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Fig. 1. (a) F-V curves calculated at experimental temperature using different functional and dispersion correction schemes; (b) PBE

functional combined with D3 dispersion correction scheme, zero point energy effect and temperature effect calculation of LLM-105

cell volume and experimental error.
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Table 1.  Structural parameters of LLM-105 calculated by dispersion correction scheme (PBE-D2/D3) combined with zero-

point energy and temperature effects at experimental temperature. The deviation is given under each calculated value.

V/A3 a/A b/A /A 8/()
Expt.m 748.16 5.716 15.850 8.414 101.041
PBE-D2 745.83 5.62 16.30 8.25 99.46
(-0.31%) (-1.60%) (2.82%) (-1.96%) (-1.57%)
PBE-D3 748.26 5.74 15.81 8.39 100.39
(0.01%) (0.36%) (-0.25%) (-0.32%) (-0.65%)
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Fig. 2. Calculated cell volume (a) and lattice parameters (b) at elevated temperature, compared with experimental values!'!;

(c) variation of thermal expansion coefficient of LLM-105 with temperature increasing; (d) diagram of molecular structure and inter-

layer stacking of LLM-105, where the pink, brown, blue and red balls represent hydrogen, carbon, nitrogen and oxygen atoms, re-

spectively.
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Fig. 3. Hirshfeld, fingerprint, and intermolecular interactions of LLM-105 crystal, the gray area represents the Hirshfeld surface of

LLM-105 crystal and its mapped two-dimensional fingerprint, where the blue and red areas represent the positive and negative elec-

trostatic potential of the atoms, respectively.
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Fig. 4. (a) Changes of intermolecular interactions of LLM-105 crystals at 0-500 K; (b) evolution of centroid distance of interlayer

molecules under temperature; (c) variation of the bond population in LLM-105 molecules with temperature increasing; (d) calcu-

lated dihedral angle between nitro group (—NO,) and C—N ring plane with temperature increasing.
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Fig. 5. Heat capacity (a) and entropy (b) of LLM-105 crystal as a function of temperature under constant-volume (black line) and

constant-pressure (red line) conditions, respectively.
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Fig. 6. (a) Variation of bulk modulus of LLM-105 crystal under isothermal (B;) and adiabatic (B;) conditions with temperature

increasing; (b) the complete set of second-order elastic constants of LLM-105 crystal and its temperature dependence.
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Abstract

2,6-diamino-3,5-dinitropyrazine-1-oxide (LLM-105) is a typical high-energy and low-sensitivity energetic
material (EM), which has excellent detonation performance and thermal stability. In the quasi-harmonic app-
roximation, the dispersion corrected density functional theory is used to study the intermolecular interactions
and thermodynamic properties of energetic LLM-105 crystal. By introducing the zero-point energy and
temperature effect corrections, PBE-D3 dispersion correction scheme can significantly improve the calculation
accuracy of structural parameters at an experimental temperature (294 K). The temperature dependent lattice
parameters and thermal expansion coefficients exhibit strong anisotropy, especially the thermal expansivity in b-
axis orientation (intermolecular layers) is much higher than that in the ac plane (intramolecular layers).
Through Hirshfeld surface and fingerprint analysis, it is found that the intermolecular interactions of LLM-105
are mainly O---H hydrogen bonding interactions. The change of intermolecular interactions will result in the
rotation of nitro group, which can contribute to forming new hydrogen-bonding interaction pattern. Mulliken
population analysis shows that the bond order of C—NO, bond is more sensitive to the change of temperature,
so this bond may be a trigger bond for the high-temperature decomposition reaction of LLM-105.

The fundamental thermodynamic properties of EMs can not only provide key parameters for mesoscopic or
macroscopic thermodynamic simulations, but also gain theoretical insights into the temperature effects of EMs.
Specific heat capacity reflects the amount of heat to be supplied to heating the matter and it is important to
make the risk assessment of EMs during storage or when exposed to external thermal stimuli. Herein, the basic
thermodynamic parameters, such as heat capacity, entropy, bulk modulus and elastic constants under different
conditions are predicted. Among them, the calculated heat capacity and entropy describe the nonlinear
behaviors within a temperature range of 0 to 500 K, and the calculated isobaric heat capacity C,(T) is in good
agreement with the available experimental measurements. The elasticity of material describes the macroscopic
response of crystal to external force, and the bulk modulus B, of molecular crystal can be determined through
the equation of state, which is an important parameter for evaluating material stiffness. The bulk modulus
under adiabatic condition is in reasonable agreement with experimental value, and the evolution of bulk
modulus with temperature reflects the softening behavior of LLM-105 at temperature. Furthermore, the
complete set of second-order elastic constants (SOECs) of LLM-105 is calculated and 13 independent SOECs
(Ch1, Ciay Cisy Cisy Chyy Cosy Cosy Oz, Css, Cuyy Cugy Cssy Cgg) are predicted. With the increasing temperature, all
elastic constants gradually decrease due to the weakening of intermolecular interactions of LLM-105. Overall,
these results will fundamentally provide a deep understanding of temperature effects and serve as a reference for
the experimental measurement of the thermodynamic parameters of EMs.

Keywords: LLM-105, thermodynamic properties, intermolecular interactions, quasi-harmonic approximation
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