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he solid–liquid ternary phase
diagrams of 2HNIW$HMX cocrystal†

Qian Jia,‡a Jia Wang,‡a Shijie Zhang,a Jiaoqiang Zhang, *a Ning Liu *b

and Kaichang Kou*a

The influence of temperature and solvent on the solid–liquid ternary phase diagrams of the 2HNIW$HMX

cocrystal has been investigated. Ternary phase diagrams were constructed for the 2HNIW$HMX cocrystal

in acetonitrile and ethyl acetate at 15 �C and 25 �C. HMX and HNIW showed inconsistent dissolution

behavior and congruent dissolution behavior in acetonitrile and ethyl acetate, respectively. In the HMX–

HNIW–acetonitrile system, the 2HNIW$HMX cocrystal has a narrow thermodynamically stable region at

both temperatures. The cocrystal exhibits a wider thermodynamically stable region in the HMX–HNIW–

ethyl acetate system. The results show that the choice of solvent has a crucial influence on the

dissolution behavior of the cocrystal and the size and position of each region in the phase diagram,

while the temperature has no apparent effect on the overall appearance of the phase diagram. By

properly selecting the ratios, the 2HNIW$HMX cocrystal could be prepared by the isothermal slurry

conversion crystallization method.
Introduction

A cocrystal is a combination of two or more compounds, which
are combined in the same crystal lattice with a dened stoichio-
metric ratio relying on non-covalent interactions (hydrogen bonds,
p–p stacking and van der Waals forces), and has solid-state
properties different from those of the pure component materials
or simple physical mixtures.1–3 Recently, co-crystallization, the
method of mixing different single compounds into cocrystals at
the molecular level, has attracted more and more attention in the
eld of energetic materials.4–7 For energetic materials, high energy
is always accompanied by poor sensitivity.8–11 Cocrystallization has
become one of the effective methods to develop energetic mate-
rials with high energy and insensitivity.12 Compared with single
compounds, cocrystal materials can effectively change the physi-
cochemical properties such as density, solubility, and stability
through co-crystallization.13–15 In addition, cocrystal explosives can
effectively improve the safety of energetic materials and reduce the
sensitivity of explosives, thereby solving the contradiction between
the energy and sensitivity of explosives.16–19

2,4,6,8,10,12-Hexanitro-2,4,6,8,10,12-hexazisowurtzitane
(HNIW), also known as CL-20, is a comparatively new energetic
compound with high density, large enthalpy of formation, excellent
lar Science and Technology, School of

hwestern Polytechnical University, Xi'an,

nwpu.edu.cn; koukc@nwpu.edu.cn

aanxi, 710065, China
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e work.
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oxygen balance, and high detonation velocity.20–22 It is regarded as
one of the most potent explosives nowadays, while the application
of HNIW is currently restricted due to its high sensitivity towards
friction, impact, and electric spark.23,24 1,3,5,7-Tetranitro-1,3,5,7-
tetrazocane (HMX) is an explosive compound with good thermal
stability, and it possesses greater explosive power than most ener-
getic materials.25 2HNIW$HMX (in a 2 : 1 molar ratio) cocrystal was
rst synthesized by Dr Bolton, which exhibited high explosive
power and owned a higher oxygen balance.26

Currently, solvent crystallization, spray drying, and grinding are
the commonly used techniques to obtain explosive cocrystals.27–30

However, it is difficult to apply the spray drying method and the
grinding method to the development of industrial-scale
manufacturing of cocrystal. Therefore, the solvent crystallization
method has become the preferred method for industrial cocrystal
preparation. The ternary phase diagram can be used as a guide for
choosing a suitable solvent or a synthetic method for cocrystal
formation and provides a basis for the development of industrial-
scale preparation procedures using solution crystallization.31,32

Ternary phase diagrams can easily show any point represents
a xed composition of the three substances. The phase behavior
of the two pure components in the solvent can provide insights
into the thermodynamically stable region of each phase and the
co-crystallization process.33–35 From our previous work experi-
ence, the size and position of the thermodynamically stable
region of the cocrystal phase depend on the choice of solvent.36

Whether it is a pure solvent or a mixture solvent system, the
symmetry of the phase diagram depends on the solubility of two
pure components in the selected solvent system. If the two pure
components have a large solubility difference in the selected
© 2021 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
solvent, the cocrystal may show inconsistent dissolution
behavior, resulting in an asymmetric ternary phase diagram.
Under the guidance of the asymmetric ternary phase diagram,
the starting solution composition in the cocrystal region should
be adjusted to prepare the cocrystal, which undoubtedly makes
the cocrystal production difficult. If the two pure components
have a similar solubility in the selected solvent, the cocrystal
may show congruent dissolution behavior, resulting in
a symmetric ternary phase diagram. Under the guidance of the
symmetrical ternary phase diagram, the cocrystal can be
prepared by simple cooling crystallization. Therefore, to
develop industrial-scale preparation cocrystal, studying the
symmetry of ternary phase diagram is a simple and reliable
method. In addition, the temperature will directly affect the
solubility of the two pure components in the solvent, which will
undoubtedly have a certain impact on the thermodynamically
stable region of the cocrystal in the ternary phase diagram.37

In this work, the dissolution behavior of the 2HNIW$HMX
cocrystal in different solvents was studied. The solid–liquid
ternary phase diagrams of the cocrystal in acetonitrile and ethyl
acetate were established at 15 �C and 25 �C. This work aims to
study the inuence of temperature and solvent on the dissolu-
tion behavior of the cocrystal and the appearance of the ternary
phase diagrams. Under the guidance of the obtained ternary
phase diagram, the appropriate points were selected from the
thermodynamically stable cocrystal region, and the
2HNIW$HMX cocrystal was prepared and characterized.
Experimental section
Materials

Raw HNIW and HMX were puried by recrystallization using
a solvent/non-solvent method. 2HNIW$HMX cocrystal was also
prepared by the solvent/non-solvent (acetonitrile/distilled
water) method. All solvents for the experiment were obtained
from commercial in analytical grade and without further puri-
cations, and the detailed information is listed in Table 1.
Equipment

Powder X-ray diffraction (PXRD) patterns were carried out on
a MiniFlex 300/600 X-ray diffractometer (D2 Phaser, Bruker AXS
Table 1 Source and mass fraction purity of the materials used in this wo

Materials Source of supply

HNIW Liaoning Qingyang Special Chemical Co., L
HMX Liaoning Qingyang Special Chemical Co., L
Acetonitrile Alfa Aesar, China
Ethyl acetate Alfa Aesar, China
Butanone Guangdong Guanghua Sci-Tech Co., Ltd., C
N,N-Dimethylformamide Alfa Aesar, China
Dimethylacetamide Alfa Aesar, China
Distilled water A.S. Watson Group (Hong Kong) Ltd., Chin

a HPLC is the high-performance liquid chromatography and the purities d
and the purities determined by the supplier.

© 2021 The Author(s). Published by the Royal Society of Chemistry
Gmbh, Germany) in the reection mode with Cu-Ka radiation
(40 kV, 15 mA). Data were collected from 2q ¼ 5� to 50� at a step
size of 0.02�. Fourier Transform Infrared (FTIR) spectrometer
was performed on a BRUKER TENSOR27 (BRUKER, Germany)
with KBr pellets in the range of 4000–400 cm�1. Scanning
Electron Microscopy (SEM) analysis was examined by a VEGA3
LMH instrument. The samples were coated with a thin layer of
gold before observation.

The solubilities of HNIW and HMX were investigated by
high-performance liquid chromatography (HPLC) (LC-20AD,
Shimadzu Corporation, Japan). A Welchrom HPLC column
(5.0 mm, 150 mm � 4.6 mm ID) was used with methanol/water
(70/30, v/v) as the mobile phase. The wavelength of ultraviolet
light was set at 254 nm. The ow rate was 1.0 mLmin�1, and the
injection volume for each sample was 10 mL per sample. Each
experiment was repeated six times.
Construction of the ternary phase diagrams

Slurries of different compositions of HNIW and HMX were
produced in 5 mL syringes, and agitated for 72 h in a water bath
at the specied temperature (25 and 35 �C), during which each
syringe should contain an appropriate amount of solid. Subse-
quently, the saturated solutions were separated through 0.22
mm PTFE lters. Aliquots of solutions were analyzed by HPLC,
and the concentrations of HNIW and HMX were determined by
the calibration curves. The solid phases were collected and
characterized by PXRD and FTIR.

Invariant points are xed solution concentrations at which
two solid phases can exist together in equilibrium. The
invariant points (C1 or C2) were determined at (HNIW + coc-
rystal) region or (HMX + cocrystal) region. These points were
determined by equilibrating a slurry of the two mentioned solid
forms, using the method described by Rodriguez-Hornedo
et al.38 The slurries were equilibrated for 72 h, aer which the
concentrations of HNIW and HMX were measured by HPLC.
Isothermal slurry crystallization

Based on the ternary phase diagrams, isothermal slurry
conversion experiments were carried out for investigation of the
preparation of 2HNIW$HMX cocrystal. The two points were
selected inside the thermodynamic stability region of cocrystal
rk

CAS number
Mass fraction
purity Analysis method

td., China 135285-90-4 0.993 HPLCa

td., China 2691-41-0 0.992 HPLCa

75-05-8 $0.998 GCb

141-78-6 $0.997 GCb

hina 78-93-3 $0.998 GCb

68-12-2 $0.995 GCb

127-19-5 $0.995 GCb

a 7732-18-5 — —

etermined through HPLC in this work. b GC is the gas chromatography

RSC Adv., 2021, 11, 9542–9549 | 9543
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Table 2 Measured solubility values of HMX and HNIW in acetonitrile and ethyl acetate

Solvent T (�C)

Solubility (mol solute/
solvent) Solubility (mol L�1)

Standard deviation
(mol L�1) (n ¼ 4)

Solubility ratio
(HNIW/HMX)HMX HNIW HMX HNIW HMX HNIW

Acetonitrile 15 0.0025 0.0519 0.0630 0.8816 0.0013 0.0009 20.76
25 0.0030 0.0598 0.0739 1.0152 0.0015 0.0015 19.93

Ethyl acetate 15 0.0072 0.1143 0.4248 1.2660 0.0022 0.0011 15.87
25 0.0101 0.1080 0.7163 1.1720 0.0031 0.0016 10.69
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View Article Online
in each phase diagram to establish the conditions for cocrystal
formation by slurry conversion. Pure solid components and the
solvent were mixed in proportions corresponding to the
selected point and agitated for 72 h to establish the solid–liquid
equilibrium. Then, the solid phases were separated from the
solution, allowed to dry and characterized.
Results and discussion
Solubility measurements

The measured solubility values of HMX and HNIW in acetoni-
trile and ethyl acetate at 15 �C and 25 �C are given in Table 2, as
averages of n ¼ 4 experiments, together with standard devia-
tions. As shown in Table 2, the solubility of HMX in the selected
solvents and HNIW in acetonitrile showed an increasing trend
with the increase of temperature. However, the solubility of
HNIW in ethyl acetate showed the opposite phenomenon, that
is, it decreased with increasing temperature, which is consistent
with the experimental results in the literature.39

It is worth noting that at 25 �C, the solubility values of HNIW
in ethyl acetate and acetonitrile are about 10 times and 20 times
that of HMX, respectively. Obviously, the solubility ratio values
of HNIW and HMX in these two solvents showed a signicant
difference, but the differences of solubility of HNIW and HMX
are both an order of magnitude. Therefore, it is desirable to
obtain an asymmetric phase diagram in acetonitrile with
Fig. 1 Ternary phase diagram (a) and the expansion of the diagram (b)
represent starting compositions for cocrystal.

9544 | RSC Adv., 2021, 11, 9542–9549
a larger solubility ratio and an asymmetric phase diagram in
ethyl acetate with a smaller solubility ratio.
Construction of the ternary phase diagrams

In order to gain some insights into the thermodynamics and
phase behavior of the 2HNIW$HMX cocrystal in different
solvents, the ternary phase diagrams of the cocrystal in aceto-
nitrile and ethyl acetate were established at 15 and 25 �C. For
clarity, the solubility of the two pure components and the
invariant points in different solutions were converted to mass
fraction and plotted on ternary axis diagrams to generate the
appropriate ternary phase diagrams.

Ternary phase diagram for HMX–HNIW–acetonitrile system
at 15 �C and 25 �C were constructed, respectively (Fig. 1 and 2).
As expected, HMX and HNIW showed inconsistent dissolution
behavior in acetonitrile, a trend that is common when there is
a wide difference between the two pure components.

The phase diagram at 15 �C (Fig. 1) is divided into six
regions. Region 1 represents an undersaturated solution phase,
and all other regions have consisted of saturated solutions in
contact with it. Region 2, 4, and 6 signify a solution in equi-
librium with solid phases of HMX (blue lled), 2HNIW$HMX
cocrystal (orange lled), and HNIW (yellow lled), respectively.
As for regions 3 and 5, they signify the co-existence of cocrystal
with HMX and HNIW, respectively. The blue dotted line is the
2 : 1 (HNIW : HMX) stoichiometric line. The invariant points
for HMX–HNIW–acetonitrile system at 15 �C. The points (black stars)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Ternary phase diagram (a) and the expansion of the diagram (b) for HMX–HNIW–acetonitrile system at 25 �C. The points (black stars)
represent starting compositions for cocrystal.
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(C1 and C2) in the phase diagram were determined experimen-
tally and expressed by a mass fraction, as shown in Table 3.

As shown in Fig. 1, the cocrystal stable region (region 4)
inclines obviously to the HNIW axis as the solubility of HNIW is
much higher than that of HMX (Table 2). The 2 : 1
(HNIW : HMX) component stoichiometric line does not inter-
sect with the 2HNIW$HMX cocrystal solubility curve, resulting
in an asymmetric phase diagram. This means that no matter
how much acetonitrile is used, for a mixture with a 2 : 1 molar
ratio of HNIW and HMX, a suspension of pure 2HNIW$HMX
cocrystals cannot be obtained. This is because depending on
the amount of solvent used, the cocrystal would eventually
transform to the stable solid phase, i.e., a mixture of cocrystal +
HMX (region 3) or cocrystal + HNIW (region 5). That is, it is
impossible to establish the solid–liquid equilibrium between
the cocrystal solid phase and the stoichiometric solution. As
a result, the solubility of the cocrystal cannot be readily deter-
mined as it transforms into the stable solid phase.40,41

The phase diagram (Fig. 2) has the same area at 25 �C.
Compared with Fig. 1, the cocrystal solid-state phase region
(region 4) in Fig. 2 has become larger. This is because the
solubility of HMX and HNIW increased with the increasing
temperature. As shown in Table 2, although the increasing
temperature has increased the solubilities of the two pure
components by different amounts, the effect of temperature
increase on the solubility of HMX and HNIW is less obvious.
Table 3 Invariant points of HMX and HNIW in acetonitrile

Solvent T (�C) Solid phase in equilibrium

Invariant point
(mass fraction)

HMX HNIW

Acetonitrile 15 HMX + cocrystal 0.0175 0.2958
HNIW + cocrystal 0.0157 0.3209

25 HMX + cocrystal 0.0141 0.3152
HNIW + cocrystal 0.0141 0.3558

© 2021 The Author(s). Published by the Royal Society of Chemistry
This is why the size and position of other solid-state phase
regions did not change signicantly as the temperature
increased. Therefore, Fig. 2 showed the same asymmetry as
Fig. 1. Although the cocrystal still dissolved incongruently, the
2HNIW$HMX cocrystal can be prepared by selecting an appro-
priate point from the diagram.

For the HMX–HNIW–acetonitrile system, the change of
temperature has a certain effect on the size and position of the
thermodynamically stable cocrystal region, but it will not have any
signicant effect on the overall appearance of the phase diagram.

Ternary phase diagrams for HMX–HNIW–ethyl acetate
system at 15 �C and 25 �C were constructed, respectively (Fig. 3
and 4). Regions in the diagram are as same as marked in Fig. 1.
The blue dotted line is the 2 : 1 (HNIW : HMX) stoichiometric
line. The invariant points (C1 and C2) in the phase diagram were
determined experimentally and expressed by a mass fraction, as
shown in Table 4.

Unlike the acetonitrile system, HMX and HNIW showed
consistent dissolution behavior in ethyl acetate. It can be seen
Fig. 3 Ternary phase diagram for HMX–HNIW–ethyl acetate system
at 15 �C. The points (black stars) represent starting compositions for
cocrystal.

RSC Adv., 2021, 11, 9542–9549 | 9545
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Fig. 4 Ternary phase diagram for HMX–HNIW–ethyl acetate system
at 25 �C. The points (black stars) represent starting compositions for
cocrystal.
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from Table 2 that the solubility of HNIW is about 10 times that
of HMX, which means that there is a signicant difference
between the two pure components. Generally, when there is
a signicant difference between the two components, it is easier
to exhibit inconsistent dissolution behavior in the solvent.
However, in this work, HNIW and HMX showed consistent
dissolution behavior, despite their large solubility differences.

Compared with the acetonitrile system, the appearance of
the phase diagram changed considerably. For instance, the
undersaturated solution region (region 1) is larger than in
acetonitrile, the solid-state region of cocrystal (region 4, green
lled) and HNIW (region 6, yellow lled) get larger, the solid-
state region of HMX (region 1, purple lled) get smaller, the
distance between the solvent peak and the cocrystal solubility
curve becomes longer, the 2 : 1 (HNIW : HMX) component
stoichiometric line intersected with the 2HNIW$HMX cocrystal
solubility curve, and the phase diagram showed the congruent
dissolution behavior. These changes are due to the solubility
difference between HNIW and HMX in ethyl acetate has been
reduced. Simultaneously, since this difference still has an order
of magnitude, the cocrystal stable region (region 4) is tilted to
the HNIW axis.

Compared with the phase diagram at 15 �C, the various solid
regions in the ternary phase diagrammoved downward, and the
undersaturated solution phase (region 1) and cocrystal solid
Table 4 Invariant points of HMX and HNIW in ethyl acetate

Solvent T (�C) Solid phase in equilibrium

Invariant point
(mass fraction)

HMX HNIW

Ethyl acetate 15 HMX + cocrystal 0.1016 0.2649
HNIW + cocrystal 0.0919 0.3015

25 HMX + cocrystal 0.1413 0.3024
HNIW + cocrystal 0.0978 0.3543

9546 | RSC Adv., 2021, 11, 9542–9549
phase (region 4) occupied broader regions. It can be seen from
Table 2, as the temperature increased, the solubility of HMX
increased, while the solubility of HNIW decreased. The
increasing temperature has a more noticeable effect on the
solubility of HMX, resulting in a larger cocrystal stable region
near the HMX side. Since the cocrystal dissolved congruently, the
solubility of 2HNIW$HMX cocrystal can be determined gravimet-
rically. Based on eqn (1) (ESI†) the measured solubility values of
the cocrystal in ethyl acetate at 15 �C and 25 �C were 0.0862 and
0.0884, respectively. The results show that the choice of solvent has
a crucial inuence on the dissolution behavior of the cocrystal and
the size and position of each region in the phase diagram.
Although the temperature has no apparent effect on the overall
appearance of the phase diagram, it could affect the size of the
thermodynamically stable region of the cocrystal.

The experimental results show that the dissolution behavior
of the cocrystal cannot be predicted only by the solubility of the
two pure components of the cocrystal in the solvent. In other
words, the solubility of the two pure components of the coc-
rystal in the solvent cannot be used to reliably predict whether
the dissolution behavior of the cocrystal is consistent or
inconsistent. Compared with the temperature, the solvent plays
a vital role in affecting the dissolution behavior of the cocrystal
system. In addition, the experimental results of the 2HNIW$HMX
cocrystal ternary phase diagram have special guiding signicance
for the development of industrial-scale cocrystal manufacturing.
Based on the consistent dissolution behavior of the cocrystal in
ethyl acetate, the cocrystal could be prepared by simple cooling
crystallization, which signicantly simplies the cocrystal prepa-
ration process in industrial production.
Isothermal slurry co-crystallization

In order to prove the reliability of ternary phase diagrams, the
most effective method is to select the combination points from
the thermodynamically stable region of the cocrystal to prepare
Fig. 5 PXRD patterns of 2HNIW$HMX cocrystal prepared by
isothermal slurry co-crystallization method.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the cocrystal. In region 4 of each ternary phase diagram, the
points represented by the star symbol were selected to prepare
the 2HNIW$HMX cocrystal by the isothermal slurry conversion
crystallization method in acetonitrile and ethyl acetate. Powder
X-ray diffraction (PXRD) patterns of cocrystals obtained by this
method from the different experimental conditions at equilib-
rium are shown in Fig. 5. It can be seen from the gure that the
PXRD curves of the cocrystal overlap to a large extent with the
curves of the two pure components, but at the same time, they
also show some differences. For example, the diffraction peaks
at 2q of 12.8�, 26.0�, 30.7� of pure HNIW and those at 2q of 14.7�,
20.4�, 31.9� of pure HMX disappeared in the cocrystal curve, and
the new sharp diffraction peaks at 2q of 11.65�, 13.40�, 18.76�

emerged in the cocrystal curve. Such differences can be attrib-
uted to the formation of cocrystals. The results of the FTIR
spectrum of 2HNIW$HMX cocrystal are shown in Fig. 6. To
a large extent, they are the superposition of the HMX and HNIW
spectra, while some differences exist. The C–H stretching bands
of HNIW appear at 3040 and 3016 cm�1, and that of HMX are at
3030 and 2985 cm�1. However, the C–H stretching vibration of
cocrystal has a certain degree of displacement. FTIR spectra of
cocrystal have signicant differences in the range of 1435–
1410 cm�1 compared to the HNIW and HMX. The major
difference is that the cocrystal exhibits low-intensity peaks,
which may be caused by the formation of the hydrogen
bonds.42,43 The results of FTIR spectra conrm the formation of
2HNIW$HMX cocrystal as the supplement of PXRD. SEM anal-
ysis was carried out to compare the external appearance of
HMX, HNIW, and cocrystal (Fig. S3†). The results show that
HMX and HNIW exhibit polyhedral prismatic shape and irreg-
ular spindle shape, respectively. However, the obtained
2HNIW$HMX cocrystal could be differentiated by its prismatic
crystal shape. Therefore, the difference in external appearance
between the cocrystal and the two pure components indicates
that the cocrystal has a new microstructure. Compared with the
Fig. 6 FTIR spectra of 2HNIW$HMX cocrystal prepared by isothermal
slurry co-crystallization method.

© 2021 The Author(s). Published by the Royal Society of Chemistry
ref. 44, the characterization results (SEM and PXRD) of the
2HNIW$HMX cocrystal are consistent with the results in the
reference, which further approved the successful preparation of
2HNIW$HMX cocrystal instead of its mixture.
Conclusions

Ternary phase diagrams of the 2HNIW$HMX cocrystal in
acetonitrile and ethyl acetate were established at 15 �C and
25 �C. HMX and HNIW exhibited inconsistent dissolution
behavior and congruent dissolution behavior in acetonitrile and
ethyl acetate, respectively. The solvent has a crucial inuence on
the cocrystal dissolution behavior and can signicantly affect
the width of the cocrystal stable region. The 2HNIW$HMX co-
crystal has a narrow thermodynamically stable region in
acetonitrile and a wider thermodynamically stable region in
ethyl acetate. The results showed that the appearance of the
phase diagram depends strongly on the choice of solvent, and
the temperature has a weak effect on the phase diagram. Under
the guidance of the phase diagram, the 2HNIW$HMX cocrystal
has been prepared by isothermal slurry conversion crystalliza-
tion method and characterized.
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37 D. Ahuja, M. Svärd and Å. C. Rasmuson, Investigation of
solid–liquid phase diagrams of the sulfamethazine–
salicylic acid co-crystal, CrystEngComm, 2019, 21, 2863–2874.
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