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Design and synthesis of ternary multi-component crystals
by sublimation

Three ternary multi-component crystals, one reported for
the first time, were produced using sublimation. Control over
the crystal form obtained from sublimation was achieved by
changing the sublimation temperature or the stoichiometry
of the starting materials.
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Three ternary multi-component crystals have been prepared by
crystallisation from the gas phase (sublimation); two co-crystal salts
and one neutral co-crystal. One of the co-crystal salts is reported
here for the first time. Control of the product obtained from
sublimation is attained by controlling sublimation temperature or
stoichiometry of the co-formers.

Crystal engineering is the design and synthesis of solid materials
with new or improved properties from existing materials." One
approach to accomplish this is the preparation of multi-
component crystals such as co-crystals and salts.>® Co-crystals
are crystals which contain two or more neutral compounds in a
stoichiometric ratio, while molecular salts often result from
proton transfer between two molecules. There are cases where
the crystal contains both neutral molecules and ions, and a more
hierarchical approach to describing these crystals is required.>*

One of the greatest issues with the development of multi-
component crystals is their design and subsequent prepara-
tion. The general approach involves choosing co-formers which
contain structural features or functional groups that result in
the formation of strong, directional intermolecular interactions
between co-formers.>® Generally, this is easier to accomplish
for binary multi-component crystals, but for ternary and higher
multi-component crystals (crystals containing three or more
molecular components), this proves to be more challenging.”®
Not only is it necessary to overcome crystallisation of the
individual components, but the crystallisation of binary co-
crystals must also be prevented.” Even with a strong rationale
for the choice of particular co-formers, a variety of factors
involved in the crystallisation process may prohibit the for-
mation of a potential ternary multi-component crystal.

Many molecular crystals are crystallised from solution,
usually yielding crystals appropriate for single-crystal X-ray
diffraction (SC-XRD) experiments. One of the key problems
with crystallisation from solution is finding suitable solvents
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and/or solvent mixtures that can sufficiently dissolve the mate-
rial of interest. This becomes even more challenging with
multi-component crystals, where the co-formers can have vastly
different solubilities, which may prohibit dissolving all the
components in the same solvent system. An alternate method
for synthesising multi-component crystals is mechanochemis-
try, which allows co-formers with vastly different solubilities to
interact.’ An important disadvantage of mechanochemistry is
that the resulting product is a powder, which may make it more
difficult to determine the crystal structure of the resulting
product. Sublimation, or crystallisation from the gas phase, is
a potentially useful method for producing SC-XRD-quality
multi-component crystals in a relatively short time frame, while
minimising or removing the use of solvents. The sublimation
technique usually involves heating the solid materials under
vacuum until they enter the gas phase. This gas then moves to a
colder region of the container, where it desublimes, forming
crystals on the surface of the container. This technique can be
used to form co-crystals, molecular salts and even hydrates. ™

Most of the previous work involving the preparation of
multi-component crystals using sublimation involves binary
systems, and there is only one report of the synthesis of a
ternary (or higher) multi-component crystal using this
method." Therefore, the aim of this work was to investigate
the use of sublimation as a means to synthesise ternary multi-
component crystals. Two previously reported ternary multi-
component crystals were identified for investigation (Table 1).
The first, A, is formed from 3,5-dinitrobenzoic acid (dnba), 4-
aminobenzoic acid (4aba) and 4,4"-bipyridine (bpy) (system A).®
The asymmetric unit of this multi-component crystal (Cam-
bridge Structural Database'® (CSD) refcode: BEYZIQ®) contains
two molecules of 4aba, four molecules of bpy (one fully proto-
nated, one neutral). It can thus be described as a co-crystal
salt. The second ternary multi-component crystal we investi-
gated, B (refcode BIZTIP'®), contains dnba, 3-aminobenzoic
acid (3aba) and isonicotinamide (isonic) (system B), and is a
neutral co-crystal. Finally, we also report a new ternary multi-
component crystal, C, which is formed from dnba, 3aba and
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Table1l The multi-component systems studied in this work, including the
chemical structures of their respective co-formers and the stoichiometry
of the ternary multi-component crystals A, B, and C

Co-former 1 Co-former 2 Co-former 3
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0. OH N
<
£
]
ES N
O,N NO,
NH,
3,5-dinitrobenzoic 4-aminobenzoic 4,4'-bipyridine
acid (dnba) acid (4aba) (bpy)
stoichiometry of A: (dnba)z(dnba’)z(4aba)2(bpy)(szpyz*)
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[22]
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3,5-dinitrobenzoic 3-aminobenzoic isonicotinamide
acid (dnba) acid (3aba) (isonic)
stoichiometry of B: (dnba)(3aba)(isonic)
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3,5-dinitrobenzoic 3-aminobenzoic 4,4 -bipyridine
acid (dnba) acid (3aba) (bpy)

stoichiometry of C: (dnba’)z(Saba)z(szpyz')

bpy (system C), and is also a co-crystal salt. This material has
been prepared for the first time by sublimation.

In this study, crystallisation from the gas phase was carried
out in sublimation tubes (thin Schlenk tubes). A mixture of the
co-formers (0.24 mmol each) was added to the bottom of a
Schlenk tube (length = 220 mm, diameter = 10 mm). The tube
was placed under static vacuum (p = 0.86 mbar) and submerged
in an oil bath pre-heated to a selected temperature. After some
time, the tube was removed from the oil bath, and crystals were
observed on the inside of the tube in the cooler regions. Most
crystals were observed to form after 5-60 min. Products were
identified using PXRD, and confirmed by unit cell analysis for
all single-component and binary sublimations, as well as
ternary sublimations wherever possible. Unless explicitly stated
otherwise, all samples sublimed completely. Several sublima-
tion experiments were repeated, and in all cases the results
were reproducible. Details, including PXRD of products, are
given in the SI.

We first established the sublimation temperatures of the
individual co-formers. Table S2 reports the temperature range
in which each co-former is observed to start subliming in our
sublimation apparatus, as well as the solid-state phases of the
starting material and the sublimed product. With the exception
of bpy, the co-formers used in this work are polymorphic. Both
isonic and 3aba changed polymorphic form on sublimation.
The change of 3aba from Form III to Form IV from sublimation
has been previously reported.”” The change of isonic from
Form I to Form II on sublimation was unexpected, as previous
work by Aakerdy et al. reported that Form I is obtained from
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sublimation.*®

It is plausible that both polymorphs could
crystallise from sublimation, but under different sublimation
conditions (the experimental conditions used by Aakerdy et al.
were not reported).

Table S3 lists the binary multi-component crystals formed
from the co-formers in this study that have been previously
reported in the CSD. Generally, sublimation of a 1:1 molar
ratio of co-formers gave the same binary multi-component
crystals as those reported in the CSD for a particular conformer
combination (Table S4). For the combination of dnba + isonic,
previous work has reported that the solvent system determines
whether the 1:1 or 1:2 dnba:isonic form is obtained from
solution, regardless of the ratio of the starting materials."’
From our 1:1 sublimation experiment we obtained the 1:2
crystal, as well as a potential new crystal form that we were
unable to identify. For the 3aba + bpy combination, we
obtained a concomitant mixture of products from sublimation;
the stoichiomorphs have previously been reported to crystallise
from different solvents.?° It is interesting that removal of the
matrix in the sublimation experiment also removes the selec-
tivity for a particular form, and both forms crystallise conco-
mitantly. We have noted this effect in our previous work on
competition between hydrogen and halogen bonds."

The sublimation of dnba + 3aba yielded a new crystal form,
Form II (we will label the form reported by Lynch et al.>* Form
I), which consists of a 1:1 ratio of dnba:3aba. The PXRD
results obtained from the sublimation experiments show that
only this new Form II is formed from sublimation. Form II
features no proton transfer between dnba and 3aba, making
this a rare example of what has been called co-crystal-salt
polymorphism.>*

Having confirmed the behaviour of the single-component
and binary systems in sublimation experiments, we turned to
ternary systems. First, we wanted to determine if it was possible
to synthesise a known ternary multi-component crystal by
sublimation. One reason for choosing system A is that the
ternary multi-component crystals A are orange,® which makes it
easy to confirm whether the sublimation has successfully
formed the ternary crystal (the other possible single or binary
co-crystals that can form are either yellow or white/colourless).
In our initial sublimation experiment, we used a 1:1:1 mole-
cular ratio of dnba:4aba:bpy. This mixture was heated under
vacuum at 180 °C, such that dnba would sublime at a rate that
is comparable with the other components.t This experiment
resulted in the formation of a single band of orange crystals,
indicating the successful formation of the ternary multi-
component crystal A. The PXRD pattern of these orange crystals
was found to match with the calculated pattern of the structure
reported by Seaton et al. (refcode BEYZIQ®), confirming the
successful synthesis of A, as indicated in Fig. 1. Although the
molecular ratio in the reported crystal structure is 2:1:1
dnba:4aba:bpy, using an equimolar ratio of co-formers in
the sublimation still yielded the ternary product. Before sub-
liming, the mixture of co-formers dnba + 4aba + bpy was
observed to change from a colourless/white and yellow powder
to an orange powder. PXRD patterns for this orange powder

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Experimental and calculated PXRD patterns of the crystals obtained
from the sublimation of a1:1:1 molar ratio of dnba + 4aba + bpy (blue and
green) and a 1:1:1 molar ratio of dnba + 3aba + isonic (red and orange).

confirmed that it is ternary multi-component crystal A, ie.
simply heating the mixture of co-formers yields A, which then
sublimes.

We carried out a similar 1:1:1 sublimation at 180 °C for
system B, in which we obtained yellow crystals, shown by PXRD
and single-crystal X-ray diffraction to be the ternary multi-
component material B (Fig. 1).

To assess the effect of sublimation temperature on the
products obtained, we carried out three-component sublima-
tions at 10 °C intervals in the range of 140-180 °C. Tempera-
tures above 180 °C resulted in significant decomposition of the
co-formers, and were not explored further. For system A,
different results were observed at different temperatures, with
the resulting PXRD patterns given in the SI. At 140 °C only the
(4aba),(bpy) co-crystal was observed. In this same experiment,
orange crystals of the ternary multi-component crystal A were
observed to form at the bottom of the tube. In sublimations
carried out between 150-170 °C, two distinct bands of crystals
were observed. In each case the bottom band was the ternary
multi-component crystal, while the top band was the binary co-
crystal (4aba),(bpy). This is consistent with the 1:1:1 ratio of
co-formers used, which would leave an excess of 4aba and bpy
after formation of the 2:1:1 dnba: 4aba: bpy ternary crystal. As
mentioned above, at 180 °C, only crystals of the ternary material
A formed by sublimation. In system A, crystallisation of
(4aba),(bpy) or the ternary co-crystal A can be controlled by
changing the sublimation temperature.

For system B, sublimations were also carried out at 140-
180 °C (Fig. S19). Generally, PXRD shows that a mixture of 3aba
Form IV and the binary co-crystal (3aba)(isonic), formed in
these experiments. This indicates that, although dnba begins to
sublime in the temperature range 140-170 °C, its sublimation
is too slow compared to 3aba and isonic, resulting in the
formation of products without dnba. The PXRD pattern for
the sample collected from the sublimation at 180 °C indicates
that the desired ternary co-crystal B formed as the major
product.

Different stoichiometric ratios of the starting materials were
also explored. In these experiments, the stoichiometry of either
one or two components was doubled, and the sublimations
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were carried out at 180 °C. The results of these experiments are
summarised in Tables S5 and S6. When the amount of only one
of the co-formers was doubled for system A (Table S5), the
ternary multi-component crystal A sublimed: only one band of
orange crystals was observed in each case. It should be noted
that after sublimation a black amorphous solid was observed at
the bottom of the tubes, indicating that the some of the starting
material decomposed before it sublimed. When the amount of
two co-formers was doubled, crystals of A formed, as well as
an additional product. In each case, the additional product
involved the more volatile conformer that was present in excess.

Similar experiments were carried out for system B (Table S6).
A single band of crystals formed in each case, although usually
this contained a mixture of products. Generally, the co-crystal
(3aba)(isonic), was observed where there was an excess of either
3aba or isonic. The formation of the binary co-crystal in
preference to the ternary co-crystal is most likely due to the
faster sublimation rate of 3aba and isonic compared to dnba.
There was also evidence of crystallisation of single-component
crystals in these experiments. One of the most prominent of
these is the Form IV of 3aba.

From the experiments on system A4, it is apparent that some
of the starting materials interact upon heating and form a
ternary multi-component crystal before subliming. It is thus
not clear if the formation of the ternary multi-component
crystal occurs from the gas phase, or whether it is simply the
sublimation of the ternary multi-component crystal occurring.
A series of experiments was therefore carried out where the
individual solid co-formers were physically separated, so that
co-formers could only come into contact with one another once
they had entered the gas phase. Each co-former was placed in
the bottom of a cut glass sample vial which were placed
together in a larger glass apparatus (see Fig. S1). This system
was then heated under vacuum at 180 °C. For system A
the PXRD indicates that A did form from the sublimation,
although there are peaks indicating that the binary co-crystal
(4aba),(bpy) also crystallised. B was also successfully formed
from sublimation in this way, although the peaks in the PXRD
tend to be broader, indicating reduced crystallinity in this case.
Both experiments indicate that the ternary multi-component
crystals can form from the gas phase, whether there is physical
contact between the starting materials before sublimation
or not.

To confirm that ternary multi-component crystals can read-
ily be obtained via sublimation, we targeted a third ternary
crystal, using the co-formers in system C. We successfully
obtained a new ternary multi-component crystal from sublima-
tion, C, which was shown by SC-XRD to contain a 2:1:1 ratio of
dnba™ :3aba:bpy*, i.e. it is a co-crystal salt. This ternary multi-
component crystal, which is also orange, was obtained by
sublimation using the same conditions described for systems
A and B above. It should be noted that there was some degree of
decomposition of the starting material, which remained at the
bottom of the tube as a black amorphous material. The
same orange crystals could also be obtained at 170 °C, with a
smaller degree of decomposition of the starting material. The
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Fig. 2 The crystal structure of C showing (a) the asymmetric unit with one
conformation of the disordered 3aba molecule, (b) the asymmetric unit
showing the other conformation and (c) the packing with dnba™ in green,
3aba in yellow and bpy* in blue.

asymmetric unit of C contains one molecular ion of dnba, one
molecule of 3aba and half of the molecular ion of bpy (Fig. 2).
The 3aba molecule is disordered, and has been modelled in two
different positions, which have been shown separately in
Fig. 2a and b. Proton transfer between dnba and bpy has
occurred, which forms a charge-assisted hydrogen bond
between the two molecular ions. A hydrogen bond forms
between the carboxylate of dnba and the carboxylic group of
3aba (O7-H7---01). The packing consists of alternating stacks
of each of the different molecules and ions of this co-crystal
(Fig. 2¢).

It is clear from our results that it is possible to not only
obtain previously reported ternary multi-component crystals
from sublimation, but it is also straightforward to obtain new
ternary multi-component crystals from sublimation. We have
also shown that ternary multi-component crystals can be
formed directly from the gas phase, i.e. without physical con-
tact between the co-formers before sublimation. Careful choice
of the sublimation temperature can give excellent control over
which multi-component crystal is produced from a particular
sublimation process. Varying the stoichiometry of a sublima-
tion can also be used to control the product obtained from a
sublimation. These results confirm that sublimation is a power-
ful technique for ternary co-crystal screening, and offers excel-
lent control over the product of a crystallisation experiment.
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Experimental details, tables of sublimation results, PXRD patterns
of products. See DOI: https://doi.org/10.1039/d5cc04584c.

CCDC 2479206-2479211 and 2493319 contain the supple-
mentary crystallographic data for this paper.>**#
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so multi-component sublimations were carried out at temperatures
higher than the sublimation temperature of dnba.
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