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A series of five organic molecules with known crystalline hydrates were sublimed under vacuum in the
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presence and absence of water. In two systems, crystals of the hydrate could easily be grown from
sublimation. Generally, a mixture of hydrated and anhydrous forms were obtained from sublimation. In
several cases, an increase in the quantity of water added to the sublimation system resulted in an increase

in water content of the sublimed crystals. Competition studies demonstrated that transfer of water can take
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Introduction

Organic multicomponent crystals, such as salts, co-crystals
and solvates,'™ are of interest in many industries, since they
often offer improved physiochemical properties in
comparison to the parent molecule.® Hydrates, a subclass of
solvates, are of particular interest in, for example, the
pharmaceutical industry, because hydrate formation can
affect the bioavailability, performance, stability, or solubility
of a material.” Hydrates are often the less desirable form of a
drug compound for therapeutic applications, since hydrates
are often more thermodynamically stable than their
anhydrous form. This makes them less likely to dissolve in
water, resulting in lower bioavailability.” Despite this,
hydrates account for a third of active drug forms in the
pharmaceutical industry.®

The formation of multicomponent crystals, and
specifically hydrates, has been well-explored by common co-
crystallisation techniques such as solution crystallisation and
mechanochemistry.”® Sublimation has not been as well-
studied, although the use of sublimation to -crystallise
polymorphs, co-crystals, and salts from the gas phase has
recently been reviewed.” Our own group has shown that
organic salts and co-crystals can selectively be prepared from
the gas phase using sublimation.®**'" However, prior to the
current study, no attempt had been made to investigate the
formation of hydrates from the gas phase via sublimation.
Therefore, this study aimed to broaden the scope of
sublimation as a crystal growth technique by answering the
following question: can crystals of the hydrates of organic
molecules be grown from the gas phase?
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place between hydrate and anhydrous forms during a sublimation experiment.

In order to answer this question, a systematic study was
carried out on a series of known crystalline hydrates.
Molecules were sublimed both in the presence and absence
of water, and the effect of the quantity of water added to the
sublimation vessel was also investigated. The study focused
on five organic molecules (Scheme 1): oxalic acid (OA, 1),
isonicotinamide (INAM, 2), theophylline (THE, 3), caffeine
(CAF, 4), and 1,4-diazabicyclo[2.2.2]Joctane (DABCO, 5).
Compounds were selected on the basis that they are known
to sublime and have at least one crystalline hydrate.

Results and discussion
Preparation and characterisation of materials

All five compounds selected for this study have multiple
crystal forms, including hydrates, anhydrous forms, and
polymorphs of each of these. A detailed Cambridge Structural
Database (CSD)'? search was carried out to identify known
solid-state forms of the selected compounds, including
polymorphs. The relevant CSD refcodes are listed in the ESI
(Tables S1-S5). Anhydrous forms are labelled ‘A’, and
hydrates labelled ‘H’. Different polymorphs are denoted by
suffixes a-f. For example, 1A-a is one anhydrous polymorph
of 1. PXRD, TGA and SCXRD were used to verify the
crystalline form of each compound as purchased, confirming
that compound 1 is in the dihydrate form, 1H-a,"* 2 is 2A-a,"*
compound 3 is anhydrous 3A-a,'” 4 is anhydrous 4A-b,'® and
5 is anhydrous 5A-a'” (Fig. S1-S61). The hydrates of INAM
(2B), THE (3B) and CAF (4B) were synthesised
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Y
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Scheme 1 Molecules used in this study.
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mechanochemically, and synthesis of the hydrate was
confirmed by PXRD and TGA (Fig. S10-S15f). ‘B’ here
indicates the prepared hydrate. Anhydrous OA (1A) was
prepared by heating 1 at 80 °C under 4.57 mbar vacuum for a
period of five days.

All compounds except DABCO have a hydrate of only one
stoichiometry, i.e., OA dihydrate, INAM monohydrate, THE
monohydrate, and CAF monohydrate. The monohydrate of
INAM has two polymorphs. DABCO has two known hydrates,
a monohydrate that has two polymorphs (QOHYAO, 5H-a'®
and QOHYAOO01, 5H-b'°) and a hexahydrate (QOHYES, 5H-
¢'®). Despite numerous attempts using a variety of methods,
we were unable to prepare either pure DABCO monohydrate
or pure DABCO hexahydrate. ‘DABCO hydrate (5B)’ in this
work thus refers to our prepared hydrate, which is a mixture
of monohydrate and hexahydrate.

Sublimation experiments

In order to assess the crystallisation of the hydrates of 1-5
from sublimation, a series of sublimation experiments were
carried out in both the presence and the absence of water.
Sublimations were performed using approximately 50 mg of
each compound, which was placed under static vacuum in a
glass tube. The bottom of the evacuated tube was submerged
in a pre-heated oil bath until the oil level was just higher
than the sample height. Co-sublimations with water were
carried out by adding the dry sample to the bottom of the
tube, followed by water added using a micropipette. Two
different quantities of water were used (30 or 40 pL) in order
to assess the effect of increasing water content on the
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product of the sublimation. Sublimations were continued
until sufficient material was obtained for analysis, and all
sample at the bottom of the tube had sublimed. Sublimation
products were identified using PXRD and TGA. Details are
given in the ESL} The results of the sublimation experiments
are summarised in Table 1.

In several cases, we found that crystals of hydrate could
easily be grown from sublimation. With the addition of
water, crystals of hydrate could be produced from
sublimation using either anhydrous or hydrate starting
material.

OA is the only one of the compounds studied that exists
as its hydrate, 1H-a, as purchased. Subliming 1H-a in the
absence of water yielded a mixture of hydrated and
anhydrous forms. It was found that 30 pL water is the
optimal amount to add to the sublimation of 1H-a in order
to yield pure hydrate 1H-a as the product of the sublimation.
When 20 pL was used, a mixture of 1A-b*° and 1H-a resulted
(Fig. 1).

Sublimation of the anhydrous form of OA, 1A, in the
absence of water yielded a mixture of anhydrous forms 1A-
a®>' and 1A-b, and hydrate form 1H-a. The presence of
hydrate in this product, which was confirmed by TGA (Fig.
S527), must be as a result of the extremely hygroscopic
nature of 1A: extensive attempts to prevent the uptake of
water by this sample were unsuccessful. These observations
agree with the findings of Adams et al,”* who showed
using FTIR that anhydrous OA is extremely hygroscopic.
Co-sublimation of 1A with 30 pL water yielded crystals of
hydrate 1H-a. Preparation of pure 1H-a from sublimation is
straightforward.

Table 1 Summary of crystalline forms of 1-5 obtained from sublimations of anhydrous and hydrate forms both in the presence and the absence of
water. Dark shading indicates experiments where only hydrate was obtained from sublimation. Light shading indicates that a mixture of hydrate and

anhydrous forms was obtained

Compound Sublimations with anhydrous material Sublimations with hydrate material
Quantity of water added (uL) Quantity of water added (uL)
0 30 40 0 30 40
1A-a
1A-b
14 1A-b 1H-a 1H-a’ 1H-a —
1H-a
1H-a
2H-a Mix of Mix of
2 2A-a° 2A-a 2A-a anhydrous anhydrous
2H-b p P
forms®® forms
3 3A-a e 3A-a 3A-a 3A-a 3A-a
3H-a
4 4A-b 4A-b 4A-b 4A-b 4A-b 4A-b
5 sA 5A-a 5A-a 5H-b 5H-b 5H-b
- SH/ SH/ SH-c SH-c 5H-c

“1 was also sublimed with 20 uL water, yielding a mixture of anhydrous and hydrate forms. ” One peak indicates possible minor
contamination with anhydrous material. © PXRD was inconclusive, but unit cell determination on several crystals confirmed the presence of 2A-
a. 9 Unit cell determination confirmed the presence of 2A-b. ° No mass loss from TGA, indicating no hydrate present. / PXRD matched

prepared hydrate 5B.
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Fig. 1 PXRD pattern of 1 sublimed with 20 pL water (red) and 30 pL
water (blue), compared to simulated patterns (black) for the anhydrous
and hydrate crystals.
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The results of sublimations involving 2, 3 and 4 were quite
different. Sublimation of 4 as either the anhydrous form or
the hydrate yielded anhydrous 4A-b under all conditions
investigated. This was confirmed using TGA for some
sublimation products. Compound 2 gave hydrate from
sublimation only when the hydrate was sublimed in the
absence of water. Unexpectedly, subliming the hydrate in the
presence of water gave anhydrous product (confirmed by
TGA). Sublimation of 3 produced hydrate only when starting
with anhydrous material and subliming together with 30 pL
water. Subliming with 40 pL water gave anhydrous crystals.
These experiments were repeated, with the same results.

Sublimation of 5 gave more varied results. Co-sublimation
of the anhydrous form with water gave a mixture of hydrate
and anhydrous forms. It was difficult to determine which
hydrate was produced, but the PXRD pattern matched that of
the synthesised hydrated material (5B). Sublimation of the
hydrated material 5B yielded a mixture of hydrated and
anhydrous forms under all conditions. TGA showed that the
water content of the sublimed crystals increased as the
amount of water in the sublimation was increased. An
extended study was carried out with 5, where the quantity of
water added to the sublimation vessel was increased to 56 or
70 pL. This resulted in an increase in the water content of
crystals obtained from the sublimation above that observed
with 30 pL, as confirmed by TGA. The 40 pL sublimation
resulted in the highest water content (Fig. S477).

It is clear that in several cases, as the water content in a
sublimation is increased, there is an increase in the water
content of crystals formed. The specific amount of water
required to form purely the hydrate of 1 was successfully
established, but this was not obtained for the other systems.

Intermolecular interactions

An analysis of the hydrogen bonding in the hydrates of 1-5
helps to explain the results obtained in the sublimation
experiments (Table 2, Fig. 2). Table 2 lists the shortest
hydrogen bond between the molecule and water for each
hydrate structure, as well as these distances expressed as a
fraction of the sum of the van der Waals radii for the atoms
involved, to allow straightforward comparison.”® Fig. 2

This journal is © The Royal Society of Chemistry 2023
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Table 2 Shortest hydrogen bond distances from molecules to water in
the hydrates of 1-5. The final column is each hydrogen bond distance
(O---O or N---O) expressed as a fraction of the sum of the van der Waals
radii for the atoms involved??

Hydrogen bond Interaction Fraction of sum

Structure interaction distance (A) of vdw radii
1H-a 01---03 2.513 0.827
2H-a 04---02 2.780(2) 0.914
2H-b 09---N14 2.788 (5) 0.908
3H-a N3---02 2.757(2) 0.898
4H-a 03---N4 2.815(5) 0.917
5H-a 01-+-N2 2.973(2) 0.968
5H-b O1---N2 2.928(3) 0.954
5H-c 04---N5 2.708(3) 0.882

presents this data visually. There is a clear correlation
between the length, and by inference, the strength of the
hydrogen bond to water and the likelihood of crystallising a
hydrate from sublimation. The exception to this trend is the
hydrate 5H-b.

To further investigate the interactions within these
hydrates, the intermolecular interaction energies within the
hydrate crystal structures were calculated using the UNI force
field in Mercury.>*>*

In the crystal structure of OA dihydrate 1H-a, there is one
dominant interaction between OA and water, with an
interaction energy of -20.5 kJ mol™. The second-highest
interaction, with an energy of -12.4 k] mol ™, is also between
OA and water. The interactions between two OA molecules
are weaker, with an energy of -11.6 k] mol™* (Fig. S76t). For
all three DABCO hydrates (5H-a/b/c), the most favourable
interactions are also between DABCO and water. For the
hydrates of INAM, THE and CAF, however, the situation is
quite different. In all three of these materials, the
interactions between the molecules are substantially more
favourable than any interactions to water. For example, in

099 5H-a
= 097 1 5H-b .
°
© 095 + ‘ 4H-a 0.968
= 0.954 2H-b 0.917
093 + -
3 0.908
: 091 + ) \ 3
S og9 | SH-c P 2H-a
c C 3H-a 0.914
o
= 087 1 0.898
° 0.882
© 085 T 14a
U 083 1 ’
0.81 ~ 0.827

Decreasing tendency of hydrate formation

Fig. 2 Tendency of hydrate formation as a function of length of the
hydrogen bond to water (expressed as a fraction of the sum of the van
der Waals radii of the atoms involved) for the hydrates of 1-5. 1H-a is
the most stable from of OA, and it is often observed from sublimation.
In contrast, 5H-a is never observed, even by mechanochemistry. 2H-b
and 3H-a are seldom observed by sublimation, but are the hydrate
forms obtained from mechanochemistry. 2H-a was only observed by
sublimation. 4H-a is the hydrate form obtained by mechanochemistry,
but is not observed by sublimation. 5H-b and 5H-c are observed both
from sublimation and by mechanochemistry.

CrystEngComm, 2023, 25, 5887-5892 | 5889
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4H-a,”” the most favourable interaction of —-62.9 k] mol ™ is
between CAF molecules, and the interaction between CAF
and water is only the 12th highest interaction, with an energy
of =1.2 kJ mol™.

These simple calculations confirm that those compounds
which are most likely to give crystals of hydrate from
sublimation are those where the interaction between water
and the molecule is more favourable than the interactions
between the molecules.

A series of stability studies (see ESIt) confirmed that the
hydrates of 1 and 5 (5B) are relatively stable under ambient
conditions. The hydrate of 2, however, slowly loses water
under ambient conditions, implying that 2 is more stable in
its anhydrous form. The anhydrous form of 5 has a water
content that slowly increases from zero under ambient
conditions. These results align with the results of our
sublimation experiments: it is easier to form a hydrate from
sublimation if the hydrate form of a material is more stable
than the anhydrous form.

Competition experiments

A series of competition experiments were also conducted in
order to establish whether water would transfer between
forms in a predictable manner during a sublimation
experiment, i.e. would the water transfer to the molecule with
the more favourable hydrogen bond to water. Co-
sublimations were carried out with equimolar quantities of
one hydrate and one anhydrous material, and the
sublimation temperatures were selected to be at a
temperature above the sublimation temperature of both
hydrate and anhydrous component to ensure both
components entered the gas phase. Three systems were
investigated: hydrate 1 + anhydrous 4, hydrate 1 + anhydrous
5, and hydrate 2B + anhydrous 5. A schematic summary of
these co-sublimation results is presented in Fig. 3, and
experimental details are given in Table S8.f

In all three sublimation experiments, two separate bands
of crystals formed in the sublimation tube, which we refer to
as the ‘top band’ and the ‘bottom band’. When co-subliming
hydrate 1 and anhydrous 4 at 120 °C (Fig. S66-S697), the top

Bottom band
0.31% water

Top band
SR 2o 4A-a 4H-a

28.87% water
N+ e 1H-a
hydrate anhydrous 120°C

Top band
30.73% water 27.29% water
synthesized synthesized

m 5B 5B

120°C

4A-b  Wwater transfer to 4?

Bottom band

1 + 5 ‘
hydrate anhydrous
Water transfer to 5+

Top band
14.50% water

28, (S Cbimaton > | M S

hydrate 110°C

Bottom band
0% water

Water transfer to 5v

Fig. 3 Summary of results from competition experiments based on
1:1 mole-ratio co-sublimations.
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band contained 1H-a, whilst the bottom band appeared to
contain a mixture of 4A-a,?° 4A-b, and 4H-a, i.e. there is some
evidence for the presence of crystalline caffeine
monohydrate. Although the PXRD was not conclusive, TGA
confirmed the presence of a small amount of water in this
sublimed material. This is an extremely unexpected result,
which we are currently investigating further.

The co-sublimation with 1H-a and 5 gave two bands of
product. Both of these have PXRD patterns that match the
synthesised hydrate of 5, 5B (Fig. S70-S72t). Co-sublimation
of the hydrate of 2, 2B, with anhydrous 5 gave two products:
the top band had a PXRD pattern matching 5B, and the
bottom band matched the PXRD of sublimed anhydrous 2.
The transfer of water from 2B to 5 is expected, and aligns
with what would be predicted based on the relative hydrogen
bond strengths to water. The transfer of water from 1 to 5 in
fact is also in keeping with the hydrogen bond strengths:
although the hydrogen bonds between 5 and water are not
always particularly short, the calculations showed that in all
three hydrates of 5, these hydrogen bonds are very
favourable.

Conclusions

In summary, we have shown that crystals of molecular
hydrates can be grown from the gas phase via co-sublimation
in the presence of water. The stronger the interaction
between the molecule in question and water within the
hydrate crystal, the more likely it is that crystalline hydrate
can easily be produced from sublimation. An increased
quantity of water in the sublimation vessel results in an
increased water content of the sublimed crystals.
Competition experiments have shown that water transfer can
take place between compounds during co-sublimation. The
crystallisation of caffeine hydrate crystals by sublimation
indicates that sublimation may be a route to obtaining
crystals of otherwise unstable hydrates, a potentially
significant advantage of this crystallisation technique that
warrants further investigation. In general, these results
highlight that sublimation is an important technique to
consider when trying to produce crystals of molecular
hydrates. Hydrates are essentially a subclass of multi-
component crystals, and the results here could also be
applied to other multicomponent systems such as co-crystals
and salts. Co-sublimation of two single components, or of a
mixture of multicomponent materials (competition
experiments) may uncover new forms of multicomponent
materials.

Experimental

Compounds 1-5 were purchased from Sigma-Aldrich/Merck
South Africa and used without additional purification. All of
these materials have multiple crystal forms. The forms
encountered in this study are listed with their corresponding
CSD refcodes in Tables S1-S5.1

This journal is © The Royal Society of Chemistry 2023
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Characterisation

Room temperature Powder X-ray diffraction (PXRD) was
performed using a Bruker D2 Phaser benchtop diffractometer
which was equipped with a copper X-ray radiation source (1 =
1.54184 A), operating at a voltage of 30 kV and a current of 10
mA. Samples were loaded onto a zero-background holder and
data were collected in the 26 range of 5-45° at a speed of
0.500 s per step, with a set step size of 0.016°, and with a
variable rotation of 30 rpm. The data were processed and
analysed with the aid of X'Pert HighScore Plus.

TGA analyses were carried out using a TA Instruments
Q500 analyser. Sample weights were in the range of 1-5 mg.
Samples were placed in a 6.7 mm aluminium sample pan
and heated to a temperature of 600 °C with a ramp rate of 10
°C min™", starting at room temperature. A dry N, gas flow
rate of 50 ml min~" was used in order to purge the furnace.
The thermograms collected were analysed with the aid of TA
Instruments Universal Analysis software.

Preparation of materials

Anhydrous OA synthesis. The method employed to
synthesise anhydrous OA was adapted from a study by
Okazaki et al.>’ Anhydrous OA was successfully synthesised
from OA dihydrate 1H-a"? (white crystals), by adding ca. 50
mg of compound 1 to a clean dry thin Schlenk tube, which
was evacuated with a 4.57 mbar line pressure. The tube was
placed in a pre-heated oil bath at 80 °C and left to dehydrate
over a period of 5 days. White/clear block-like crystals were
obtained. PXRD was performed on the crystals to confirm the
formation of anhydrous OA in the form of 1A-a*" and 1A-b°
(Fig. S77).

DABCO hydrate synthesis. The method employed to
synthesise DABCO hydrate was adapted from a study by Laus
et al.'® Anhydrous DABCO as purchased (0.56 g, clear block-
shaped crystals), was stirred for 5 minutes in 8 ml THF with
540 pL water added, and then refrigerated for a period of
three days. PXRD (Fig. S81) was performed on the crystals,
confirming that a mixture of monohydrate and hexahydrate
was obtained, with some anhydrous crystals (5H-b,"® 5H-¢,'®
5A-a'®). A TGA analysis was carried out and a mass loss of
26.77% water was observed (Fig. S9t). Several attempts to
synthesise either purely DABCO monohydrate or DABCO
hexahydrate were unsuccessful.

Mechanochemistry. The hydrates of INAM, CAF, and THE
were synthesised mechanochemically using an FTS1000
Shaker Mill from Form-Tech Scientific. Samples were placed
in two 5 ml Teflon lined grinding jars (internal diameter of
10.2 mm) with two 3 mm steel balls per jar (total mass of
both balls = 0.520 g). Milling was done using ca. 50 mg
anhydrous material as purchased, together with 30 uL water
added using a 10-100 pL micropipette. Samples were milled
at room temperature at a speed of 1800 rpm; for 10 minutes
in the case of THE and INAM, and 30 minutes in the case of
CAF. The successful synthesis of the hydrates was confirmed
using PXRD (Fig. S10, S12 and S14+) and TGA (Fig. S11, S13

This journal is © The Royal Society of Chemistry 2023
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and S157), which showed that hydrates 2H-b,”® 3H-a*° and
4H-a>® were made using this method.

Sublimations

All sublimations were performed under static vacuum using
clean and dry Schlenk tubes (length excluding cap = 155.4
mm, internal diameter = 8§ mm). Sublimation experiments
were performed with approximately 50 mg sample (specified
in Tables S6 and S77) in a thin glass Schlenk tube which was
evacuated with a 4.57 mbar line pressure. The bottom of the
tube was placed in a pre-heated oil bath at the appropriate
sublimation temperature (see Tables S11 and S12%1). When
preparing co-sublimations with water, the dry anhydrous or
hydrate sample was added to the Schlenk tube first, followed
by water added with a micropipette (10-100 pL). The duration
of each sublimation experiment varied: in some cases longer
sublimation times were required in order to allow a sufficient
quantity of material for further analysis to form. In general,
sublimations were carried out until all the sample had
sublimed. All sublimations were carried out in a laboratory
with a regulated temperature of 18 °C. Many sublimation
experiments were carried out in duplicate (see ESIf for
details). In all cases the results were reproducible, unless
explicitly stated otherwise.

Intermolecular potentials

The interaction energies present within the crystal structure
of the hydrate form(s) of compounds 1-5 were calculated
using the UNI* intermolecular potential calculator in
Mercury”* (Fig. S76-S821).
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