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A comparative study was carried out on the thermochemical properties of a series of high-
energy tetracyclic compounds containing amino, cyano, azido, and dinitrophenyl groups. Various
quantum-chemical methods were employed to calculate the gas-phase enthalpies of formation, in-
cluding the B3LYP functional with 6-311+G(2d,p) and cc-pVTZ basis sets, the composite G4MP2
method implemented in Gaussian 09, and a G4MP2-based scheme adapted for implementation in
NWChem. The G4MP2 method was used as a reference for accuracy, against which the results
of other approaches were evaluated. It is shown that the use of NWChem and reaction-based
schemes yields enthalpy values close to those obtained by G4MP2, while significantly reducing
computational costs. Structural factors affecting the enthalpy of formation are analyzed, along
with differences in the IR absorption spectra. The results confirm the applicability of various
theoretical levels for the thermochemical evaluation of promising high-energy materials.

Keywords: high-energy materials, tetracyclic compounds, enthalpy of formation, quantum
chemical calculations, isodesmic reactions, atomization, IR spectra, high-performance computing.

Introduction

The enthalpy of formation (AH{) is one of the key characteristics determining the energy
performance of high-energy-density materials (HEDMs) . High enthalpy of formation values
can be achieved through the incorporation of nitrogen-rich aromatic cores into polycyclic molec-
ular scaffolds , the energetic properties of which have recently been investigated by our
research group . Among such structures are tetracyclic compounds — tris(1,2,4-triazolo)-
1,3,5-triazines and tris(1,2,3-triazolo)benzenes — the functionalization of which with endothermic
nitrogen-containing groups is expected to further increase their enthalpy of formation. To inves-
tigate the effect of such combinations, this study focuses on tetracycles bearing amino, cyano,
and azido substituents (Fig. :

2,6,10-triamino-tris([1,2,4]triazolo)[1,5-a:1’,5’-c:1”,5"-¢|[1,3,5]triazine (1a),

2,6,10-tricyano-tris([1,2,4]triazolo)[1,5-a:1’,5’-c:1” ,5”-¢|[1,3,5] triazine (2a),

2,6,10-triazido-tris([1,2,4]triazolo)[1,5-a:1,5’-c:1”,5"-¢][1,3,5]triazine (3a),

2,5,8-triamino-tris([1,2,3]triazolo)[1,2-d:3,4-d":5,6-d” |benzene (1b),

2,5,8-tricyano-tris([1,2,3]triazolo)[1,2-d:3,4-d’:5,6-d” |benzene (2b) and

2,5,8-triazido-tris([1,2,3]triazolo)[1,2-d:3,4-d":5,6-d” |benzene (3b), which currently remain
hypothetical structures,

as well as 2,5,8-tri(2,4-dinitrophenyl)-tris([1,2,3]triazolo)[1,2-d:3,4-d’:5,6-d” |benzene (4),
which has previously been synthesized and characterized as a highly stable and promising,
exhibiting exceptionally high thermal stability (with a decomposition onset temperature above
400°C) and low mechanical sensitivity, with an impact energy threshold of 18 J .
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Figure 1. Compounds under investigation — a series of tetracyclic structures 1a,b, 2a,b,
3a,b, and 4

The article is organized as follows. Sectionpresents the computation methods employed
in this work. In Section we discuss the obtained results. Section contains the analysis of
method performance on different computational resources. Conclusion summarizes the study

and suggests directions for future research.

1. Computation Method

Quantum-chemical calculations were carried out using the GAUSSIAN 09 and
NWCHEM program packages. Geometry optimization was performed using the hybrid den-
sity functional B3LYP with the 6-311+G(2d,p) basis set. The stability of the optimized
molecular structures was confirmed by calculating vibrational frequencies using analytical first
and second derivatives, without applying anharmonic corrections (i.e., the absence of imaginary
frequencies). The gas-phase enthalpy of formation of the investigated compounds was calculated
using the BSLYP hybrid functional with 6-3114+G(2d,p) and cc-pVTZ basis sets , as
well as the composite G4MP2 method. For the NWCHEM calculations, a custom mod-
ule was developed to reproduce the sequence of computational steps of the G4MP2 composite
method as described in the literature , using the corresponding published equations to
obtain the total molecular energy.

Eo[G4(MP2)] :CCSD(FC, T)/6 — 31G(d) + AFEyps + AEgp+

AE(SO) + E(HLC) + E(ZPE),
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where CCSD(FC,T)/6-31G(d) is the energy calculation at the triples-augmented coupled cluster
level of theory, CCSD(T), with the 6-31G(d) basis set, using frozen core; AFEyps and AEpp
are the energy corrections calculated by the MP2 and HF methods accordingly, AE(SO) is
the spin-orbit correction, E(HLC) is the higher-level correction, and E(ZPFE) is the zero-point
energy.

The IR absorption spectra were calculated using the hybrid density functional B3LYP with
the cc-pVT7Z basis set. A scaling factor of 0.967 was applied to the computed harmonic frequen-
cies .

The enthalpy of formation of the investigated compounds was calculated using two ap-
proaches: (I) based on atomization reactions, and (II) based on formation reactions.

The method based on the atomization reaction for the C,,H,N,O. molecule consisted of the
following steps:

1. The atomization energy is calculated by subtracting the total energy of the molecule from
the sum of the total energies of the atoms, where the total energies are determined by
quantum chemical calculations.

2. The enthalpy of formation at OK is calculated by subtracting the atomization energy from
the sum of the enthalpies of formation of gaseous atomic components as stated in the NIST-
JANAF database of thermochemical parameters .

3. The enthalpy of formation at 298.15K is calculated by introducing thermal corrections both
for the molecule and for the atoms, obtained from the quantum-chemical calculation of the

molecule or known from experiment (or calculated from experimental molecular constants).

Reaction schemes used for the calculation of enthalpy of formation are shown in Fig. For
the benzene-based compounds (1-3b, 4), the total energies of the reactants and products were
calculated using the B3LYP hybrid density functional with 6-3114+G(2d,p) basis set. For
the 1,3,5-triazine-based compounds (1-3a), the total energies were calculated using the wB97XD
functional with cc-pV'TZ basis set. The atomization enthalpies used in the calculations for
all investigated compounds were obtained using the composite G4MP2 method .

2. Results and Discussion

2.1. Enthalpy of Formation

Figurepresents the main geometric parameters of the optimized structures. Tablegathers
the results of calculation of the enthalpy of formation by various methods.

The use of the BSLYP functional with the 6-3114+G(2d,p) basis set for atomization-based
calculations yielded the highest enthalpy of formation values for all compounds under investiga-
tion. Based on prior experience, these values appear to be overestimated, as this functional does
not provide high accuracy in thermochemical predictions due to its limited treatment of electron
correlation, dispersion effects, and basis set incompleteness. Upon replacing the basis set with
cc-pVTZ, which had demonstrated good performance in previous studies , the result-
ing values were on average 108 kJ/mol lower compared to those obtained with 6-311+G(2d,p).
The root-mean-square deviation (RMSD) of these values from the results obtained using the
composite GAMP2 method (excluding compound 4) was 57 kJ/mol. The smallest deviation —
5 kJ/mol — was observed for compound 2b. When using the NWCHEM package with a custom
implementation analogous to the GAMP2 method, the RMSD from the G4AMP2 results obtained
in Gaussian 09 was less than 2 kJ/mol. The module developed for these calculations does not
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Figure 2. Isodesmic reaction schemes used to calculate the enthalpy of formation
of investigated tetracycles 1a,b, 2a,b, 3a,b and 4

exactly replicate the computational sequence of the G4AMP2 method as implemented in GAUS-
SIAN 09, but rather employs analogous basis sets and functions available in NWCHEM, which
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Figure 3. Structures and geometric parameters (in A and °) of of tetracycles 1a,b, 2a,b,
3a,b and 4 (calculated at B3LYP/6-311+G(2d,p) level)

may also contribute to the observed discrepancies. In the reaction scheme-based calculations, the
deviation of the obtained results from the G4AMP2 values was less than 2 kJ/mol for most of the
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Table 1. Gas-phase enthalpies of formation of tetracycles 1a,b, 2a,b, 3a,b, and 4 calculated
by different methods (kJ/mol, (kJ/kg))

No Formula o B3LYP G4MP2 NWChem | Reactions | B3LYP/
G4MP2 cc-pVTZ
) CHN R 765.6 764.4 747.3 749.5
a .
oo (3564.5) (3109.6) | (3104.9) | (3036.6) | (3045.7)
) ON 000 | 14616 1352.6 1352.6 1352.5 1372.1
a .
o (5294.8) (4897.4) | (4897.4) | (4899.6) | (4970.7)
5 . o0 | 18749 1849.9 1850.2 1842.1 1754.0
a 5 .
618 (5785.8) (5706.0) | (5707.0) | (5684.6) | (5/12.8)
1169.0 1116.5 11175 1118.2 1096.5
1b CgHgN1o 0.00
(4750.6) (4585.0) | (4539.2) | (4543.9) | (4455.9)
1597.7 1505.2 1507.5 1506.0 1510.0
2b | CyNpy 0.00
(5788.1) (5449.9) | (5458.8) | (5546.0) | (5470.5)
2200.1 2176.6 2179.4 2177.4 2081.8
3b | CgNis 0.00
(6789.2) (6714.0) | (6722.7) | (6719.2) | (6424.1)
1528.3 - - 1146.1 1339.0
4 Ca4HgN15019| 0.23
AT (2186.3) - - (1659.5) | (1915.5)

20
4C+H

Oxygen saturation coefficient: o =

compounds studied. For compounds 1a and 2a, the values obtained using reaction schemes were
lower than those from G4MP2 by 18 and 8 kJ/mol, respectively. For subsequent comparison and
analysis, G4MP2-derived values were used for compounds 1-3a,b, while for compound 4, we
used the value obtained from the reaction scheme approach.

Previously published literature reports enthalpy of formation calculations for compounds
la, 1b, 2b, and 3a, with values very close to those obtained in the present work for the
corresponding structures (differences within 1-5 kcal/mol). In particular, Yang reported
B3LYP/6-311G(d,p)-level enthalpy of formation values for compounds 1b and 2b as 1220.9
and 1602.1 kJ/mol, respectively (literature values have been rounded to one decimal place for
consistency with the present results). These values are 52 and 4 kJ/mol higher than those
obtained in our work using DFT, and 104 and 97 kJ/mol higher than those obtained using the
G4MP2 composite method. The discrepancy between B3LYP-based results may be attributed
to our use of a more extended basis set, and possibly to differences in the optimized geometries.
The deviation from G4MP2 results falls within the expected error margin of DFT methods for
enthalpy of formation calculations. Zeng and co-authors reported a gas-phase enthalpy of
formation for compound 3a of 439.1 kcal/mol (1837.1 kJ /mol), which is approximately 13 kJ/mol
lower than the value obtained in this work using the G4AMP2 method, and 5 kJ/mol lower than
the value calculated using isodesmic reaction schemes. For compound 1a, the table provided by
the authors appears to contain a mix-up in the rows corresponding to the gas-phase enthalpy
of formation; the correct value should be 176.5 kcal/mol (738.5 kJ/mol), which is 27 kJ/mol
lower than our G4AMP2 result and 9 kJ/mol lower than our isodesmic reaction-based value. In
their study, the authors also employed reaction schemes, but of a different composition, and
the enthalpies of formation for the reactants were calculated using the G3B3 method. Qu and
co-authors also reported calculated solid-phase enthalpy of formation values for compounds
la and 3a: 155.3 and 376.1 kcal/mol, respectively (although the article states “kJ/mol”, this
appears to be a typographical error). After conversion, these values correspond to 649.8 and
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1573.6 kJ/mol, which are 116-276 kJ/mol lower than the gas-phase values obtained in our work.
This discrepancy is expected, as the cited literature values correspond to the solid phase and
include the contribution of sublimation enthalpy, which the authors estimated using an empirical
formula within the framework of the Politzer approach.

The obtained computational results clearly demonstrate the relationship between gas-phase
enthalpy of formation and the molecular structure of tris(1,2,4-triazolo)-1,3,5-triazines (1a, 2a,
3a) and tris(1,2,3-triazolo)benzenes (1b, 2b, 3b). Most notably, the specific enthalpy of for-
mation of the tetracycles 1a, 2a, 3a and 1b, 2b, 3b follows a consistent increasing trend with
respect to the substituent: 1 (-NHjy) < 2 (-CN) < 3 (-N3). The lowest specific AHP(g) values
within this series are predicted for the amino derivatives 1a and 1b (AH?(g) ~3-4.5 MJ/kg),
as their structures contain the smallest number of C—N bonds. The enthalpy of formation of the
cyano derivatives 2a and 2b is significantly higher than that of the corresponding amino com-
pounds due to the presence of three additional C=N triple bonds. In turn, the azido derivatives
3a and 3b exhibit the highest enthalpy of formation values in the series (AHf (g) ~6-7 MJ /kg),
as their structures incorporate the highly endothermic, energy-rich azido groups ~-N~-NT=N|,
which are saturated with nitrogen—nitrogen multiple bonds .

It is evident that compounds la, 2a, and 3a, which contain the 1,2,4-triazole ring, ex-
hibit gas-phase enthalpies of formation (both molar and specific) that are 150-350 kJ/mol
(550-1450 kJ /kg) lower than those of their isomeric counterparts 1b, 2b, and 3b, respectively,
which incorporate 1,2,3-triazole rings with identical substituents. This difference is primarily
attributed to the fact that 1,2,3-triazoles, as previously demonstrated by our group , provide
the highest gas-phase enthalpy of formation (AH¢(g)) values among triazole isomers due to their
greater number of endothermic N—N bonds. In addition, the substituents in compounds 1a, 2a,
and 3a are attached to the 1,2,4-triazole rings via carbon atoms, whereas in structures 1b, 2b,
and 3b, the functional groups are bonded to the 1,2,3-triazole rings through nitrogen atoms,
which further contributes to the increase in AHP(g).

Tetracycle 4 exhibits a significantly lower specific AH?(g) compared to the compounds
discussed above, due to the presence of three dinitrophenyl radicals in its structure, which
markedly reduce the enthalpy of formation. This structural feature undoubtedly contributes to
the compounds remarkable resistance to external thermal and mechanical impact.

2.2. IR Spectra and Frequency Analysis

The IR absorption spectra of the compounds under investigation are presented in Fig.

Most of the intense bands in the IR spectra of compounds 1a and 1b are associated with
vibrations in the amino groups. Both spectra exhibit bands corresponding to symmetric and
asymmetric N-H stretching vibrations. In the 1,3,5-triazine-based compound la, these bands
are shifted to higher frequencies — 3565 cm ™! and 3439 cm~! — compared to 3470 and 3371 cm™~!
in the benzene-based isomer 1b. This shift is likely due to the electronic structure of the triazine
ring, which exhibits more pronounced electron-accepting properties than benzene. The N-H
scissoring vibrations appear around 1575 cm™! in the benzene-based compound and are split
into two peaks (1588 cm~! and 1537 cm™1!) in the triazine-based isomer. In the region around
1626 cm~! in compound 1a, the N-H scissoring vibrations are coupled with C-N stretching
modes that connect the amino groups to the triazole fragments. Wagging deformations of the
amino groups are observed at 1118 cm™! in the benzene-based isomer and at 1087 cm™! in
the triazine-based analogue. Compound 1la also exhibits a characteristic scissoring mode at
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Figure 4. IR absorption spectra of tetracycles 1a,b, 2a,b, 3a,b, and 4
(calculated at the BBLYP /cc-pVTZ level)

1428 cm™', in which the nitrogen atom of the amino group vibrates in a motion involving
both the hydrogen atom and a carbon atom of the triazole ring. In the out-of-plane region, the
triazine-based compound exhibits a distinct out-of-plane wagging vibration of the NH group at
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430 cm™!, whereas the benzene-based isomer displays more diverse out-of-plane deformations
distributed across the spectrum at 947, 935, and 62 cm ™.

In the IR spectrum of the benzene-based compound 2b, a distinct band is observed at
2299 cm™!, corresponding to the stretching vibrations of the C=N bonds in the nitrile groups.
In the triazine-based isomer 2a, similar vibrations are located around 2364 cm™'; however,
their IR intensity is extremely low, resulting in the absence of a visible band in the spectrum.

Additional features in the spectrum of compound 2b include a band at 1297 cm ™!

, corresponding
to C-N stretching between the triazole and nitrile group, and a peak at 1155 cm™!, which arises
from complex deformation vibrations involving carbon atoms of the benzene ring and nitrogen
atoms of the triazole rings. In the spectrum of the triazine-based isomer 2a, prominent bands
appear at 1269 cm ™!, attributed to C-N stretching within the triazole rings, and at 1034 cm ™1,
corresponding to N-N stretching vibrations in the triazole moiety.

Both azido-substituted isomers (3a and 3b) are characterized by stretching vibrations of
the external N-N bonds in the azide groups, observed at 2172 cm™! for the benzene-based
compound and at 2215 cm™! for the triazine-based compound. In the spectrum of compound
3b, a band at 1179 cm™! is also observed, corresponding to the internal N-N bond vibrations
within the azide group. The spectrum of compound 3a exhibits the following features: a peak
at 1499 em ™! associated with C-N stretching between the triazole ring and the azide group, and
bands at 1405 cm ™! and 1338 cm ™', which correspond to combined C-N stretching vibrations
in different fragments (triazine and triazole).

The IR spectrum of compound 4 exhibits several intense absorption bands associated with
C-H vibrations in the dinitrophenyl rings: 3129-3125 cm™! corresponding to stretching vibra-
tions, and 1476 cm ™! and 1075 cm ™! corresponding to deformation modes. The compound also
shows characteristic peaks at 1562 cm ™! and 1544 cm™!, attributed to asymmetric N-O stretch-

L corresponding to scissoring deformations

1

ing vibrations in the nitro groups, and at 823 cm™
in the nitro groups. In addition, prominent intensity peaks are observed in the 1592-1589 cm™

region, associated with C-C stretching in all benzene rings; at 1349 cm™!

, corresponding to
C-N stretching between benzene and the nitro group; at 1337 cm™! and 1326 cm ™!, related to
C-C stretching within benzene rings and C-N stretching in the nitrated fragments; at 1320 cm ™!,
attributed to combined C-N stretching vibrations across several parts of the molecule; and at
896 cm™!, corresponding to combined deformation vibrations in the peripheral benzene rings.

Most of the benzene-based compounds (2b, 3b, 4) exhibit characteristic vibrations of the
N-N-N fragment within the triazole ring: 922 cm™! for compound 2b, 964 cm~! for compound
3b, and 938 cm~! for compound 4. The spectra of compounds 2b and 3b also display similar
peaks in the regions of 1328 cm™! and 1352-1344 cm™!, respectively, associated with C-C
stretching vibrations in the benzene rings. The IR spectra of the triazine-based compounds 2a
and 3a are characterized by strong absorption bands at 1557 and 1576 cm ™!, corresponding to
C-N stretching vibrations within the triazine core.

Thus, the IR spectra clearly demonstrate how structural differences — namely, the nature of
the substituents and the type of central ring — affect the vibrational behavior of the molecules.
All observed bands correspond to vibrations characteristic of the respective functional fragments.

3. Computational Details

Quantum-chemical calculations were carried out using the computing facilities of the
Lomonosov Moscow State University Supercomputing Center (project 2312) and the
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computational resources of the Federal Research Center of Problems of Chemical Physics and
Medicinal Chemistry of the Russian Academy of Sciences. Geometry optimizations for all com-
pounds, as well as calculations using the composite GAMP2 method and its adaptation for the
NWCHEM software package (for all compounds except compound 4), were performed on the
volta? partition of the “Lomonosov-2” supercomputer using Intel Xeon Gold 6240 processors
(18 cores, 2.60 GHz, 1497.6 GFlop/s) with GPU acceleration (Nvidia Tesla V100, 900-2G500-
0010-000, 1246 MHz, 7 TFlop/s).

Geometry optimization using the GAUSSIAN 09 software on the wvolta2 partition took ap-
proximately 1 hour for compounds 1-3a,b and 33 hours for compound 4. G4MP2 calculations
for most of the investigated molecules were completed within 11-20 hours; however, the cal-
culation for compound 3a was not completed due to the 48-hour time limit imposed by the
supercomputer. Although the calculation for the structurally similar benzene-based compound
3b finished successfully in 20 hours, the CCSD(T) step (used to account for electron correla-
tion) proceeded significantly more slowly in case of the triazine derivative, causing the overall
computation to exceed the allowed time limit. This may be attributed to the electronic structure
of the triazine core combined with azide groups, which could result in poorer convergence or
increased complexity in the correlation analysis at the CCSD(T) level. In this case, GAUSSIAN
was unable to write a new checkpoint file in time, and upon restart, re-executed the CCSD(T)
step from the beginning.

The NWCHEM software package allows for task distribution across multiple nodes via MPI.
For most of the compounds studied in this work, two nodes per task were used, and the calcula-
tions took between 2.5 and 6.5 hours. For compound 4, which has the most complex structure
among those considered, eight nodes were employed. However, we encountered technical difficul-
ties during the CCSD(T) step under MPI parallelization, as in our previous studies . These
issues may be related to insufficient memory or suboptimal MPI configuration.

DFT calculations using the B3LYP functional with the cc-pVTZ basis set for all com-
pounds were performed using the GAUSSIAN 09 software package on a separate computa-
tional resource with the following specifications: Intel(R) Xeon(R) Gold 6140 CPU @2.30 GHz,
259 GB RAM, and 20 TB of disk space. The computations took between 2.5 and 5.5 hours for
compounds 1-3a,b, and 33 hours for compound 4. The G4MP2 calculation for compound 3a
was also carried out on this system and required approximately 90 hours.

For the enthalpy of formation calculations based on the reaction schemes described above,
data obtained from both computational platforms were used. The total calculation time for
compounds 1-3a,b ranged from 3 to 8 hours, and 121 hours for compound 4. This total runtime
is significantly lower than that of GAMP2 calculations on the supercomputer.

Conclusions

The conducted study enabled an assessment of the efficiency of various quantum-chemical
approaches for calculating the enthalpy of formation of high-energy tetracyclic compounds. The
G4MP2 method was used as a benchmark to evaluate the accuracy of less resource-intensive
methods. It was shown that density functional theory (DFT) using the B3LYP functional with
the cc-pVTZ basis set significantly reduces the overestimation of thermochemical parameters
typical of simpler basis sets and, in some cases, yields enthalpy of formation values close to those
obtained with G4MP2. Calculations based on isodesmic reaction schemes demonstrated strong
agreement with G4MP2 results while requiring significantly lower computational resources. The
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adapted implementation of the G4AMP2 scheme in the NWCHEM software package also showed
good agreement with the original implementation in GAUSSIAN 09, while offering greater flexi-
bility for parallel computing on high-performance computing platforms.

At the same time, it should be noted that the G4MP2 calculation for the most complex
structure under investigation could not be completed in either GAUSSIAN 09 or NWCHEM due
to runtime limitations and the complexity of the CCSD(T) correlation step. This highlights the
limitations of composite methods when applied to large molecules and underscores the relevance
of using less computationally demanding approaches such as reaction schemes and DF'T methods
with carefully selected basis sets.

The analysis of the relationship between molecular structure and thermochemical charac-
teristics confirmed the expected increase in enthalpy of formation along the substituent series
—-NHs < —-CN < —N3, as well as the advantage of tetracycles containing 1,2,3-triazole rings over
their 1,2,4-triazole-based isomers. IR spectrum calculations showed that the characteristics of
the central ring and the nature of functional groups significantly influence the vibrational profile
of the compounds.

The obtained results confirm the feasibility of using reaction schemes and adapted high-
accuracy methods in the modeling of promising energetic molecules and will serve as a foundation
for further evaluation of their energy potential and possible applications.
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