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Abstract: The cocrystallization of 1,3,5,7-tetranitro-1,3,5,7-tetrazolidine (HMX) with cyclopentanone
was achieved via a controlled cooling method, followed by comprehensive characterization that
confirmed the α-configuration of HMX within the cocrystal. The enthalpy of dissolution of HMX in
cyclopentanone was assessed across a range of temperatures using a C-80 Calvert microcalorime-
ter, revealing an endothermic dissolution process. Subsequently, the molar enthalpy of dissolu-
tion was determined, and kinetic equations describing the dissolution rate were derived for tem-
peratures of 303.15, 308.15, 313.15, 318.15, and 323.15 K as follows: dα⁄dt = 10−2.46(1 − α)0.35,
dα⁄dt = 10−2.19(1− α)0.79, dα⁄dt = 10−1.76(1− α)1.32, dα⁄dt = 10−1.86(1− α)0.46, and dα⁄dt = 10−2.02(1− α)0.70,
respectively. Additionally, molecular dynamics (MD) simulations investigated the intermolecular
interactions of the HMX/cyclopentanone cocrystallization process, demonstrating a transformation
of HMX from β- to α-conformation within the cyclopentanone environment. Theoretical calculations
performed at theωB97XD/6-311G(d,p) level affirmed that α-HMX exhibited stronger binding affinity
toward cyclopentanone compared to β-HMX, corroborating experimental findings. A comprehensive
understanding of the dissolution behavior of HMX in cyclopentanone holds significant implications
for crystal growth methodologies and cocrystallization processes. Such insights are pivotal for opti-
mizing HMX dissolution processes and offer valuable perspectives for developing and designing
advanced energetic materials.

Keywords: 1,3,5,7-tetranitro-1,3,5,7-tetrazocane (HMX); HMX/Cyclopentanone cocrystallization;
microcalorimeter; enthalpies; dissolution kinetic equation

1. Introduction

HMX, characterized by its eight-membered ring structure, exhibits notable attributes
such as high density, a rapid burst rate, and excellent thermal stability. It is widely employed
as a key component in various high-performance plastic-bonded explosives and propellants.
Under ambient conditions, HMX has three pure crystalline phases (α, β, and δ) and one
hydrate phase (γ) [1–3], of which β-HMX is the most stable crystalline phase at room
temperature and atmospheric pressure and belongs to the P21/c space group [4]. Previous
studies have shown that different crystalline frms of HMX can be obtained by controlling
the cooling rate during the solution crystallization process [5]. Notably, β-HMX stabilizes
in a chair conformation, known for its energetically favorable properties. In contrast, α, δ,
and γ-HMX adopt less stable boat conformations under similar conditions [6].

In 1962, the solvate of HMX with N,N-dimethylformamide (DMF) was discovered [7,8].
To date, dozens of HMX solvate cocrystals have been identified, such as HMX/N-methyl-2-
pyrrolidone, HMX/2,4-dinitro-2,4-diazapentane, and HMX/N-methylpyrrolidone [9–12].
The HMX molecules exhibit α-configuration in HMX/DMF solvates [13]. The HMX molecules
in HMX/1,2-phenylenediamine, HMX/2-bromoaniline, and HMX/3,4-diamintoluene cocrys-
tals are similar to those of α, δ, and γ-HMX [14]. Moreover, solvate crystallization plays a
crucial role in product purification and recycling and provides a safe method for transport-
ing HMX. Despite extensive research by numerous scholars on HMX solvate cocrystals,
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significant gaps remain in understanding the mechanisms of cocrystal processes and the
molecular structures and intermolecular forces involved in solvate cocrystals. Cyclopen-
tanone is a common raw material in the pharmaceutical and fragrance industries [15], and
it performs well as a solvent in the recrystallization of energetic materials. Our experi-
mental work involving the preparation of HMX from cyclopentanone solutions revealed
changes in the crystal morphology of HMX and shifts in the conformation of HMX, which
often display characteristics of cocrystallization. Therefore, a comprehensive exploration
of HMX dissolution dynamics in cyclopentanone is crucial and warrants further inves-
tigation. In addition, molecular dynamics has become a powerful simulation technique.
Some researchers have utilized molecular dynamics (MD) methods to simulate solubility
parameters and explore how different components affect solubility [16–18]. In this study,
we employed a C-80 Calvet microcalorimeter to derive kinetic equations for the dissolution
of HMX in cyclopentanone. This involves measuring the enthalpy changes associated
with HMX dissolution under controlled conditions of 0.1 MPa and temperatures ranging
from 303.15 K to 323.15 K. Additionally, we employed molecular dynamics simulations to
investigate the dissolution characteristics of HMX in cyclopentanone and the structural
and intermolecular interactions involved in its cocrystallization with cyclopentanone. We
also examined the effect of cyclopentanone solvent on HMX’s conformation and the con-
formational transitions present in HMX in the condensed state. Such insights are valuable
for advancing our understanding of HMX crystallization processes and enhancing its
practical applications.

2. Materials and Methods
2.1. Materials

HMX (octahydro-1,3,5,7-tetranitro1,3,5,7-tetrazocine, β-HMX) with purity above 99.5%
was provided by Gansu Yinguang Chemical Industry Group Co., LTD (Baiyin, China).
Cyclopentanone with a density of 0.9510 g/cm3 at 298.15 K was supplied by Beijing Mreda
Technology Co., LTD (Beijing, China). KCL (cr) (spectral purity) was purchased from
Beijing Chemical Reagent Co., LTD (Beijing, China). The water used in these experiments
was deionized.

2.2. Preparation of HMX/Cyclopentanone Cocrystalation

The method of cooling down was used to prepare the HMX/cyclopentanone cocrystal-
lization. With stirring, HMX (140 mg) was dissolved in cyclopentanone (2 mL). The solution
was heated to 353.15 K to ensure uniform dissolution. Then, the temperature was gradually
decreased to 313.15 K at a rate of 0.5 K/min and maintained at 313.15 K for 120 min to
facilitate complete precipitation of crystals. These precipitates were subsequently subjected
to filtration, purification, and vacuum drying processes.

2.3. Characterization of HMX/Cyclopentanone Cocrystalation

Powder X-ray diffraction (PXRD) was carried out on an Intelligent X-ray diffractome-
ter (D/teX Ultra 250, Smartlab SE, Tokyo, Japan) with Cu-Kβ radiation (40 kV, 50 mA)
in the reflection mode, using a step of 0.01◦ in the step scan mode, ranging from 5◦ to
90◦. The chemical characteristics of pure α-HMX, β-HMX, and HMX/cyclopentanone
cocrystallization were investigated by Fourier transform infrared (ALPHA II, BRUKER,
Karlsruhe, Germany) spectrometer in the range of 4000~400 cm−1. The thermal character-
istics of pure α-HMX, β-HMX, and HMX/cyclopentanone cocrystallization were tested
using a Synchronous thermal analyzer (Labsys Evo STA, SETARAM, Lyon, France) heated
from 323.15 to 673.15 K at a rate of 10 K/min. The thermal characteristics of pure β-HMX
and HMX/cyclopentanone cocrystallization at 10 Mpa were tested using a High-pressure
gas adsorption DSC-EGA (sensys, SETARAM, Lyon, France) heated from 323.15 to 773.15 K
at a rate of 10 K/min.
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2.4. Calorimeter Experiment of HMX in Cyclopentanone

All experiments were conducted utilizing a C-80 Calvet microcalorimeter (SETARAM,
Lyon, France), characterized by a sensitivity of 30 µW/mW and a resolution of 0.10 µW.
The enthalpy of dissolution of KCl (spectral purity) in distilled water (9.50 mg/2.10 g) was
measured at 298.15 K to validate the system’s reliability. The determined ∆dissH value
was 17.22 kJ/mol, which closely agrees with the literature value of 17.24 kJ/mol [19]. As a
result, the microcalorimeter used to measure enthalpy is reliable.

The enthalpy change associated with the dissolution of HMX in cyclopentanone was
investigated across a range of temperatures (303.15, 308.15, 313.15, 318.15, and 323.15 K).
To ensure data accuracy, we repeated each temperature measurement three times.

2.5. Computation

We constructed unit cell models using initial β-HMX and α-HMX structures de-
rived from experimental crystal data (CSD code: OCHTET12 for β-HMX; OCHTET for
α-HMX) [1]. The geometrical structures of individual molecules were extracted from these
unit cells. Subsequently, homodimers and heterodimers of α-HMX with cyclopentanone
were constructed based on their optimized structures, employing theωB97XD [20] func-
tional in conjunction with a 6-311G(d,p) basis set. Stabilization energies in a vacuum were
computed using a supramolecular approach and corrected for basis set superposition error
(BSSE) using the counterpoise (CP) method introduced by Boys and Bernardi [21]. In
solution, the system was modeled using the self-consistent reaction field (SCRF) method
with the revised polarized continuum model (PCM). The relative stability of α- and β-HMX
molecules in cyclopentanone was investigated by applying the PCM model. All calculations
were carried out using the Gaussian09 package [22].

MD simulations were used to investigate the conformational stability of HMX in cy-
clopentanone. The reflective index n of the cyclopentanone solvent was 1.435, the dielectric
constant εwas 13.520, and the density was 0.944 g/cm3 (298.15 K). The Amorphous Cell
tool constructed different cubic boxes. Before the kinetic simulations, the cubic boxes were
subjected to energy minimization. The NVT ensemble with periodic boundary conditions,
the Andersen temperature control method, and the COMPASS force field approach were
used in the simulations. All the simulations in this work are performed using the Materials
Studio 2018 software package [23].

3. Results and Discussion
3.1. Crystal Morphology of HMX/Cyclopentanone Cocrystallization

Figure 1 shows optical micrographs of HMX and HMX/cyclopentanone cocrys-
tallization raw materials. As shown in Figure 1a, the raw material HMX is granular
crystals with diameters between 50 and 150 µm. As shown in Figure 1b–d, the mor-
phology of HMX/cyclopentanone cocrystallization differs from that of the raw mate-
rial in that the cocrystals were rod-like crystals with diameters of about 200 µm and
most of them were clustered. This difference in morphology indicates that cyclopen-
tanone, as a solvent for the crystallization of HMX, induces a significant alteration in
crystal morphology.
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Figure 1. Optical microscope images of (a) raw HMX and (b) HMX/cyclopentanone cocrystallization 
and (c,d) polarized microscope images of HMX/cyclopentanone cocrystallization. 

3.2. Chemical Characterization of HMX/Cyclopentanone Cocrystallization 
Figure 2 shows the results of the characterization of the crystal forms of β-HMX, α-
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Figure 2. XRD patterns of pure β-HMX, α-HMX, raw-HMX, and HMX/cyclopentanone cocrystalli-
zation. 

In Figure 2, The strong peaks at 2θ = 14.68°, 20.51°, 23.00°, and 31.86° of β-HMX and 
those at 2θ = 14.79°, 24.59°, and 25.22°of pure α-HMX vanished from the HMX/cyclopen-
tanone cocrystallization pattern. In its place, the new strong peaks developed at 2θ = 6.36°, 
11.01°, 16.83°, 22.11°, and 29.39°. The XRD patterns of HMX/cyclopentanone cocrystalliza-
tion exhibited distinct differences from those of β- and α-HMX, indicating the formation 
of a novel crystal form or cocrystal when HMX was crystallized in cyclopentanone. 

The infrared spectral curves of the compounds of pure β-HMX, α-HMX, raw-HMX, 
cyclopentanone, and HMX/cyclopentanone cocrystallization are shown in Figure 3. The 
results in Figure 3 showed that the raw-HMX is β-HMX, and the crystals precipitated from 
cyclopentanone were HMX/cyclopentanone cocrystallization. Additionally, Figure 3 

Figure 1. Optical microscope images of (a) raw HMX and (b) HMX/cyclopentanone cocrystallization
and (c,d) polarized microscope images of HMX/cyclopentanone cocrystallization.

3.2. Chemical Characterization of HMX/Cyclopentanone Cocrystallization

Figure 2 shows the results of the characterization of the crystal forms of β-HMX,
α-HMX, raw-HMX, and HMX/cyclopentanone cocrystallization.
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Figure 2. XRD patterns of pure β-HMX, α-HMX, raw-HMX, and HMX/cyclopentanone cocrystallization.

In Figure 2, The strong peaks at 2θ = 14.68◦, 20.51◦, 23.00◦, and 31.86◦ of β-HMX and
those at 2θ = 14.79◦, 24.59◦, and 25.22◦of pure α-HMX vanished from the HMX/cyclopentanone
cocrystallization pattern. In its place, the new strong peaks developed at 2θ = 6.36◦, 11.01◦,
16.83◦, 22.11◦, and 29.39◦. The XRD patterns of HMX/cyclopentanone cocrystallization
exhibited distinct differences from those of β- and α-HMX, indicating the formation of a
novel crystal form or cocrystal when HMX was crystallized in cyclopentanone.

The infrared spectral curves of the compounds of pure β-HMX, α-HMX, raw-HMX,
cyclopentanone, and HMX/cyclopentanone cocrystallization are shown in Figure 3. The
results in Figure 3 showed that the raw-HMX is β-HMX, and the crystals precipitated
from cyclopentanone were HMX/cyclopentanone cocrystallization. Additionally, Figure 3
shows that, albeit with some changes, the FT-IR spectra of the HMX/cyclopentanone
cocrystallization are similar to those of pure α-HMX and cyclopentanone, indicating that
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HMX exists in a form similar to the α-conformation in the cocrystal. Among them, the
spectrum of HMX’s C-H stretching vibration peak is 3035.50 cm−1. However, the C-H
stretching vibration of the cocrystal was shifted to 3064.20 cm−1. The ring vibration of
the eight-membered ring was displaced from 962.50 cm−1 and 937.80 cm−1 of β-HMX
to 904.90 cm−1. Therefore, after the HMX/cyclopentanone cocrystallization formed, the
electron cloud density of the eight-membered ring in the molecular structure of HMX
decreased, and the electron cloud density of the C-H bond on the ring increased. More-
over, the C=O stretching bands of cyclopentanone appeared at 1731.60 cm−1 while the
C=O stretching bands of the cocrystallization were displaced to 1719.20 cm−1, suggesting
that the formation of the HMX/cyclopentanone cocrystallization decreases the density
of the electron cloud on the carbonyl group of cyclopentanone. Changes in the FT-IR
spectra are attributed to hydrogen-bonding interactions between HMX and cyclopentanone
molecules in the cocrystallization. Among them, the displacement of the carbonyl charac-
terization peak of cyclopentanone indicates that the hydrogen bonding interaction of the
HMX/cyclopentanone cocrystals occurs between the -CH2 group on the eight-membered
ring of HMX and the carbonyl group of cyclopentanone.
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Figure 3. FT−IR spectra of the raw materials and the cocrystallization.

Figure 4 depicts the TG−DTG curves of HMX/cyclohexanone cocrystallization at
a heating rate of 10 K/min. The boiling point of pure cyclohexanone is 403.15 K, but
due to its complexation with HMX, the boiling point of cyclohexanone is significantly
lowered during the thermal decomposition process of the cocrystallization. According to
Figure 4, the thermal decomposition of HMX/cyclohexanone can be primarily divided
into solvent evaporation and HMX decomposition stages. Therefore, the mass loss of the
HMX/cyclohexanone cocrystallization is primarily caused by the evaporation of cyclo-
hexanone and the decomposition of HMX. Through calculations, it has been determined
that the mass contents of HMX and cyclohexanone in the cocrystal are 48.96% and 14.68%,
respectively, indicating a molar ratio of 1:1 between them.

As shown in Figure 5, the DSC curves further demonstrate the production of HMX/
cyclopentanone cocrystallization. The endothermic peak at 367.70 K was mainly due to
the decomposition of the supramolecular structure of HMX/cyclopentanone, the break-
down of weak interaction forces such as hydrogen bonding in the supramolecular com-
pound, and the solvent molecules of cyclopentanone were removed in a gaseous state.
For pure β-HMX, the endothermic peak at 461.48 K corresponds to the transition peak
of β → δ , while the melting peak occurs at 550.37 K, and the exothermic decomposition
peak is at 554.57 K. As for pure α-HMX, the endothermic peak at 489.38 K represents
the transition peak of α → δ , with the melting peak at 550.15 K and the exothermic de-
composition peak at 554.49 K. Comparing HMX/cyclohexanone cocrystallization with the
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pure phases shows that the melting point (Tm) and decomposition temperature (Tp) of
HMX/cyclohexanone cocrystallization are nearly identical to those of pure HMX particles.
This indicates that cyclohexanone does not affect the non-isothermal stability of HMX in
the HMX/cyclohexanone cocrystal. Meanwhile, we analyzed the enthalpies of the decom-
position peaks of HMX/cyclohexanone, β-HMX, and α-HMX, which were 1143.61 J/g,
1442.41 J/g, and 1375.82 J/g, respectively. Combined with Figure 4, the molar ratio of HMX
and cyclohexanone in HMX/cyclohexanone cocrystals was 1:1, and the theoretical enthalpy
value, if the component HMX were completely decomposed, would be 1468.43 J/g, while
the actual enthalpy of the cocrystallization is lower than the theoretical value, indicating
an interaction between cyclopentanone and HMX. Moreover, the HMX/cyclopentanone
desolvation showed the same thermal characteristics as that of β-HMX, which is consistent
with the literature reports [11].
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Figure 5. DSC curves of pure β-HMX, α-HMX, and HMX/cyclopentanone cocrystallization.

Figure 6 depicts the high-pressure DSC curves of HMX and HMX/cyclopentanone
cocrystallization at 10 MPa. The decomposition peak temperatures of HMX and HMX/
cyclopentanone cocrystallization are nearly identical, suggesting that their non-isothermal
stability is essentially equivalent. In addition, under high pressure, the second decom-
position exothermic peak appeared in HMX, which showed obvious autocatalytic and
autothermal phenomena, while HMX/cyclopentanone cocrystallization did not have
such phenomena.
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3.3. Thermochemical Behavior of HMX in Cyclopentanone

Temperature significantly influences the formation of cocrystals. Therefore, compre-
hending the solubility properties of HMX in cyclopentanone is essential for the efficient
preparation of HMX/cyclopentanone cocrystallization. The dissolution processes for HMX
in cyclopentanone are endothermic, as can be observed from the heat flow curve of HMX
dissolution in Figure 7. In addition, it can be seen from Figure 7 that the heat absorbed
by the dissolution process of HMX in cyclopentanone increases and then decreases as the
temperature increases, with the most heat absorbed at 313.15 K. Table 1 lists the experimen-
tal values of heat changes for the dissolution of HMX in cyclopentanone across varying
temperatures, alongside the corresponding molar enthalpies (∆dissH) for each process.
Here, a is the amount of the substance, b is the molar concentration of the solution, and
Q is the heat effect generated during the dissolution. Because of the solution’s low molar
concentration, the molar enthalpy of an infinitely dilute solution can be expressed using
the value of ∆dissH.
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Table 1. HMX dissolution enthalpies at different temperatures at 0.1 MPa pressure in cyclopentanone.

T (K) 106× a (mol) 102× b (mol/L) Q (J) ∆dissH (kJ/mol)

303.15 8.71 0.87 0.0915 10.50
308.15 9.52 0.95 0.1046 10.98
313.15 9.72 0.97 0.1868 19.21
318.15 9.35 0.94 0.1496 16.00
323.15 8.67 0.86 0.1047 12.11

During the dissolution of substances, two concurrent processes are typically observed:
firstly, solute particles detach from the solid surface and diffuse into the solvent, absorbing
heat; secondly, solute particles interact with solvent molecules to form solvent compounds,
accompanied by heat release. The heat absorbed and released is not equal for different
solutes and solvents. As shown in Table 1, the thermal effect produced by cyclopentanone
during HMX dissolution increases and then decreases with increasing temperature, reach-
ing its highest value at 313.15 K. This may be because HMX is more susceptible to forming
solvent compounds when the temperature reaches 313.15 K and above.

3.4. Kinetics of the Dissolution Process

The kinetic Equations (1) and (2) are selected as model functions to explain how HMX
dissolves in cyclopentanone [13,24–26]:

da
dt

= k f (a), (1)

f (a) = (1− a)n, (2)

Combining Equations (1) and (2) yields Equation (3)

da
dt

= k(1− a)n, (3)

Substituting the a = H/H∞ [27] into Equation (3), we get:

ln
[

1
H∞

(
dH
dt

)
i

]
= ln k + nln

[
1−

(
H

H∞

)
i

]
i = 1, 2, · · · , L · · · , (4)

where a is the conversion degree, H is the enthalpy at the time of t, H∞ is the enthalpy
of the whole dissolution process, k is the rate constant for the dissolution of HMX in
cyclopentanone, and n is the number of reaction stages. Table A1 lists the raw data of HMX
dissolved in cyclopentanone at five temperatures. By substituting the raw data of Table A1
into the kinetic Equation (4), the values of n and lnk are obtained at different temperatures
and are listed in Table 2.

Table 2. The values of n and lnk for the dissolution process at different temperatures.

T (K) n lnk r

303.15 0.3549 −5.6641 0.9940
308.15 0.7911 −5.0505 0.9940
313.15 1.3185 −4.1569 0.9935
318.15 0.4623 −4.2205 0.9901
323.15 0.7517 −4.2940 0.9947

As demonstrated in Table 2, the varying values of n and lnk show that the number of
reaction orders and the rate of HMX dissolution in cyclopentanone varied as the experiment
temperature changed. At 303.15–313.15 K, lnk slightly increased, and at 313.15–323.15 K,
lnk slightly decreased.
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At various temperatures, the dissolving kinetic equations of HMX in cyclopentanone
are described by applying Equations (A1)–(A5), see Appendix A. Equation (5) is utilized as
a model function to depict the rate at which HMX dissolves in cyclopentanone [28].

ln k = ln A− E
RT

, (5)

Based on Equation (5) and Figure 8, the values of E and lnA for the dissolution
process in the temperature range of 303.15–313.15 K were 118.82 kJ/mol and 41.43, re-
spectively, and the values of E and lnA for the dissolution process in the temperature
range of 313.15–323.15 K were −11.53 kJ/mol and −8.28, respectively. The results showed
that the dissolution process could occur readily between 313.15 K and 323.15 K. The com-
plex between HMX and cyclopentanone was more likely to form at temperatures higher
than 313.15 K.
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HMX in cyclopentanone (the red line is the best−fit line).

3.5. Conformation Stability of HMX Molecule in Cyclopentanone

The thermal effect of the dissolution process for β-HMX in cyclopentanone first in-
creases and then decreases with increasing temperature, reaching its highest value at
313.15 K. Thus, based on the experiment, the simulation temperature was set at 313.15 K,
and a β-HMX molecule was placed in the simulation box that had 200 cyclopentanone
molecules (atoms totaling 2828) to create the theoretical model for MD simulation. Cy-
clopentanone molecules initially surrounded the HMX molecule at random. The trajectories
were gathered for further analysis at 500 fs intervals, with a time step of 1 fs and a period
of 1 ns. As depicted in Figure 9, the HMX molecule transforms over time. Previous studies
have shown that the molecular conformations of the four crystalline types (α, β, γ, and
δ crystalline types) of HM X are different: α-HMX is a boat-shaped molecular conformation
with a double axis of symmetry; β-HMX has a chair-shaped molecular conformation with
one center of symmetry [29]; and the molecular conformations of γ-HMX and δ-HMX are
similar to those of α-HMX molecules but do not have a perfect double symmetry [30].
The simulation results showed that the HMX molecules exhibited the characteristics of
secondary axial symmetry under the action of cyclopentanone, so it can be indicated that
the transition from β-HMX to α-HMX occurred under this action. Initially, at 0 ps, the HMX
molecule was optimized to exhibit characteristics of the β-configuration predominantly.
As time progressed, under the influence of solvent molecules, the configuration of the
HMX molecule gradually transitioned toward the α-configuration. By 670 ps, the β-HMX
molecule had transformed into the α-configuration.
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(c) 666 ps; and (d) 670 ps. (HMX molecules are represented by a ball-and-stick, and cyclopentanone
molecules are represented by a line.).

The relative stability of HMX molecule conformations in cyclopentanone was expli-
cated via the computation of binding energies between distinct HMX conformations and
the adjacent cyclopentanone molecules. The cubic box containing 200 cyclopentanone
molecules and one β- or α-HMX molecule was optimized using molecular mechanics
methods to calculate the binding energy between cyclopentanone and HMX. For β-HMX
and α-HMX, the calculated binding energies were 50.38 kcal/mol and 53.54 kcal/mol,
respectively. The electrostatic interaction energy between α-HMX and cyclopentanone was
23.65 kcal/mol, and that between β-HMX and cyclopentanone was 20.01 kcal/mol. The
results showed that the electrostatic interaction between α-HMX and cyclopentanone
molecules was stronger than that between β-HMX and cyclopentanone molecules. Ad-
ditionally, quantum chemistry simulations were carried out to investigate the relative
stability of the HMX molecule configuration in cyclopentanone further. The total molec-
ular energies of α-HMX and β-HMX under vacuum conditions were calculated at the
ωB97XD/6-311G(d,p) level, where the total energy of β-HMX molecules was 2.47 kcal/mol
lower than that of α-HMX. The PCM model treated solvent effects. Following PCM cor-
rection, the total energy of an α-HMX molecule was 0.96 kcal/mol lower than that of a
β-HMX molecule at theωB97XD/6-311G(d,p) level. In addition, the total energy of both
α-HMX and β-HMX molecules in the presence of cyclopentanone is lower than their total
molecular energy under vacuum conditions, and the total molecular energy of α-HMX
is lower.

Based on the aforementioned results, it can be inferred that dissolving solid β-HMX in
cyclopentanone solvent leads to its conversion into α-HMX over time. This is consistent
with experimental observations of α-HMX predominance in the HMX/cyclopentanone
cocrystallization. From a molecular geometry perspective, both α-HMX and cyclopen-
tanone exhibit strong polarity, whereas β-HMX is relatively nonpolar. Therefore, the
solvent’s preference for polar conformations may be the reason for the significant stability
of α-HMX in cyclopentanone.

To explore the possibility of α-HMX cocrystallizing with cyclopentanone, homodimers
and heterodimers of α-HMX were studied. The structures of all possible dimers were
constructed according to the possible mode of interaction. All structures were optimized
using the ωB97XD/6-311G(d,p) level. The most stable configurations obtained are shown
in Figure 10, and the corresponding stabilization energies are given in Table 3. According to
calculations incorporating basis set superposition error (BSSE) correction, the stabilization
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energies of the α-HMX/cyclopentanone heterodimer exceeded those of the cyclopentanone
homodimer and were comparable to those of the α-HMX homodimer. As shown in
Figure 10, C-H· · ·O hydrogen bonding interactions exist in all dimers. Among them,
for the α-HMX/cyclopentanone dimer, a pyramidal hydrogen bonding network was
formed mainly between the four methylene H atoms of α-HMX and the carbonyl O atoms
of cyclopentanone, with bond lengths of 2.35, 2.32, 2.34, and 2.35 Å, respectively. The
simulation results agree with the experimental FT-IR spectroscopy studies that C-H· · ·O
hydrogen bonding enables α-HMX to build a 1:1 complex with cyclopentanone.

Crystals 2024, 14, x FOR PEER REVIEW 11 of 15 
 

 

of the HMX molecule configuration in cyclopentanone further. The total molecular ener-
gies of α-HMX and β-HMX under vacuum conditions were calculated at the ωB97XD/6-
311G(d,p) level, where the total energy of β-HMX molecules was 2.47 kcal/mol lower than 
that of α-HMX. The PCM model treated solvent effects. Following PCM correction, the 
total energy of an α-HMX molecule was 0.96 kcal/mol lower than that of a β-HMX mole-
cule at the ωB97XD/6-311G(d,p) level. In addition, the total energy of both α-HMX and β-
HMX molecules in the presence of cyclopentanone is lower than their total molecular en-
ergy under vacuum conditions, and the total molecular energy of α-HMX is lower. 

Based on the aforementioned results, it can be inferred that dissolving solid β-HMX 
in cyclopentanone solvent leads to its conversion into α-HMX over time. This is consistent 
with experimental observations of α-HMX predominance in the HMX/cyclopentanone co-
crystallization. From a molecular geometry perspective, both α-HMX and cyclopentanone 
exhibit strong polarity, whereas β-HMX is relatively nonpolar. Therefore, the solvent’s 
preference for polar conformations may be the reason for the significant stability of α-
HMX in cyclopentanone. 

To explore the possibility of α-HMX cocrystallizing with cyclopentanone, homodi-
mers and heterodimers of α-HMX were studied. The structures of all possible dimers were 
constructed according to the possible mode of interaction. All structures were optimized 
using the ωB97XD/6-311G(d,p) level. The most stable configurations obtained are shown 
in Figure 10, and the corresponding stabilization energies are given in Table 3. According 
to calculations incorporating basis set superposition error (BSSE) correction, the stabiliza-
tion energies of the α-HMX/cyclopentanone heterodimer exceeded those of the cyclopen-
tanone homodimer and were comparable to those of the α-HMX homodimer. As shown 
in Figure 10, C-H⋯O hydrogen bonding interactions exist in all dimers. Among them, for 
the α-HMX/cyclopentanone dimer, a pyramidal hydrogen bonding network was formed 
mainly between the four methylene H atoms of α-HMX and the carbonyl O atoms of cy-
clopentanone, with bond lengths of 2.35, 2.32, 2.34, and 2.35 Å, respectively. The simula-
tion results agree with the experimental FT-IR spectroscopy studies that C-H⋯O hydrogen 
bonding enables α-HMX to build a 1:1 complex with cyclopentanone. 

 
Figure 10. α-HMX and cyclopentanone dimer structures optimized at the ωB97XD/6-311G(d,p) level 
((a) α-HMX/α-HMX; (b) cyclopentanone/cyclopentanone; (c) α-HMX/cyclopentanone). 

Table 3. The raw data of the dissolution of HMX at different temperatures at 0.1 MPa pressure in 
cyclopentanone. 

 Etot (a.u.) ∆𝑬s 1 (kcal/mol) EBSSE 2 (kcal/mol) ∆𝑬’s 3 (kcal/mol) 
α-HMX/cyclopentanone −1467.05 −14.04 2.29 −11.75 

α-HMX dimer −2392.99 −16.45 3.15 −13.30 
Cyclopentanone dimer −541.12 −9.73 2.24 −7.49 

1 Energies of stabilization without BSSE adjustment. 2 BSSE correction energies. 3 BSSE-corrected 
stabilization energies at the ωB97XD/6-311G(d,p) level. 

Figure 10. α-HMX and cyclopentanone dimer structures optimized at theωB97XD/6-311G(d,p) level
((a) α-HMX/α-HMX; (b) cyclopentanone/cyclopentanone; (c) α-HMX/cyclopentanone).

Table 3. The raw data of the dissolution of HMX at different temperatures at 0.1 MPa pressure in
cyclopentanone.

Etot (a.u.) ∆Es
1 (kcal/mol) EBSSE

2 (kcal/mol) ∆E’s 3 (kcal/mol)

α-HMX/cyclopentanone −1467.05 −14.04 2.29 −11.75
α-HMX dimer −2392.99 −16.45 3.15 −13.30

Cyclopentanone dimer −541.12 −9.73 2.24 −7.49
1 Energies of stabilization without BSSE adjustment. 2 BSSE correction energies. 3 BSSE-corrected stabilization
energies at theωB97XD/6-311G(d,p) level.

Figure 11 displays the equilibrium molecular dynamics simulation results of HMX
in a cyclopentanone environment, revealing C-H· · ·O hydrogen bonding interactions
between α-HMX and cyclopentanone. These interactions suggest a potential mechanism
wherein the hydrogen-bonded structure between HMX and cyclopentanone facilitates
the transformation of β-HMX to α-HMX, culminating in the formation of the α-HMX/
cyclopentanone cocrystallization.
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4. Conclusions

In this work, we have investigated HMX/cyclopentanone cocrystallization mainly
experimentally and theoretically. The main findings can be summarized as follows:

(1) HMX/cyclopentanone cocrystallization was synthesized using a cooling method,
and their structures and properties were characterized using PXRD, FT−IR, TG−DSC, and
high-pressure DSC techniques. The results indicated the formation of cocrystals at 313.15 K
with a 1:1 molar ratio, wherein HMX adopted the α-configuration.

(2) The dissolution behavior of HMX in cyclopentanone was investigated. The results
showed that the heat absorbed during the dissolution of HMX by cyclopentanone increased
and then decreased with increasing temperature, reaching a maximum of 313.15 K. HMX is
more likely to form cocrystallization with cyclopentanone when the temperature reaches
313.15 K and above. The enthalpies of dissolution of HMX in cyclopentanone solvent at
five temperature points and the dissolution kinetic equations were also obtained.

(3) The structural and intermolecular interactions governing the cocrystallization of
HMX with cyclopentanone were investigated via molecular dynamics (MD) simulations.
The findings reveal an intensified binding affinity between α-HMX and cyclopentanone
solvent molecules, facilitating the transition of HMX from its β- to α-configuration, con-
sistent with experimental observations. Quantum chemical calculations conducted at the
ωB97XD/6-311G(d,p) level further affirm the greater stability of α-HMX over β-HMX
within the cyclopentanone solvent, evidenced by lower total molecular energy. The pre-
dominant intermolecular forces identified in this context predominantly involve C-H· · ·O
hydrogen bonding interactions.
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Appendix A

Table A1. The raw data of the dissolution of HMX at different temperatures at 0.1 MPa pressure
in cyclopentanone.

T (K) m (mg) t (s) −(dH/dt)i (mJ/s) (H/H∞) i −H∞ (kJ/mol)

303.15 2.58

200 −0.0289 0.1277

10.5044

400 −0.0315 0.2932
600 −0.0300 0.4515
800 −0.0269 0.5931

1000 −0.0235 0.7119
1200 −0.0200 0.8051
1400 −0.0174 0.8768

308.15 2.82

200 −0.0561 0.2833

10.9809

400 −0.0405 0.5069
600 −0.0293 0.6591
800 −0.0210 0.7629

1000 −0.0168 0.8364
1200 −0.0129 0.8899
1400 −0.0103 0.9293
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Table A1. Cont.

T (K) m (mg) t (s) −(dH/dt)i (mJ/s) (H/H∞) i −H∞ (kJ/mol)

313.15 2.88

200 0.1960 0.2295

18.8202

400 0.1291 0.4536
600 0.0832 0.6144
800 0.0551 0.7329
1000 0.0328 0.8213
1200 0.0187 0.8868
1400 0.0068 0.9352

318.15 2.77

200 0.2192 0.2527

15.8023

400 0.1753 0.4945
600 0.1350 0.6775
800 0.1016 0.8112
1000 0.0727 0.9030
1200 0.0503 0.9595
1400 0.0324 0.9884

323.15 2.56

200 0.1416 0.2280

11.9946

400 0.1041 0.4934
600 0.0687 0.6831
800 0.0433 0.8098
1000 0.0278 0.8922
1200 0.0183 0.9456
1400 0.0097 0.9793

By entering the values from Table 2 into Equation (3), the corresponding kinetic
equations that describe the dissolution rate at the five experimental temperatures:

da
dt

= 10−2.46(1− a)0.35 T = 303.15 K, (A1)

da
dt

= 10−2.19(1− a)0.79 T = 308.15 K, (A2)

da
dt

= 10−1.76(1− a)1.32 T = 313.15 K, (A3)

da
dt

= 10−1.86(1− a)0.46 T = 318.15 K, (A4)

da
dt

= 10−2.02(1− a)0.70 T = 323.15 K, (A5)
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