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The purification of isomer monomers with high purity is
extremely important, particularly in the fine chemical industry,
pharmaceutical industry, and so on. Herein, a selective
cocrystallization (SCoC) technology based on non-covalent
interactions between the target compound and cocrystal
conformers was developed to effectively separate isomer
mixtures. The unique and efficient selectivity nature of
conformers and the general applicability of the selective
cocrystallization method was tested through separating and
purifying cresol isomer mixtures, pyridinecarboxamide isomer
mixtures, and cis-/trans-butenedioic acid mixtures. Moreover, the
nature of selective recognition to cocrystallize was confirmed
both in the solution and solid states. Thus, this study
demonstrates the feasibility of this novel SCoC technology, which
is a new method for separating isomer mixtures.

The effective separation of isomer mixtures into pure species
is a critical and challenging industrial process and has always
been highly concerned by scientists and researchers. An
effective separation approach leading to highly pure isomer
monomers is of utmost importance,”* in particular, for the
fine chemical industry, pharmaceutical industry, materials,
etc. However, since the molecular characteristics (including
molecular volume, molecular shape, dipole moment, and
polarization strength) of isomer monomer molecules are very
close, the isomers have little difference in physical properties®
(e.g., boiling point, density, and solubility), which makes the
separation of isomers difficult by conventional methods.?
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At present, alternative separation technologies developed
for the isomer mixtures include the adsorptive separation
method using selective ordered porous solid adsorbents,
such as zeolitic imidazolate frameworks (ZIFs)," metal-
organic frameworks (MOFs) materials™® (also known as
porous coordination polymers), covalent organic frameworks
(COFs),”® hydrogen-bonded organic frameworks (HOFs),”"°
hybrid mixed-matrix membranes,"" and MOF-based
membranes;"'>"? the separation method using nonporous
organic solid materials;'"® the separation method using
nonporous adaptive crystals;'®™"® special distillation (e.g.,
molecular distillation,'® and extractive distillation®®); the
chromatographic  separation (e.g,, supercritical fluid
chromatography separation®"*?); capillary electrophoresis

(e.g., capillary zone electrophoresis®®** and capillary
electrochromatography®*>7); chemical (kinetic)
resolution;®*°  and  (non-selective)  cocrystallization

technology.*® However, the above-mentioned separation and/
or purification methods have certain disadvantages in
industrial applications, such as difficult to scale-up, high
energy consumption, and high equipment and installation
costs. Therefore, it is of great significance to explore new
energy-friendly and easy-to-scale-up strategies for the
purification of isomer mixtures. As an emerging method of
using non-covalent interactions between the target
compound and conformers (CCFs), the cocrystallization
method has the potential to separate isomer mixtures into
pure monomers with high purity. Although this method has
been reported to separate*’* compounds that cannot form
salts while having high purity requirements (such as high
purity active pharmaceutical ingredients), the mutual
recognition and its selectivity for the formation of cocrystals
between the target compounds and different conformers,
which is different from the single target molecule and causes
change in the lattice energy and/or dissolution properties of
the target molecule, were not revealed and well understood.
The general rules for the selection of conformers that can be
used to form cocrystals with each target monomer were not

This journal is © The Royal Society of Chemistry 2021
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established.***>  Therefore, the development of the
cocrystallization method is still mainly dependent on trial-
and-error experiments, which are quite time-consuming.*®

Herein, we introduced a method based on the principles of
supramolecular chemistry and crystal engineering for the
resolution of isomer mixtures via the selective cocrystallization
technology (Scheme 1). The selective cocrystals refer to those
cocrystals that coformers can only selectively interact with a
certain isomer monomer via non-covalent interactions and
that have higher and specific selectivity than these common
and non-selective cocrystals. Moreover, the crystallization
process that forms selective cocrystals is called “selective
cocrystallization (SCoC)”. Moreover, we also found that the
selectivity can not only be observed in the solid-state
cocrystals but also in the supramolecular synthons that will
be used as precursors of these selective cocrystals in the
solution state. Cocrystallization typically depends on non-
covalent interactions between different molecules,*®
such as H-bonding, halogen bonding,*’° n-stacking, and
charge-transfer,”*** which are universal. The selective
cocrystallization (SCoC) technology developed in this study
can be industrially used for the separation of different types
of isomer mixtures.

The target compounds, cresol isomers (i.e., m-cresol, MC;
o-cresol, OC and p-cresol, PC, respectively. See in Fig. S17),
used as a model system to develop the SCoC technology are
important chemicals and are in huge demand for the
manufacturing of antioxidants, phenolic resins, plasticizers,
inhibitors, agricultural chemicals, antiseptics, disinfectants,
and surfactants but difficult to separate.**™*> They all have
strong H-bonding donor and/or acceptor sites. Moreover,
urea (U), oxalic acid (OXA), and piperazine (PP) (see in Fig.
S1t) were selected as CCFs for SCoC. Moreover, SCoC in the
solution and solid states was studied, and the technology was
applied to the separation of isomer mixtures. The selective
cocrystallization has a low dependency on the solvents as it
can be carried out in toluene or other low-polar organic
solvents or even without solvents.
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Cocrystallization experiment (Scheme 1) results showed
that U has significant selectivity towards MC and OC, while
OXA has opposite but prominent selectivity towards PC.
When the selective CCF I (U) was added to the cresol mixture
(only containing MC and PC since OC can be removed by
distillation in advance or only containing OC and PC), only
MC (or OC) combined with U to form cocrystals and
precipitated out, while PC does not interact with U and
remained in the mother liquor, as shown in the process (1)
of Scheme 1. Similarly, when CCF II (OXA) was added to the
same cresol mixture, only PC formed cocrystal with OXA and
precipitated out, while MC remained in the mother liquor, as
shown in the process (2) of Scheme 1. Interestingly, when
CCF 1II (PP) was added to the cresol mixture, both MC and
PC combined with PP to form cocrystals. However, the
melting points of these two cocrystals were quite different
(MC_PP cocrystal: 61.7 °C; PC_PP cocrystal: 92.6 °C, Fig. S27).
Moreover, no selectivity phenomena were observed from CCF
III (PP), as shown in the process (3) of Scheme 1.

The MC_U cocrystal and OC_U cocrystal exhibited similar
physiochemical properties (see Fig. 1 and Fig. S2-S71) and
crystal structures (Fig. 2, S8 and S10 and Tables S1 and S27).
Moreover, single-crystal X-ray analyses showed that PP also
exhibited micro-level selectivity towards cresol monomers. In
these selective cocrystallization systems, U, as an H-bonding
acceptor, can selectively form cocrystals with MC and OC in a
stoichiometric ratio of 1:1, while it cannot form cocrystals
with PC. There are three different types of supramolecular
synthons: two supramolecular heterosynthons formed by U
and MC/OC (i.e., Synthon I, O-H:--O, and Synthon II, N-
H---O, Fig. 2), and one supramolecular homosynthon, formed
by two self-complementary functional groups (ie., urea
homodimers, Synthon III, N-H:--O), which form one type of
diamond-shaped  one-dimensional ~LSAMs (long-range
synthon Aufbau modules, LSAMs (1D)),"*™*® as shown in
Fig. 2a and b. The LSAMs (1D) were extended into two-
dimensional LSAMs (LSAMs (2D), Fig. S9a and bf) by
n-stacking and H-bonding in Synthon III. The OXA

Selective cocrystals I EE General
cocrystals
‘ 1 I l Selective cocrystals I H

Scheme 1 Ways to apply the SCoC technology for the resolution of the mixtures of isomers.
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Fig. 1 Single crystals of a) MC_U cocrystal exhibiting a regular
hexagonal shape, b) OC_U cocrystal exhibiting a regular rectangular, c)
MC_PP cocrystal exhibiting a regular prism shape, d) OC_PP cocrystal
exhibiting a regular prism shape, e) PC_PP cocrystal exhibiting long
columnar and f) PC_OXA cocrystal exhibiting regular rhombus flakes.

conformer, as a strong H-bonding donor, can selectively form
cocrystal (PC_OXA cocrystal) only with PC in a stoichiometric
ratio of 1:2, while it cannot form cocrystals with MC and OC.
Moreover, two types of supramolecular heterosynthons form
LSAM (1D) (Fig. 2f) with a cyclic hydrogen bonding topology
(Ry*(14)) are stacked into LSAMs (2D) with a step-like
architecture under n-stacking, as shown in Fig. S9f.f More
interestingly, the PP molecule can act as both an H-bonding
donor and acceptor. Although it can form cocrystals with all
three cresol isomers in certain stoichiometric ratios, the
formed cocrystals exhibited some selectivity: PP can form
MC_PP and OC_PP cocrystals with MC and OC in the ratio of
1:2, while it can form PC_PP cocrystals with PC in the ratio
of 1:1, which means that the PC molecule cannot form
cocrystals with a PP molecule in a stoichiometric ratio of 1:
2. Furthermore, the LSAMs (1D) (Fig. 2c and d) with a ladder-
like architecture is the outstanding structural features of
MC_PP and OC_PP cocrystals, which contains two
supramolecular heterosynthons (Synthon I, O-H---N and
Synthon II, N-H---n) by different but complementary
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functional groups. In addition, the LSAMs (1D) form LSAMs
(2D) in an inverted V-shape, as shown in Fig. S9¢ and d.f On
the contrary, the PC_PP cocrystal exhibited variability because
it is composed of two supramolecular heterosynthons
(Synthon I, O-H:--N and Synthon II, N-H--'n) and one
supramolecular homosynthon (Synthon III, N-H---N), which
first form LSAMs (1D) in a herringbone cross structure
(Fig. 2e). Then, due to the n-stacking, two herringbone LSAMs
(1D) chains in opposite directions form LSAMs (2D), as
shown in Fig. S9e.}

To investigate the intermolecular interactions between the
cresol molecules and their selective conformers in the
solution, nuclear magnetic resonance (NMR) and attenuated
total reflectance Fourier transformed infrared spectroscopy
(ATR-FTIR) techniques were applied. The concentration-
dependent 'H NMR data showed that the intermolecular
interactions of cocrystals became stronger and more clear
with the amount of cocrystals (or host and CCFs with a
certain stoichiometric ratio) added (as shown in Fig. 3, S11
and S127). Under the circumstance of no cocrystal formation,
the "H NMR data showed that the intermolecular interaction
was weaker. Compared with the same CCFs that can form
cocrystals, the change in the degree of the chemical shift of
the related functional groups of cresols that cannot form
cocrystals was either lower or not observable at the same
concentration (as shown in Fig. S11 c-ef). In addition,
comparing the concentration-dependent "H NMR data of MC
(Fig. 3d and S127) and selective cocrystals (Fig. 3a and b), it
can be found that the change in the degree of the chemical
shift of OH in selective cocrystals was much greater than that
in MC under the same concentration. These results underline
a strong association between MC/OC and U, and PC and
OXA, respectively. Moreover, these data demonstrate that
cresol molecules and the selective CCFs can selectively bind
in the solution, which also confirms that these selective
supramolecular synthons already exist as precursors in the
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Fig. 2 1D LSAMs of cocrystals, a) MC_U, b) OC_U, c) MC_PP, d) OC_PP, e) PC_PP, and f) PC_OXA, respectively. The molecules are coloured by
symmetry equivalence method, and the light blue dotted line (representing X-H---Y type) and light purple dotted line (representing n---H type)

indicated different types of H-bonding in the cocrystals, respectively.
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Fig. 3 The concentration-dependent *H NMR data of OH (cresols) in

DMSO-d6. a) MCU cocrystals, b) OCU cocrystals, c) PC + U, and d)
MC.

solution and carry over into the final selective cocrystals. The
ATR-FTIR data of the solution containing cresol isomers and
CCFs, with a certain ratio at numerous temperatures, showed
that the content of the supramolecular synthons and the
strength of intermolecular interactions in the solution are
temperature-dependent.>®>*

In the solution or solid-state, the specific selective
recognition of cresol and its corresponding CCFs can be used
for the effective separation of isomer mixtures, particularly
for the effective separation of MC and PC. Specifically, U can
only combine with MC, and hence can be used to selectively
separate the mixture containing MC/PC with a certain molar
ratio (e.g., 1:0.5, 1:1, 1:2, and 1:5) since 1:1 cocrystal
MC_U can be formed with high yield and purity. Further,
OXA can selectively interact only with PC in the cresol
mixture containing MC and PC since 2:1 cocrystal PC_OXA
can be formed with high yield and purity. All the products
were confirmed by PXRD and GC (Fig. S13-S157). Notably,
these selective cocrystals formed by the SCoC technology
were up to 99.5% pure. With these experiments, we
demonstrated that the SCoC technology could be applied to
separate isomer mixtures into monomers with high purity via
the formation of cocrystals.

The formation of selective cocrystals was also demonstrated
in the solid-state by using neat grinding (NG) or liquid-
assisted grinding (LAG) method. Particularly, competitive
milling experiments were performed by mixing 1 equivalent of
MC and/or PC with 1 equivalent of U and/or OXA, respectively.
PXRD analyses (Fig. S161) showed that only MC_U cocrystals
and PC_OXA cocrystals could be formed, respectively.

To test the general applicability of the SCoC design based
on H-bonding, some other CCFs, such as thiourea (TU),
imidazole (IMZ), malonic acid (MAA), and succinic acid (SUA)
that possess structures similar to that of conformers having
selectivity (mentioned above), were applied to cocrystallize
with MC and/or PC. PXRD analyses showed that thiourea and
other dicarboxylic acids cannot form selective cocrystals,

This journal is © The Royal Society of Chemistry 2021
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regardless of the cocrystallization methods used (e.g., NG or
LAG, solution crystallization, and melt crystallization) (Fig.
S17t). However, imidazole (IMZ) can combine with MC, OC,
and PC (Fig. S4t). Moreover, to verify the applicability of the
idea developed in this study, the SCoC technology was also
applied for the separation of N-heterocyclic isomers, e.g.,
(2,3,4-) pyridinecarboxamide isomers, and unsaturated fatty
acids, e.g., cis—/trans-butenedioic acid or maleic/fumaric acid.
PXRD analyses (Fig. S18f) showed that IMZ could only
cocrystallize with 2-pyridinecarboxamide (2-PCAD) to form
new substances, and it cannot cocrystallize with
nicotinamide (3-PCAD) and isonicoinamide (4-PCAD), which
exhibited selective cocrystallization. Similarly, thiourea (TU)
can cocrystallize with maleic acid (ML) to form cocrystal,
while it cannot form new substances with fumaric acid (FM),
which also shows selective cocrystallization (Fig. S207).
Additionally, the PXRD patterns of monomers simulated by
single-crystal crystallography were basically the same as the
experimental PXRD patterns, and upon comparing it with the
simulated PXRD patterns, the grinding products showed new
characteristic diffraction peaks (Fig. S22 and S23f).
Therefore, it can be deduced that the ability of selective
recognition between the molecules is ubiquitous, and it is
the foundation of selective cocrystallization.

Conclusions

In conclusion, we reported an innovative SCoC technology for
the efficient separation of mixtures through different
intrinsic selection natures of selective conformers towards
different compounds. Here, this concept was applied for the
separation of cresol isomers, and cresol monomers with high
purity were obtained. Moreover, this inherent and unique
selectivity was the essence of the selective cocrystallization
technology, both in the solution and solid states. Overall, this
unique selectivity makes the SCoC technology a general
approach with high-efficiency separation capabilities, which
possesses great potential for industrial applications in the
field of isomer mixture separation.
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