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Discovery of a halogen-bonded ternary cocrystal of 1,3,5-trifluoro-
2,4,6-triiodobenzene with pyrazine and triphenylphosphine sulfide
has revealed a complex landscape of multicomponent phases, all
achievable by mechanochemical interconversion. The observed
solid-state reaction pathways were explained by periodic density-
functional calculations and comprehensive intermolecular inter-
action analysis, supported by dissolution calorimetry measurements.

Formation of cocrystals, multicomponent crystalline materials
containing neutral molecules, is driven by molecular recognition
and assembly of the individual components based on noncovalent
intermolecular interactions.'” These supramolecular self-assembly
processes are mostly driven by the formation of hydrogen bonds,>™
and/or c-hole type interactions like tetrel,>” pnictogen,® chalco-
gen,”™ and halogen bonds.">™ The c-hole type interactions,
especially halogen bonds are more tuneable and directional com-
pared to the hydrogen bonds.' The strength of the halogen bonds
gradually increases as we move from F to I donor atoms in
otherwise similar molecules, with the vast majority of halogen-
bonded cocrystals involving Br and I acceptor atoms. Although the
halogen bond has been reported by O. Hassel in 1954, the field
remained largely unexplored until the last two decades.”>” The
recent increased interest in halogen bonding is attributed to the
promising functional properties of halogen bonded cocrystals in
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Mechanochemical methods offer a clean and efficient way to
synthesise halogen-bonded cocrystals and perform their
interconversions.**"*> However, it is always desirable to predict
the possible products prior to experimental synthesis. With this
in mind, we have recently used periodic density-functional
theory (DFT) calculations and dissolution calorimetry measure-
ments to predict the interconversion of halogen-bonded cocrys-
tals via mechanochemical exchange of donor and acceptor
components.*® This was the first example of a combined use
of periodic DFT and dissolution calorimetry to explore the
thermodynamics of solid-state transformations of binary halo-
gen and hydrogen-bonded cocrystals. The excellent accuracy of
periodic DFT calculations in predicting the reaction energies
was demonstrated, highlighting the opportunities presented by
this approach in predicting the solid-state reactivity of halogen-
bonded materials from first principles. In the present study we
will apply this methodology to explore a more complex reaction
system, involving a ternary halogen-bonded cocrystal composed
of 1,3,5-trifluoro-2,4,6-triiodobenzene (tftib) acting as a halogen
bond donor, combined with two halogen bond acceptors:
pyrazine (pyr) and triphenylphosphine sulphide (tpss) (Fig. 1).
In addition to the ternary cocrystal, reported in the current
work, the above-mentioned molecules also form two binary

o CH@

tftib pyr tpss

Fig. 1 Molecular diagram of the components used in the crystallisation
experiment.
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cocrystals, namely (tftib)(pyr),,, recently reported by us (CSD
LICDEK),** as well as (tftib)(tpss) reported by Hasija et al**
Furthermore, the (tftib)(tpss) cocrystal exists in two polymorphic
forms (CSD refcodes RUWVEN and RUWPUX), however all our
mechanochemical reactions resulted in the formation of only one
polymorph, RUWVEN (see ESLi Fig. S2), therefore throughout
this manuscript, we will be referring to this specific polymorph as
(tftib)(tpss). We will explore the thermodynamic stability of the
ternary cocrystal with respect to the individual coformers and
binary cocrystals, by using a combination of periodic DFT calcula-
tions and dissolution calorimetry measurements. We will then
investigate the role of individual supramolecular interactions
found in binary and ternary cocrystal structures in order to
provide insights on how these interactions contribute to the
overall cocrystal stability.

In general, cocrystals are formed due to the preference of
heteromolecular synthons over homomolecular synthons.*>™’
It has been shown that halogen-bonded cocrystals can undergo
interconversions via exchange of donor or acceptor components.®*>*
Such transformations may involve switching between different
types of halogen bonding, or even between halogen- and hydrogen
bonding. The thermodynamic outcomes of such transformations
are controlled by the relative lattice stability of the corresponding
cocrystals, which, in turn, is related to the strength of the
individual supramolecular interactions present in their crystal
structures. In terms of their ability to act as halogen bond acceptor
atoms, nitrogen and sulfur have been shown to form the strongest
interactions, resulting in favourable cocrystal formation.**°
Sulfur is well known as a halogen bond acceptor, particularly
against iodine.*® Also, I. - -S interactions were identified as critical
players in thyroid chemistry,*" some biological processes,* ™ and
in organic catalysis.** A Cambridge structural database (CSD)*’
search for the potential S-containing coformers for halogen-
substituted benzenes was performed and the coformers which
exhibited I - -S interactions were considered (see details in ESL
Table S1). The tpss acceptor was found to form cocrystals with all
the substituted iodobenzenes, which makes it a promising cofor-
mer molecule to be tested for cocrystal interconversion reactions.

In this work, we selected the tpss acceptor to study the inter-
conversion reaction by replacing the pyr acceptor in (tftib)(pyr),,»
(eqn (1)). As an initial step we theoretically predicted the
enthalpy of interconversion by periodic DFT in CASTEP22*°
using PBE"’ functional with two different corrections: MBD*
(many-body dispersion)**° and Grimme D3.”" Positive energy
values from computational results indicated that such a reaction
should not proceed experimentally, and (tftib)(pyr),, should
remain unreacted in the resulting mixture. Finally, the dissolu-
tion calorimetry (dis-cal) measurements also revealed a positive
experimental value for the reaction enthalpy, consistent with the
periodic DFT and molecular energy framework (MEF) calcula-
tions (Fig. 2). Conversely, the reverse reaction (eqn (2)), where
(tftib)(tpss) reacts with the pyr acceptor to form the (tftib)(pyr);,,
has negative calculated enthalpy (opposite value to the forward
reaction), and is therefore expected to proceed experimentally.

(tftib)(pyr),/» + tpss — (tftib)(tpss) + 1/2pyr - forward (1)

This journal is © the Owner Societies 2023

View Article Online

PCCP
10.0
I
5.0
L 00
E
-5.0
- I
~
4.10.0
-15.0 I '
-20.0
Eqn1 Eqn3 Eqn4d Eqn5
PBE+MBD* 3.2 -0.3 -9.1 -12.7
PBE+D3 8.8 -1.1 -4.2 -15.6
MEF 13.8 3.1 -10.7 -15.6
dis-cal 8.6(7) -5.0(7) -13.6(5) -13.9(4)

Fig. 2 Cocrystal interconversion energies (in kJ mol™) obtained from
periodic DFT calculations, molecular energy frameworks (MEF) and dis-
solution calorimetry (dis-cal) measurements. Red error bars are shown for
the energies measured by dis-cal.

(tftib)(tpss) + 1/2pyr — (tftib)(pyr),/, + tpss — reverse  (2)

Further assessment of the validity of the chosen periodic DFT
methods was performed by comparing the geometric parameters
of the experimentally-determined and DFT-optimised crystal struc-
tures (ESL* Fig. S1 and Table S6). These comparisons reveal that
both methods offer excellent agreement with the experimental
structures, with the optimised unit cell volumes within +£4% of
experiment, and XB lengths within 0.13 A for both methods,
although PBE+D3 offers a closer overall agreement with the
experimental structure parameters.

In order to verify the validity of the thermodynamic predic-
tions of reaction outcomes by DFT and calorimetry, milling
reactions for eqn (1) and (2) were performed by liquid-assisted
grinding (LAG)** with ethanol (for further experimental details
see ESI%). Interestingly, the experimental outcome of both
forward and reverse reaction gave the reaction products, for
which powder X-ray diffraction pattern (PXRD) did not match
either (tftib)(pyr),,, or (tftib)(tpss) cocrystals. Most curiously,
the PXRD patterns of the products of both forward and reverse
reaction matched each other, suggesting that both reactions
had led to the formation of the same product, of yet unknown
structure. The same material was subsequently obtained by
mixing the three individual components (tftib), (pyr), (tpss) and
milling under LAG conditions with ethanol, suggesting that the
new material might be a ternary cocrystal (see ESL# Fig. S3-S5).

Recrystallisation of the product obtained by milling, followed
by single-crystal X-ray diffraction structure determination
and refinement in SHELX package,” revealed that a three-
component cocrystal of the formula (tftib)(pyr),,(tpss);,, (here-
after labelled as 3-comp) had been formed. Such a cocrystal could,
indeed, form starting from both (tftib)(pyr),, and (tftib)(tpss)
cocrystals, and also by milling the individual components tftib,
tpss, pyr according to the following reaction equations:

(tftib)(pyr). > + 1/2tpss — (tftib)(pyr):o(tpss)n  (3)
(tftib)(tpss) + 1/2pyr — (tftib)(pyr),,»(tpss)i, + 1/2tpss  (4)

tftib + 1/2pyr + 1/2tpss — (tftib)(pyr),2(tpss)i.  (5)
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In order to rationalise the experimental occurrence of all these
reactions, the transformation energies were computed using
the periodic DFT calculations and measured by dissolution
calorimetry (see ESLi Table S5). Both calculated and experi-
mentally determined interconversion energies consistently
showed that formation of the 3-comp starting from either of
the binary cocrystals (eqn (3) and (4)) presents a thermodyna-
mically more favourable outcome than the interconversions
between binary cocrystals (eqn (1) and (2)).

The thermodynamics of the formation of 3-comp from
either of the binary cocrystals is well understood from the
periodic DFT calculations, also supported by experimental
calorimetric measurements. Neither of these methods, however,
truly explain the reason for the higher stability of the 3-comp
compared to the two-component cocrystals. In order to rationa-
lise the observed mechanochemical reactivity, we have looked
into the structures of all three cocrystals and explored the role of
different non-covalent interactions in stabilising the corres-
ponding packing arrangements.

The (tftib)(pyr),,, crystallises with one tftib and half pyr
molecule in the asymmetric unit. Two of the three iodine atoms
of tftib interact with pyr via I- - -N, while the remaining free iodine
of tftib interacts with two neighbouring tftib molecules through
bifurcated I.--I and I.--F interactions. This cocrystal is also
stabilised by the parallel offset n-n stacking of the tftib molecules.

In the case of (tftib)(tpss) cocrystal, the coformers interact
through an I.--S halogen bond. The other two I-atoms are
involved in I- - -I interaction to the neighbouring tftib molecules
(see ESLi Fig. S10). Finally, this cocrystal is also stabilised by the
stacked tftib-tftib interaction. Contribution of all the interac-
tions involved in stabilising the binary cocrystal as obtained
from 2D-fingerprint plots are given in the ESI,: Fig. S6.

Compared to the binary cocrystals, 3-comp has two potential
halogen bond acceptors (N of pyr and S of tpss), capable of
interacting with tftib. The energies of individual supramolecu-
lar interactions must be the key to explaining the higher
stability of 3-comp with respect to the binary counterparts.

Molecular energy framework (MEF) analysis,”* performed in
Crystal Explorer,>® was used to evaluate the role of individual
supramolecular interactions in stabilizing the crystal structures
of the ternary and binary cocrystals.>"*® Before embarking on
the analysis of the energies of individual supramolecular
interaction energies, we have verified whether total lattice
energies computed by MEF method can be used to compute
the energies of cocrystal interconversion reactions. Indeed, as
can be seen in Fig. 2, reaction energies computed by MEF
method are highly consistent with periodic DFT calculations.
The only exception is reaction (3), which is predicted to have
positive energy by MEF, while having negative according to
periodic DFT calculations and dis-cal measurements. One
possible reason for this discrepancy might be the lack of
consideration of intramolecular conformation energy by MEF
method, as opposed to periodic DFT. Overall, we consider the
agreement between periodic DFT and MEF to be highly satis-
factory, giving us confidence that the analysis of individual
interaction energies by this method will be reliable.
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Fig. 3 Intermolecular interaction energy of (a) (tftib)(pyr)y,» and (b)
(tftib)(tpss) cocrystal.

Upon comparing the strengths of the supramolecular
dimers, involving the I.--N and I.--S interactions (Fig. 3) in
(tftib)(pyr),/» and (tftib)(tpss) binary cocrystals, with energies of
—20.4 k] mol™' and —13.7 k] mol™', respectively, it can be
inferred that the I. - -N interaction will likely be favoured in the
three-component cocrystal containing both N and S acceptors.
As anticipated, 3-comp exhibits the I.--N interaction with an
energy value of —19.2 k] mol™", which is very similar to that
found in (tftib)(pyr);/».

However, this alone does not explain the preference for the
formation of 3-comp over the binary cocrystals, the role of
sulphur atom has to be explored further.

The sulfur atom in tpss does not form a halogen bond to
tftib, however, a close C-H- - -S contact with a neighbouring pyr
molecule is found, with this pyr moiety simultaneously
involved in m-n stacking with one of the phenyl rings of tpss
(type 1 in Fig. 4). The total energy of this interaction between
tpss and pyr molecules is —29.6 k] mol !, which is stronger
than the interaction energy between the coformers in the
(tftib)(tpss) cocrystal, where they form an I---S halogen bond.
This explains the lack of I---S interactions in the structure of
3-comp. Further on, the phenyl ring in tpss is involved in the
second interaction with another pyr moiety (type 2 in Fig. 4)
with a total interaction energy of —11.2 kJ mol '. The phenyl
ring of tpss is therefore sandwiched between the two pyr
moieties, where type 1 interaction is supported by a combi-
nation of electrostatic and dispersion forces, whereas type 2 is
primarily driven by the dispersion forces associated with n-n
stacking between the phenyl rings (Fig. 4c). The enhanced
stability of pyr-tpss—pyr trimers within 3-comp highlights the
significance of incorporating pyr as the third component into
this cocrystal, resulting in higher thermodynamic stability of 3-
comp over (tftib)(tpss) cocrystal.

Next, we performed a systematic comparison of strong interac-
tions (above —20 kJ mol ") found in all cocrystal structures, in a
quest to find the interactions causing the most pronounced effect

-29.6 kJ/mol
Type 1

-11.2 kJ/mol
Type 2

&

b) c)

Fig. 4 Energy framework of trimer of tpss stacked between pyr (a) total
energy (b) electrostatic energy (c) dispersion energy.
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Fig. 5 Specific interaction tftib—tftib stacking involved in (a) 3-comp (b)
(tftib)(pyr),»> (c) (tftib)(tpss) having average energy of —46.3 kJ mol™?,
—26.3 k mol™ and —46.5 kJ mol™, respectively.

on the overall lattice stability. In all three cocrystals, the most
significant contribution to the total energy is made by the tftib-tftib
n-1 stacking interactions. Yet specific modes of these interactions
differ between the cocrystals: 3-comp features a parallel stacked
trimer interaction of tftib-tftib-tftib, whereas (tftib)(pyr),,, exhibits
a trimer interaction with displaced and tilted edge-to-face stacking,
and (tftib)(tpss) features a dimer configuration (Fig. 5).

The trimer arrangement of parallel-stacked tftib molecules
found in 3-comp offers the highest energy contribution to the
overall structure stability, with individual stacking energies at
—42.8 and —49.8 k] mol~". Conversely, the offset trimer found
in (tftib)(pyr),/, reveals a much weaker arrangement (—25.8 and
—26.3 k] mol™'). Finally, the parallel stacking arrangement
found in (tftib)(tpss) is strong at —46.5 kJ mol ', yet, since it
is only a dimer and not a trimer arrangement, it contributes
less to the overall stability of the corresponding cocrystal.

The final strong interactions contributing to the stability of
3-comp are the H---S interaction between pyr and tpss and
the I- - -m interaction involving tftib and tpss, with energies of
—29.6 k] mol™" and —20.5 k] mol ™', respectively. However, the
I - -m interaction in 3-comp is weaker than the corresponding
interaction in (tftib)(tpss) at —33.6 k] mol " (see ESL 3 Table S7).

Collectively, these findings suggest that the presence of
strong I-- - interactions along with the unique combination
of the trimer tftib-tftib-tftib stacking, and favourable H---S
interaction involving tpss and pyr, play a vital role in driving the
formation of 3-comp.

In summary, this comprehensive study has demonstrated
how formation of the ternary halogen-bonded cocrystal in
preference to the binary competing structures, can be explained
by thermodynamic arguments based on periodic DFT calcula-
tions and dissolution calorimetry measurements. Moreover,
detailed analysis of individual intermolecular interactions pro-
vided us with microscopic insights into the causes of the high
stability of the ternary cocrystal.
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