 66.009
8

N

N
N

N

N
HN

N
N

Exact mass: 138.0402

2

Exact mass : 109.0268
Observed mass: 109.0268
Error : 0 ppm

2B

-N2

Exact mass : 66.0098
Observed mass: 66.0103
Error : 7.5 ppm

-HN3

-H

2C

NH

N
N

N
N

N

NN

N

Exact mass : 137.0330
Observed mass: 137.0330
Error : 0 ppm

2A N

N
N

N

N
N

N
N

Scheme. 1 Possible fragmentation pathway of compound 2

was formed by breaking the bond between N1 and N2 or 
between N5 and N6. The rate-determining step in the 
degradation pathway of compound 1 is the formation of the 
intermediate C1_A_Int5, following the sequential elimination of
two dinitrogen molecules, one each from the tetrazole ring. This 
step proceeds via transition state C1_A_TS_45, with an 
associated activation energy barrier of 225.04 kJ/mol. After a 
series of successive bond cleavages, two molecules of HNC were 
obtained as the decomposition products. The results show that 
the two isomers undergo distinct multistep decomposition 
pathways, with compound 2 displaying lower activation barriers 
and fewer steps, consistent with its experimentally lower 
thermal stability.
To investigate the influence of the functional and basis set on 
the computed energies, the energies (Table. S2) of the 
transition state (TS) for compound 1 (Figure 7) were computed 
using D3 version of Grimme’s dispersion-corrected DFT29 with 
the uB3LYP and uM06-2X functionals, and 6-311++G(d,p) and 6-
311++G(2d,2p) were used as the basis sets. Among all 
combinations of the functionals and basis sets, the C1_A_TS 
exhibited the lowest energy. The transition state energies show 

a small variation with the change in basis set from 6-
311G++(d,p) to 6-311G++(2d,2p), with a maximum difference of 
3.8 kJ/mol observed for C1_D_TS. Similarly with the change in 
functional from uB3LYP to uM06-2X, despite the increase in 
transition state energy barriers (by about 25 kJ/mol), the overall 
trend in TS energy remained unchanged. Thus, the calculations 
henceforth were performed using uB3LYP-D3/6-311++G(d,p) 
level of theory to save computational cost.
For compound 2, eight transition states were obtained, in which 
C2_D_TS formed by breaking the N5-N6 bond showed the 
lowest energy barrier (72.75 kJ/mol) (Fig. 9). The rate-
determining step for compound 2 had an energy barrier of 
169.45 kJ/mol (Fig. 10), which was ~55 kJ/mol lower than that 
of compound 1. Furthermore, the overall lower energy barrier 
for compound 2 compared with that of compound 1 is 
consistent with the experimentally observed lower onset of 
decomposition for compound 2. Unlike compound 1, compound 
2 produces N2 and HNC as decomposition products, with 
relatively fewer bond cleavage steps. The kinetic data suggest 
the possibility of a single-step process defined by a single 
activation energy or the convergence of a multi-step process to 
a unified activation energy value. However, the decomposition

Fig. 7 Transition states for the degradation of compound 1 along with their energies (in 
kJ/mol)

Fig. 8 Unimolecular degradation pathway for compound 1
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Fig. 9 Transition states for the degradation of compound 2 along with their energies (in 
kJ/mol)

Fig. 10 Unimolecular degradation pathway for compound 2

pathway obtained from DFT calculations ruled out the 
possibility of a single-step decomposition, and hence concluded 
that compound 2 exhibited multi-step decomposition.
DFT calculations were performed for the anionic forms of both 
compounds to validate the mass fragmentation patterns 
obtained from the MS/MS data. Similar to neutral compounds, 
the individual bonds in the anionic species of compound 1 were 
systematically cleaved, resulting in the formation of transition 
states as shown in Fig. 11; several transition states led to the 
same minima product and were therefore combined in the 
figure. The transition states, anC1_B_TS and anC1_G_TS, with 
energies of 121.21 and 141.62 kJ/mol respectively, were 
identified as the lowest energy transition states and were 
considered for further DFT calculations (Fig. 12). The 
decomposition pathway for anC1_B_TS yielded hydrazoic acid, 
while anC1_G_TS yielded molecular nitrogen as the 
decomposition product, which is consistent with the proposed 
mass fragmentation pattern from the MS/MS data.18

The transition states for the anionic form of compound 2 were 
obtained by cleavage of the individual bonds, as shown in Fig. 
13. Transition state, anC2_A_TS was identified as the lowest TS
with the supply of an energy of 112.38 kJ/mol, however further 
calculations revealed that the subsequent steps exhibited high- 
energy barrier of 170.62 kJ/mol and produce the same minima 
obtained directly from anC2_B_TS which involved a relatively
low-energy barrier of 151.62 kJ/mol. Hence, anC2_B_TS was 
selected for further calculations, and its decomposition 
pathway is illustrated in Fig. 14. After a series of successive bond 
cleavages, C2N3 was formed as a decomposition product, which

Fig. 11 Transition states obtained for the anionic form of compound 1

Fig. 12 Degradation pathway for the anionic form of compound 1

supports the mass fragmentation pattern obtained. Overall, the 
computational analysis of the anionic species corroborates the 
MS/MS fragmentation patterns for both compounds, 
reinforcing the proposed decomposition mechanisms.

Fig. 13 Transition states obtained for the anionic form of compound 2

Fig. 14 Degradation pathway for the anionic form of compound 2
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Crystal structure, Hirshfeld surface and 2D fingerprint plot analysis

The crystal structures of compounds 1 and 2 were generated 
using Vesta 3 software and are shown in Fig. 15 (a) and (b)30. 
Compound 1 (CCDC number:2336252) belongs to the 
monoclinic P21/n space group and contains two molecules per 
unit cell. It features a well-defined planar structure and is 
packed in chains with strong hydrogen bonding resulting in a 
layered three-dimensional framework.32 Compound 2 (CCDC
number:709126) belongs to the chiral monoclinic space group 
Pn with four molecules per unit cell. In compound 2, the proton 
is located on the N2 nitrogen atom, whereas, compound 1 exists 
as a 1H, 1’H-tautomer.20 The packing arrangement of compound 
1 is shown in Fig. S15.30 and Fig. S16 shows a view of the unit 
cell of compound 2 along the inverse a-axis.20

To gain a better understanding of the correlation between 
intermolecular interactions and physicochemical properties, as 
well as to explain the molecular stability and sensitivity of the 
compounds, Hirshfeld surfaces and 2D fingerprint plots were 
generated from the crystal structures, and the percentage 
contributions of close contacts were computed using 
CrystalExplorer software (Fig. 16 and 17 (a-e)). The molecular 
stability and crystal packing of energetic materials are largely 
governed by hydrogen bonding, which is stronger than van der 
Waals bonding.32 Red and blue dots on the Hirshfeld surface 
represent distances that are shorter and longer than the van der
 Waals radii respectively, and white dots indicate distances
equal to the sum of van der Waals radii, respectively. The red 
region denotes the hydrogen-bond acceptor sites, responsible 
for the molecular stability and packing of the crystals, and the 
blue region denotes the hydrogen-bond donor sites.33 The 
significant spikes at the bottom of the 2D fingerprint plots 
indicate strong intermolecular hydrogen bonds.32 

 
Fig. 15 Crystal structures of compounds 131 (a) and 220 (b)

          
         

                    

FIG. 16.  (a) Hirshfeld surface of compound 1, (b) the 2D fingerprint plot in the crystal 
stacking for compound 1, (c) the contribution of N…H and (d) N…N contacts to the 
Hirshfeld surface, and (e) pie chart showing % contributions to the Hirshfeld surface from 
the individual atomic contacts

       

                   

FIG. 17.  (a) Hirshfeld surface of compound 2, (b) the 2D fingerprint plot in the crystal 
stacking for compound 2, (c) the contribution of N…H and (d) N…N contacts to the 
Hirshfeld surface, and (e) pie chart showing % contributions to the Hirshfeld surface from 
the individual atomic contacts

44%

40%

13%
3%

N…H N…N C…N H…H C…H

45%

38%

12%
5%

N…H N…N C…N

H…H C…H

13%
3%

(a)

(b)
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As shown in Fig. 16 (a), compound 1 shows a red region 
appearing on the nitrogen atoms, which denotes the 
electronegative character and possible protonation and 
hydrogen bonding sites.33 For both compounds, N…H contacts 
were responsible for the molecular stability and crystal packing 
(Fig. 16 and 17 (c and e)). For compound 1, the N…H and H…H 
close contacts contributed 44% and 3%, respectively, which 
slightly increased to 45% and 5%, respectively, for compound 2.
Additionally, the significant spikes at the bottom of the 2D 
fingerprint plot indicate that both compounds exhibit stronger 
intermolecular hydrogen bonding. The contribution from the 
N…N atomic contacts is responsible for destabilization, which 
results in an increase in the sensitivity of energetic materials.35 
In compounds 1 and 2, the N…N atomic contacts contributed 
40% and 38% of the total weak interactions, respectively. 
Hence, both compounds showed relatively similar contributions 
from different atomic close contacts, suggesting comparable 
stability. The lattice energies for both compounds were 
computed using CrystalExplorer software and were found to be 
-143.3 and -103.35 kJ/mol for compounds 1 and 2, respectively. 
A more negative lattice energy indicates better stability. Hence 
compound 1 is more stable than compound 2. 
The D-H…A (dihedral) angles for compounds 1 and 2 were 168° 
and 152°, where D, H, and A represent the donor atom, 
hydrogen atom attached to the donor atom, and acceptor 
atoms respectively (Fig. S17 and S18).30  The closer the dihedral 
angle is to 180°, the stronger is the hydrogen bonding. Hence 
compound 1 is more stable, which could result in a higher 
decomposition temperature. In addition, DFT analysis showed 
that the total electronic energy of compound 2 exceeded that 
of compound 1 by 26.27 kJ/mol (Fig. S19). The dimerization 
energy was also calculated (Fig. S20) using ΔΔ𝐺𝐷𝑖𝑚𝑒𝑟𝑧𝑎𝑡𝑖𝑜𝑛 =
Δ𝐺𝐷𝑖𝑚𝑒𝑟 ―2 ∗ Δ𝐺𝑀𝑜𝑛𝑜𝑚𝑒𝑟 to compare the stability of these 
compounds. Compound 1 forms a dimer with a similar hydrogen 
bonding pattern to the crystal structure, stabilized by -32.76 
kJ/mol through N-H---N intermolecular hydrogen bonds, with 
an N-H---N bond angle of 173.8°. Compound 2 formed five 
dimers with ΔΔGDimerization values of -6.81, -6.02, -4.72, 4.47, and 
17.57 kJ/mol. Dimers 1, 2, and 3 were stabilized with negative 
dimerization energies, while dimers 4 and 5 were destabilized. 
Among the stable dimers of compound 2, Dimer-1, with N-H---
N and C-H---N intramolecular hydrogen bonding showed the 
lowest energy compared to Dimer-2 with N-H---N hydrogen 
bonding. Furthermore, the more directional hydrogen bonding 
in Dimer-1, with an N-H---N bond angle of 143.9°, contributed 
to its improved stability compared to Dimer-2 with an N-H---N 
bond angle of 124.5°. Compound-2-Dimer-1 and Dimer-3 have 
similar hydrogen bonding but differ in C-H bond orientation, 
matching the zig-zag arrangement of the crystal structure. In 
addition, the dimer of compound 1 was five times more stable 
than the most stable dimer of compound 2, indicating its higher 
stability of compound 1. 

Conclusions
The thermal stability of two structural isomers‒ 5,5'-Bis-1H-
tetrazole (1, with a C‒C bridge) and 5-(Tetrazol-1-yl)-2H-

tetrazole (2, with a C‒N bridge)‒was investigated using a 
combination of experimental and computational methods. 
Kinetic analysis revealed that compound 1 underwent a multi-
step decomposition, whereas compound 2 exhibited a linear 
E‒ relationship. However, the computational findings 
indicated a more complex decomposition pathway for 
compound 2, ruling out a simple single-step mechanism. 
MS/MS analysis showed that both compounds generated 
molecular nitrogen (N2) and hydrazoic acid (HN3) as major 
degradation fragments, which is consistent with computational 
fragmentation simulations. Despite similar intermolecular 
interaction patterns observed in the Hirshfeld surface analysis 
and 2D fingerprint plots, compound 2 decomposed at a lower 
temperature. This difference is attributed to the stronger 
hydrogen bonding and more rigid crystal packing in compound 
1, which also exhibited a planar structure, higher dihedral angle, 
and more negative dimerization energy. In contrast, compound 
2 exhibited lower planarity and weaker hydrogen- bonding 
interactions. These findings confirm the crucial role of 
intermolecular interactions, molecular geometry, and crystal 
packing in governing the thermal behavior of the structural 
isomers. This study provides insights into the influence of 
bridging entities and crystal structures on the thermal stability 
and decomposition behavior of structurally-related 
bistetrazole-based energetic materials.
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Most of the data supporting the findings of this study are included in the ESI. Additional 
data are available from the corresponding author upon reasonable request. 

Page 13 of 13 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

2/
25

/2
02

5 
10

:3
5:

09
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5CP04469C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cp04469c

