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Theoretical Investigation on Structure and Intermolecular Interaction for HMX/
DMF Solvate
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Abstract: The structures and intermolecular interactions for octahydro-1, 3, 5, 7-tetranitro-1, 3, 5, 7-tetrazocine (HMX) /N, N-dimethylformamide
(DMF) solvate have been investigated through quantum chemistry calculations and molecular dynamics (MD) simulations. MD simulation for a
B-HMX molecule immersed in DMF solvent shows that 8 conformation has been transformed into o form. Theoretical calculations at the MP2/6-31G *
level also indicate that the a-HMX is more stable than g-HMX in DMF solution. This explains why all HMX molecules present a-form in the polymor-
phic forms of HMX/DMF solvate. Geometrical optimizations at the level of MP2/6-31G " are performed for all the possible homodimers and
heterodimers between a-HMX and DMF. Results reveal that C—H --- O hydrogen bond interactions exist between components. Moreover, the
stabilization energy of a-HMX/DMF is very close to that of a-HMX/a-HMX and much larger than that of DMF dimer. This means that the heteromeric
intermolecular forces can compete with the homomeric intermolecular forces, and co-crystallization is possible to occur from the thermodynamics
viewpoint. MD simulation for the supersaturation solution of a-HMX in DMF presents the intermolecular interactions is in favor of co-crystallization.
These theoretical investigations provide valuable information for understanding why there occurs co-crystallization other than re-crystallization in DMF

solution of HMX.
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1 Introduction

Octahydro-1, 3, 5, 7-tetranitro-1, 3, 5, 7-tetrazocine
(HMX, C,HyN,O,) is one of the most widely used ingredients
in various propellants and in several high-performance plastic-
bonded explosives. HMX co-crystallizes with nearly one
hundred organic molecules to produce stoichiometric solids.
The firstly reported crystal structure of an HMX solvate is the
1:1 complex between HMX and N, N-dimethylformamide
(DMF, C,H,NO)""*)_ Co-crystallization with other conform-
ers provide a distinct approach to tailor physicochemical attrib-
utes, such as solubility™’, stability”’, bioavailability™’,
hygroscopicity”’ and mechanical properties'® of an active
pharmaceutical ingredient (API) whilst maintaining the biologi-
cal function of the drug. For the energetic materials, co-crystal-
lization with other compounds also provides an opportunity to
modify both the chemical composition and physical properties
of the explosives through deliberate modification of the confor-
mer. HMX as an ingredient in the vulnerability propellant
formulation sometimes results in the reduction of the combus-
tion velocity”!. Co-crystallization with other compounds may
be an approach to avoid this problem''® """, Besides, it can
improve the sensitive and mechanical properties of HMX!"> ™"/,

HMX is easy to co-crystallize with DMF other than
re-crystallization in. DMF solution. In our experiment of
preparing cocrystal of HMX and TATB in DMF solution, by
chance, we have obtained the single crystal of HMX/DMF
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solvate. HMX/DMF crystallizes in three different polymorphic
forms, belonging to R3¢, C2/c, and R3 space groups“’ji,
respectively. Hereinto, R3c is the most stable crystalline form.
In the polymorphic forms of HMX/DMF, all HMX molecules

present «-conformation possessing a crystallographic 2-fold

axis. In the R3¢ and C2/c crystal structures, the DMF molecule
exhibits twofold disorder and no positions have been re-
tained'' *'. Experiment has also not given the atom coordinates
for the R3 polymorph. So, the crystal structures of the HMX/
DMF polymorphs have not been completely determined in ex-
periments. Theoretically, the prediction of crystal structures of
multi-component molecular crystals, including solvates, salts,
and cocrystals, represents a major challenge in the field of crys-
tal structure. So far, only several studies can be found"" "%,
Since the first reports of the crystal structures of HMX/DMF,
fewer studies are devoted to mechanistic understanding of the
co-crystallization process. In general, for a crystalline system,
if homomeric intermolecular forces dominate, re-crystallization
occurs. On the contrary, co-crystallization occurs'”’. So, in this
work, we have investigated the structures and intermolecular
interactions involved in the co-crystallization of HMX with DMF.
The obtained results can provide important information for under-
standing the co-crystallization mechanism of HMX with DMF.

2  Methodology

2.1 Quantum chemistry calculations

According to X-ray powder diffraction experiments of g8
and a polymorphs of crystalline HMX (CSD code: OCHTET12
for B-HMX; OCHTET for a-HMX)"®' | we have built the unit
cell models. The initial geometries for single molecules are
taken from the unit cells. In terms of the most possible interac-
tion manner, the homodimers and heterodimer of a-HMX and
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DMEF are constructed based on their optimized structures. Since
the electron correlation and dispersion energy are important in
these weak-interaction dimers, we apply the second-order
Meoller-Plesset (MP2) method and 6-31G " basis set to optimize
all the molecular geometries. Stabilization energy in vacuum is
calculated using supermolecular approach and corrected by
counterpoise (CP) method proposed by Boys and Bernardi'"’.
A self-consistent reaction field (SCRF) method with the revised
Polarized Continuum Model (PCM) is used to model the sys-
tem in solution. Applying the PCM model, the relative stability
of a and 8 HMX molecules in DMF is studied. Above all calcu-
lations are performed using the Gaussian03 package'*’.

2.2 Molecular dynamics simulations

The conformation stability of HMX in DMF is explored by
the MD simulation technique. The DMF solvent has the reflec-
tive index n of 1.42817, dielectric constant ¢ of 36.7, and
density p of 0.9445 g - cm~’ at 298 K'*''. Different cubic
boxes are constructed by the Amorphous Cell tool for different
simulations. The energy minimization for the cubic box is
carried out before the dynamics simulation. MD simulation is
carried out in the NVT ensemble with periodic boundary
conditions. The temperature control method is set to be
Andersen, which chooses atom collision times from a Poisson
distribution at each time step and changes their velocities
according to the Boltzmann distribution.

In MD simulations, the Verlet velocity time integration
method is used and initial velocities are set through the
Maxwell-Boltzmann profiles at given temperatures. For
potential energy calculations, the long-range Coulombic and
vdW interactions are calculated by the standard Ewald method
with a precision of 1 x10 ~*'**!. All the simulations are imple-
mented on HPZ600 workstation with Materials Studio ( version
3.0) "), using the Compass force field™"".

3 Results and Discussion

3.1 Conformation stability of HMX molecule in
DMF

The HMX molecular conformation is different in its four
polymorphs known as «, B, y, and 8§ forms''® %!, g.HMX
has a center of symmetry and the a-form possesses a crystallo-
graphic 2-fold axis, whereas the y and § forms obey 2-fold
symmetry only approximately. The ring conformation of HMX
molecule in the g-form can be described as a chair conforma-
tion™’ and will be referred to as the “g-HMX molecule” in
this paper. The other conformation found in « and § modifica-
tions of pure HMX and also believed to occur in y-HMX is not-
ed as the “a-HMX molecule”. In Fig.1 we give the optimized
geometries of HMX and DMF. Geometry optimizations at the
level of MP2/6-31G" indicate that B-HMX conformation is
more stable than o-HMX by 11.14 kJ - mol ™" in vacuum. A
great degree of dipolar interaction between the nitro groups
can be suggested for this disparity in the stability of the two
conformations. The calculated values for the dipole moment
show that the «-HMX and DMF are strongly dipolar
molecules, and their dipole moments are respectively 9.41 D
and 4.28 D. These optimized monomers will be used to build
the dimers in next section.
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a. B-HMX

b. a-HMX
Fig.1 Optimized geometries of HMX and DMF molecules at the MP2/
6-31G " level (C atom in gray, and H atom in white)

c. DMF

In experiment, crystals of HMX/DMF were prepared
through cooling crystallization from the warm saturated solu-
tion of B-HMX in DMF. Therefore, the theoretical model for
MD simulation is constructed by placing a B-HMX molecule in
the cubic simulation box containing 200 DMF molecules
(2428 atoms in total). Initially, DMF molecules are placed
randomly around the HMX molecule. The simulation tempera-
ture is set to be 335 K based on the experiments''’. The time
step is 1 fs with a period of 1 ns. Trajectories are collected at
an interval of 500 fs for subsequent analysis. From Fig. 2, the
evolving process from gB- to a-form can be observed with the
runtime. The conformation of the HMX molecule at 0 ps is
taken from the simulation box after optimized by MM method,
mainly presenting B-form characteristic. After this, in Fig. 2
(b) and Fig.2 (c), the conformation of the HMX molecule
gradually changes toward a-form due to the effects of
surrounding solvent molecules. Finally, in Fig. 2 (d), the
B-HMX molecule has completely converted into the a-form
when the runtime reaches 650 ps.

7R

d. 650 ps

Fig.2  Snapshots from the MD simulations of HMX in DMF ( HMX
molecule denoted as ball-stick and DMF molecules as line in gray)

The binding energy between the HMX molecule and the
surrounding solvent molecules is calculated to account for the
relative stability of different conformation HMX molecules in
DMF. Binding energy calculations are based on the cubic box
containing 200 DMF molecules and a 8- or a-HMX molecule
optimized by molecular mechanics (MM) approach. MM op-
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timization is performed using the Smart Minimizer method with
“fine” convergence level. The calculated binding energy is
230.79 kJ/mol for g HMX and 301.11 kJ - mol ™' for a HMX.
The relative stability of a-HMX with respect to B-HMX is calcu-
lated to be 70.32 kJ - mol™" in DMF. Besides, quantum
chemistry calculations are performed to further explore the
relative stability of the HMX molecular conformation in DMF.
Solvent effects are treated by the PCM model and temperature
is 335 K. The total energy of a a-HMX molecule after PCM
correction is - 1196. 640809 au at the MP2/6-31G " level,
6.81 kJ - mol ™" lower than that of the B-HMX molecule.

All the above calculations indicate that B-HMX can finally
convert into a-HMX when dissolving g-HMX solid in warm
DMEF solvent. This explains why the HMX molecules present
a-form in all the HMX/DMF crystalline forms. The geometry
optimizations for 8- and a-HMX and DMF molecules show that
the «-HMX and DMF are strongly polar molecules, while
B-HMX is nearly non-polar with dipole moment & =0 D. The
strong stability of a-HMX in DMF may be the fact that polar
solvent is in favor of polar conformation molecule.

3.2 Interaction calculations between components

Above calculations have shown that the HMX molecule
exists in the a-form in the warm DMF solution, so, we only
study the interactions of a-HMX with itself and DMF in this
section. In experiment, a-HMX and DMF are known to form
1: 1 solvate. In order to look into the possibility of co-crystal-
lization of a-HMX with DMF, the homodimer and heterodimer
are explored. According to the probable interaction manners,
we build the structures of all possible dimers. All structures are
optimized applying the MP2/6-31G" method. Obtained most
stable geometries are shown in Fig.3 and corresponding stabi-
lization energies and hydrogen bond parameters are given in
Tables 1 and 2. From the calculated stabilization energies with
basis set super position error (BSSE) correction, we can find
that the stabilization energy of the heterodimer a-HMX/DMF is
close to that of the homodimer of a-HMX and much higher
that of DMF homodimer. Besides, BSSE correction energies
are much large for all dimers. According to the criterion put
forward by G. R. Desiraju’®’, hydrogen bonds are defined for
a maximum H---O distance of 2.8 A, a maximum distance be-
tween C and O atoms of 4.0 A, and a minimum C—H:--O
angle of 110°. So, from the Table 2, we can draw that the
C—H---O hydrogen bonding interactions exist in all dimers.

b. DMF/DMF
Fig.3 Dimer structures of a-HMX and DMF optimized at the MP2/6-
31G™ level

a. a-HMX/a-HMX c. a-HMX/DMF

The hydrogen bond geometries listed in Table 2 tell us
that the C—H--- O interactions belong to weak H-bonds. For
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the DMF homodimer, due to large dispersion energy, stacked
conformation is the most stable. In the a-HMX/a-HMX dimer,
hydrogen donors are the methylene H atoms, and acceptors
are the nitro O atoms. For the heterodimer ¢-HMX/DMF, the
hydrogen bonds mainly occur between the DMF carbonyl O
atom and four methylene H atoms of the HMX molecule. The
hydrogen bond geometries are consistent with the experimental
values determined in the R3c polymorph™’. Besides, the
latest experimental investigations by fourier transform infrared
(FTIR), nuclear magnetic resonance ( NMR), and X-ray
diffraction ( XRD ) measures also suggested that the 1: 1
complex HMX/DMF can be formed through C—H---O hydro-
gen bonds™’, but did not gave the structure parameters of the
C—H:--O hydrogen bonds.

Table 1  Energies and dipole moments for possible dimers of a-HMX
and DMF in vacuum

Eo/ au w (D) AED  Eg? AEY
a-HMX/DMF —-1441.082280 18.53 64.89 18.03 46.86
a-HMX dimer  -2386.710576 25.40 75.91 27.57 48.34
DMF dimer —-495.448283 0.00 37.20 18.87 18.33

Note: 1) Stabilization energies without BSSE correction;
2) BSSE correction energies;
3) Stabilization energies with BSSE correction at the MP2/6-31G * level.

All energies except for the total energies ( E,,) are in kJ - mol ~'.

Above calculations show the thermodynamic stabilities of
dimers and hydrogen bond geometries in vacuum. Moreover,
it has verified that a-HMX can form 1: 1 complex with DMF
through C—H --- O hydrogen bonding. Subsequently, we
apply MM method to calculate the stabilization energies of
dimers in DMF and compare their relative stability. Here,we
only focus on the stabilization energies of a-HMX/DMF and
a-HMX/a-HMX in DMF. Placing the two dimers into the
cubic simulation boxes containing 200 DMF molecules, the
stabilization energies are calculated based on the optimized
cubic boxes by MM method. The simulated values are 38.01
and 40.30 kJ - mol ™', respectively. We can find that the rela-
tive stability of two dimers doesn’t change in solvent. Due to
very close stabilization energies, the heteromeric intermolecu-
lar forces are able to compete with the homomeric intermolec-
ular forces during the crystallization process, and co-crystalli-
zation is possible to occur. Of course, re-crystallization or
co-crystallization is also related to crystalline kinetics and
crystal packing arrangements. In order to further investigate this
problem, a molecular dynamics for the supersaturation solution
of a-HMX in DMF is conducted at 298 K and 1 atm. The
reported experimental solubility of HMX is 4.35 g/100 mL DMF
solvent (0.15 mol/L) at 298 K™**. The supersaturation solu-
tion used in MD simulation contains 704 DMF and 15 HMX
molecules with the concentration of 0.28 mol/L (8868 atoms
in total). The solute molecules randomly distribute in solvent.
The simulation box is equilibrated for 1.5 ns with periodic
boundary conditions. The time step used in simulation is 1 fs.

Fig.4 shows the final structure after equilibrated for 1.5 ns.
From Fig.4 (a), we can find that HMX molecules exist nearly
as monomers without any form of aggregation, and the closest
distance of HMX intermolecular atom-atom is larger than 3.9
A, exceeding the van der Waals radii; C---N =3.07 A, C--0O
=2.97 A and O---N =2.90 A. Therefore, the interactions be-
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tween HMX molecules are probably not strong. However,
C—H--- O hydrogen bonding interactions can be found be-
tween a-HMX and DMF. As an example, we only illustrate in-
teractions between a a-HMX molecule and a DMF one in Fig.
4 (b). Therefore, It is predicted that molecular self-assembly
is in favor of the formation of heteromeric intermolecular
forces.

Table 2 Hydrogen bond geometries for possible dimers of a-HMX and
DMF (bond length in A, bond angle in degree)

DMF dimer
0101 =122.8
Ocr—02—np =122.8

a-HMX/DMF a-HMX/a-HMX

Oci—m—o1 =146.6  0ci 101 =0c3—n3—03 =149.6
Oco o1 =147.2 0102 =0cs—n3—o0s =141.0
Ocs—r3—o1 =147.2 Ocr—rp—02 =Oca—na—os =147.2
Ocs—ra—or =146.4  Ocr 1y 03 =0cu 1401 =159.4
dy—or =2.394 din—or =33 =2.689
dyp— o =2.351 A0z =304 =2.687
dys_ oy =2.352 dyy—op =dys_o4 =2.516
Ay o1 =2.392 Ay 03 =ty o =2.435
dey_or =3.369 dey_oy =dey_oy =3.676
dey— o =3.329 dey_op =dey_oy =3.606
des o1 =3.330 dey oy =dcy—o4 =3.485
des_oy =3.372 dey_o3 =dey_or =3.479

dyy_ oy =2.517
dyy oy =2.517

dey_or =3.242
dey oy =3.242

0

1

0

a. HMX molecules distribution

b. interactions between a-HMX and DMF one

Fig.4 Final structures after equilibrated for 1.5 ns by MD simulation
[ (a) HMX molecules distribution and (b) interactions between a
a-HMX molecule and a DMF one in DMF supersaturation solution, this
DMF molecule highlighted in stick]. The broken line denoted as the
distance between the DMF carbonyl O atom and four methylene H
atoms of HMX in A, and the HMX molecule as ball-stick and DMF
molecules as line

As we known, the final crystallization form depends not

only on the enthalpic properties arising from a particular kind of
interaction but also on all the processes that contribute to
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crystal nucleation. Once nucleation of one crystal type occurs,
all the solution equilibria can be displaced to favor the aggre-
gate being trapped in the fastest growing nuclei. In general,
nucleation is very difficult to model due to the requirement for
both exceedingly long simulations times and large system
sizes, though the successfully simulations for the nucleation of
some model systems have been reported using some assump-
tions by MD and kinetic Monte Carlo simulations™® "', In
this work, theoretical study for the structures and interactions
involved in the crystallization process can serve an important
role in explaining the co-crystallization mechanism of HMX
with- DMF. Clearly, further work is needed to study nucleation
and crystal growth by more sophisticated computational

methods such as those in development'** >’

4 Conclusions

In this work, we report the structures and intermolecular
interactions involved in the co-crystallization of HMX with
DMF. The MD simulation indicates that g-conformation will
convert into a-form in DMF solvent due to stronger binding of
a-HMX with surrounding solvent molecules. Quantum
chemistry calculations at the level of MP2/6-31G = also
suggest that a-HMX is more stable than g-HMX. This explains
why all HMX molecules present a-form in the polymorphic
forms of HMX/DMF solvate. The intermolecular interaction
calculations indicate that heteromeric intermolecular forces is
very close to the homomeric intermolecular ones, which
means that co-crystallization process is possible to occur from
the thermodynamics viewpoint. The intermolecular forces are
mainly attributed to the C—H---O hydrogen bond interactions.
Dynamics simulations for the supersaturation solution of
a-HMX in DMF show that the molecular self-assembly makes
for the formation of heteromeric intermolecular forces, which
imply that the co-crystallization may be easier to occur
compared to the re-crystallization.
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WM, Ay RIAEAE C—H--O S A A, 7 H «-HMX/DMF % E L BEIE 3 218 a-HMX/a-HMX, 3F i & K T DMF Bk
B o X B E SRSy 1[0 Sy 0] FR) T4 F 18] 1 3a 4 o NI SRR, L8 it BT e & 42 o W a-HMX 76 DMF o [ 3 4 Al
VWY MD BB, 20 T )R AR T A g A R . X SE RS IE ST X AR ZE HMX B DMF 38 1 P 9 4 % 2E Y 2 S 45 & i A 22
B MRS TAMENREL.
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