M) Cneck tor updates

ChemComm

Chemical Communications

Accepted Manuscript

View Article Online

View Journal

This article can be cited before page numbers have been issued, to do this please use: J. Vainauskas and
T. Frisi, Chem. Commun., 2026, DOI: 10.1039/D5CC06433C.

o
-

ROYAL SOCIETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

(3

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon asitis available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes to the
text and/or graphics, which may alter content. The journal’s standard
Terms & Conditions and the Ethical guidelines still apply. In no event
shall the Royal Society of Chemistry be held responsible for any errors
or omissions in this Accepted Manuscript or any consequences arising
from the use of any information it contains.

rsc.li/chemcomm


http://rsc.li/chemcomm
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d5cc06433c
https://pubs.rsc.org/en/journals/journal/CC
http://crossmark.crossref.org/dialog/?doi=10.1039/D5CC06433C&domain=pdf&date_stamp=2026-01-12

Page 1 of 26

Open Access Article. Published on 12 January 2026. Downloaded on 1/13/2026 11:16:24 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

Cocrystallisation with Carbon

ChemEomm

View Article Online
DOI: 10.1039/D5CC06433C

Jogirdas Vainauskas*®® and Tomislav Fris¢i¢*ab

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

While carbon is ubiquitous across organic synthesis and materials chemistry, in supramolecular chemistry the role of carbon
as a target for the formation of directional interactions, such as hydrogen or halogen bonds, is less known and developed in
comparison to nitrogen or oxygen. Here we provide a brief review of the opportunities for the design of multi-component

crystals (cocrystals) based on the recognition of carbon-based moieties, notably non-substituted polycyclic aromatic

hydrocarbons (PAHs), functionalities bearing single carbon atom recognition sites such as isonitriles or carbenes, as well as

the molecules of the element carbon itself, such as fullerenes, with particular emphasis on halogen bonding and C-H---1t

interactions. By providing highlights of historical examples, as well as select recent advances including applications oriented

towards carbon nanomaterials, this review illustrates the role of carbon in cocrystallisation and solid-state supramolecular

chemistry, from fundamental research and materials design, to biomolecular recognition and extraterrestrial geology.

Introduction

Carbon is the central element of organic chemistry, and the
basis of organic materials In the context of
supramolecular chemistry, however, the value of carbon as a
target of molecular recognition and design of supramolecular
architectures is easily overshadowed by the neighboring
elements of the periodic table, such as nitrogen or oxygen.
Understanding and controlling the supramolecular chemistry of
carbon-based moieties, however, is known to be of
considerable significance in areas such as biochemistry® and
materials chemistry. In the latter context, and focusing on
organic solids, aromatic carbon-based moieties are ubiquitous
in functional organic materials, providing stability, access to
well-established synthetic approaches that can address
multiple functionalisation sites, and can exhibit tunable
electronic properties. The solid-state crystalline environment of
such aromatic moieties affects diverse materials properties,
such as reactivity,2* conductivity,>® or luminescence.” A
pertinent example is the organic semiconductor pentacene,
where the solid-state molecular arrangement (i.e., the crystal
“packing”) has a profound effect on the electronic properties of
the crystalline solid.8 Whereas pristine pentacene crystallises
with molecules adopting a herringbone arrangement, the
covalent attachment of steering groups onto the pentacene
core can promote face-to-face molecular stacking, enhancing
conductivity via increased m-orbital overlap.®

The sensitivity of the crystal packing to molecular
structure® means that the crystalline arrangement of aromatic
carbon-based moieties can, in principle, be readily altered
through covalent derivatisation. Such a strategy is exemplified
by introducing halogen substitution to encourage B-stacking of
cinnamic acid derivatives to achieve predictable, solid-state
photochemical reactivity.* Covalent derivatisation, however,
inherently modifies the electronic properties, and potentially
also the shape, of target molecules, which could impact the
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sought properties in an undesired way. The design of
cocrystals,!! i.e. a class of materials containing two or more
molecular components in the same crystalline structure, is an
alternative strategy to modify solid-state properties, focusing
on intermolecular interactions to guide
self-assembly. Cocrystallisation permits aromatic carbon-based
moieties to be rearranged within a crystal structure and
carefully positioned to promote a certain type of functional
behavior,'? modify or generate properties, without requiring
more heavy-handed chemical derivatisation approaches.!?
Cocrystal design has historically often relied on the presence of
functional groups that can engage in directional intermolecular
interactions, such as hydrogen (HB) or halogen bonding (XB),
often targeting electron-rich heteroatoms such as N, O, S, as
recognition sites.1**> Certain functional groups are particularly
adept at forming homo- or hetero-molecular interactions of
robust geometry, enabling their use as supramolecular building
units, or supramolecular synthons,® for cocrystal design. In the
context of hydrogen bonding, this includes homosynthons such
as carboxylic acid-acid dimers, amide ladders, and hydroxyl
chains, as well as heterosynthons such as carboxylic acid-amide
dimers, hydroxyl-pyridine HBs, carboxylic acid-pyridine HBs.'”
Supramolecular synthons are typically described using a graph-
set approach, recently expanded to include other types of
interactions, such as halogen bonds.'8 Nevertheless, while there
are also non-directional supramolecular motifs involving
carbon-only based moieties, such as different types of m-
stacking, supramolecular synthons based on directional
interactions to carbon are considered unconventional and not
traditionally considered in cocrystal design.

This article highlights the role of carbon in molecular
recognition and cocrystal formation, illustrating how the use of
interactions different from traditional, non-directional
n-stacking, gives rise to a rich, rapidly-expanding landscape of
carbon-based cocrystal materials, with relevance from
biomolecular recognition and materials design to molecular
assembly in extraterrestrial We perceive
strategies for supramolecular recognition and manipulation of
non-substituted, carbon-only molecular skeletons, such as
those of polycyclic aromatic hydrocarbons (PAHs) and
fullerenes, to be highly important for advancing the
development of materials such as graphenes, carbon nanotubes

molecular

environments.


mailto:t.friscic@bham.ac.uk
mailto:jxv258@student.bham.ac.uk
mailto:tomislav.friscic@mcgill.ca
mailto:jogirdas.vainauskas@mail.mcgill.ca
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cc06433c

This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 12 January 2026. Downloaded on 1/13/2026 11:16:24 AM.

Pleaserd@13y:1e

ARTICLE

(CNTs), and covalent-organic frameworks (COFs).1%2° |ndeed,
supramolecular recognition of such carbon-based species using
directional, site-specific interactions, without any covalent
modification, can be seen as a stimulating challenge of crystal
engineering. In our view, cocrystallisation of carbon-rich and
hydrocarbon moieties using such interactions could be seen as
a supramolecular equivalent of C-H activation?! — a topic that
has over the past decades led to exciting developments in the
covalent chemistry of carbon. This review is written with the
intention to inspire similar excitement in the area of solid-state
chemistry and materials design, by highlighting the rich but too-
often overlooked potential of carbon as an element of crystal
engineering.

Assembly through n-stacking

It is impossible to discuss the recognition of carbon-only
molecular moieties without addressing the non-directional
n-stacking of aromatic units, widely present across
supramolecular chemistry and biology, and known to be crucial
for the structural stability of various carbon-based materials,
including COFs,?223 nucleic acids,?* or proteins.?> A full overview
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of m-stacking in biochemistry, supramolecular chemistry-and
crystal engineering is certainly beyoridP!tHel05€apeE (b 4his
work,but further information can be found in available
reviews.12630 While the exact nature of such interactions
remains an active area of research,332 the stacking motifs
discussed here will broadly encompass any interaction that can
lead to recognition and parallel alignment of molecules along
the carbon-based aromatic systems. While keeping in mind that
the use and precise definitions of the terms -1t interactions
and m-stacking are sometimes a source of discussion,33 these
terms have in general proven to be highly effective as geometric
descriptors in structural analysis of molecular solids, and are
vital to the current understanding of crystal engineering.

Although m---1t stacking between m-systems of similar
quadrupole moments,3* is commonly found in single-and
multi-component solids, there appears to be limited scope to
design cocrystals via such interactions. This is evident from the
observation that there are very few structural reports of
cocrystals based on -1t stacking of different PAHs,3° yet such
stacking is frequently seen as crucial in crystal structures of
pristine PAHs.36
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Figure 1. a) Cocrystals assembled through the combination of O-H-+N HBs and m---1t stacking (adapted with permission.3® Copyright 2014, American Chemical Society). b)
Nanographene-based cocrystals with coronene assembled through rt---1t stacking (adapted with permission*! from SNCSC).

The use of m---1t stacking for cocrystal design typically relies on
combining it with other, stronger intermolecular interactions.
This means relying on mt---1t stacking as a secondary interaction
for structure “fine-tuning”.37:38 For example, O-H---N hydrogen
bonding to pyridine-like bases was used as a primary
supramolecular synthon, while pyridine units further associate

2| J. Name., 2012, 00, 1-3

through mt---1t stacking to generate binary and ternary cocrystals
(Fig. 1a).3°

Theoretical calculations indicate that interactions between
n-systems become stronger with increasingly large aromatic
surfaces, as a result of greater dispersion contributions.*®
Consequently, cocrystal design based primarily on m---1t stacking
has been most successful when applied to molecules with

This journal is © The Royal Society of Chemistry 20xx
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extended aromatic systems, such as nanographenes and larger
PAHs. As an example, the Wiirthner group has reported several
nanographene systems which form cocrystals with PAHs,
arranging into a variety of stacking assemblies.**3 In one
example,** a Ce nanographene unit was found to form
complexes of different compositions with PAHs, yielding
stoichiometrically different cocrystals (stoichiomorphs). Using
coronene (cor) as a cocrystal former (coformer) led to cocrystals
comprising discrete cor:--Ces:--Ces---cor tetramers, cor::-
Ceq:--cor---cor-:-Cgq:--cor hexamers, or infinite cor::-Ces::-coOr
columnar stacks (Fig. 1b), with typical cor:--Cs4 distances in the
3.2-3.4 A range. The large accessible m-surface of the
nanographene is well-suited for m--m stacking, while any
sterically demanding groups on the periphery of the molecule
inhibit rapid self-complexation,  thereby  promoting
stacking-based cocrystallisation and isolation of PAH dimers
within the stacked structure. Niyas et al.*> demonstrated the
ability of a flexible nanographene to form ternary cocrystals
based on m--m stacking and allosteric regulation: upon initial
complexation with a phthalocyanine-based coformer, the
nanographene was found to undergo a distortion which
inhibited secondary phthalocyanine binding on the opposite
side of the nanographene unit, but still could accommodate
complexation with a smaller PAH. In this way, ternary cocrystals
can be formed as a result of active deformation of n-surfaces,
offering a shape-based pathway for selective cocrystallisation.

Polar---rt stacking

Stacking interactions between electron-rich and -deficient
aromatic systems are a widely studied and applied type of
carbon-based recognition motifs in cocrystal design. Such
polar---;t  stacking, or the formation of donor-acceptor
complexes, is not only a highly reliable motif, but can also
engage an immense variety of molecules or functionalities.**
Examples of electron-deficient coformers include
perfluoroarenes, cyano- nitro-decorated molecules
(tetracyanobenzene, tetracyanoquinodimethane,
nitrobenzenes), aromatic anhydrides, diimides, and more,
providing the crystal engineer a large pool of molecules to
ponder and choose from in cocrystal design. Additionally, many
molecules are readily functionalised to incorporate
electron-rich or -deficient moieties, which facilitates the
installation of groups capable of polar---m interactions as a
cocrystal design strategy.

Arene---perfluoroarene stacking is highly popular in
cocrystal design, originating from the early study of the now
archetypal cocrystal (benzene)(hexafluorobenzene).*>
Cocrystals containing hexafluorobenzene most commonly
contain nearly co-facial A-B-A-B stacking motifs involving
aromatic stacking partners such as p-xylene,*® mesitylene,*” or
N,N-dimethylaniline.*® The reliability of arene---perfluoroarene
stacking, which has cemented the use of such interactions in
cocrystal design, is demonstrated by the tolerance of the
resulting self-assembly motifs to molecular size. For example,
Collings et al.*® have demonstrated the reliable formation of 1:1
stoichiometry cocrystals of octafluoronaphthalene with a

and
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number of differently-sized PAHs, including yanthracene,
phenanthrene, pyrene, or triphenylem®)!: IA1G1P/dseg54¢he
cocrystal structures comprised alternating
arene---perfluoroarene stacks interconnected via C-H---F
hydrogen bonds. Analysis of hexafluorobenzene cocrystals with
several PAHs suggests that the two cocrystal components will
be positioned in a way to minimise electrostatic repulsion
between the electron-rich fluorine atoms and the electron-rich
PAH surface, offer a way to anticipate the final molecular
orientations in the cocrystal.>®

The reliability of phenyl---perfluorophenyl stacking was used
in the design of functional, reactive cocrystals, as shown by the
Grubbs group who exploited such interactions to align
butadiyne moieties in the solid state, facilitating topochemical
polymerisation into then unprecedented cis-polydiacetylenes.>?
The same strategy was expanded to [2+2] photo-dimerisation
and -polymerisation in cocrystals containing mono- and
diolefins (Fig. 2a), with near-quantitative photoproduct yields in
some cases.®”? The Frauenrath group has explored
phenyl---perfluorophenyl stacking in combination with flexible
ester-containing butadiynes,>? yielding cocrystals that undergo
topochemical polymerisation to selectively form alternating
phenyl-perfluorophenyl poly(diacetylene) molecules (Fig. 2b).
The phenyl---perfluorophenyl stacking is retained upon
introducing alkyl chains onto phenyl ring-derivatives, yielding
highly-soluble poly(diacetylenes).>®* Other photo-reactive
cocrystals based on phenyl---perfluorophenyl stacking have
explored diphenylhexatrienes,>> triacetylenes,>® as well as a
non-symmetrical olefin as a reactant towards the formation of
a tetrasubstituted cyclobutane (Fig. 2c).>” Although not based
on a cocrystal, the solid-state photochemical synthesis of a COF
directed by phenyl---perfluorophenyl stacking by the King group
is notable as a feat of crystal engineering-based materials
synthesis.>8

The stacking geometries are well-suited for promoting
pressure-induced reactivity in organic solids,”® allowing
aromatic rings to be compressed within a reactive distance of
2.6 A5960 Ppressure-induced chemical reactivity has been
reported for alternating-stack cocrystals composed of arenes
and perfluoroarenes, yielding extended sp3-hybridised carbon
species. With increasing pressure, the
(benzene)(hexafluorobenzene) cocrystal was found to undergo
several polymorphic transitions and a [4+2] Diels-Alder reaction
to generate columnar hydrofluorocarbons,®® with further

increases in pressure leading to a fluorinated graphane
structure.®? Similarly, columnar hydrofluorocarbons were found
to be generated by exposing cocrystals such as
(octafluoronaphthalene)(naphthalene) and

(octafluoronaphthalene)(anthracene) to pressures of ca. 20-25
Gpa_63,64

While the formation of arene:--perfluoroarene stacking
motifs is generally predictable, anticipating intermolecular
interactions perpendicular to the stacking axis is often more
difficult. An in-depth report by Colombo et al.3> combined
theoretical calculations and analysis of the Cambridge
Structural Database (CSD) to investigate packing motifs in
binary 1:1 cocrystals involving polar---mt stacking; examining a

J. Name., 2013, 00, 1-3 | 3
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broad subset of molecular components, the cocrystal structures
were found to commonly contain infinite A---B---A---B stacked
columns, with A---B interaction energies in the range 25-60
kJ/mol. The packing of such stacked units, however, varied
widely (Fig. 2d), and depended both on the choice of stacking
partners and the presence of secondary weaker interactions,
such as C-H:::N hydrogen bonding.

£ S ——CoH
& F hv F COzH
7h  F
F,Q—F‘\—-GOEH . F N~coH
F

1+2 Codrystal 3; (87%)

F. F F F i) hv, solid state
MF ii) p-TSOH
F F F 3

SBZ9F

[H-SBZ-9F][p-TsO]

Figure 2. a) Topochemical [2+2] photocycloaddition templated in cocrystals by
phenyl---perfluorophenyl stacking (adapted with permission.> Copyright 1998, American
Chemical Society). b) Topochemical polymerisation templated in cocrystals by
phenyl---perfluorophenyl stacking (adapted with permission.5* Copyright 2006, American
Chemical Society). c) Solid-state synthesis of a four-substituent cyclobutane via a
phenyl---perfluorophenyl stacking cocrystal (adapted with permission®” from SNCSC). d)
Alternate ladder (left) and slanted-column (right) stacking motifs in polar--m cocrystals
(adapted from reference).
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Combining weak interactions with molecular shape-fitting
can offer greater control over packing of Sfacking a3dermblieds s
illustrated by a recent study by Alfuth et al.%> A series of
cocrystals involving perfluorophenol and triaryl coformers
showed that the perfluorophenol units form hydrogen-bonded
trimers which stack with triaryl coformers through
phenyl---perfluorophenyl interactions. In directions
perpendicular to the stacking axis, the perfluorophenol trimers
sit in pockets lined with C-H---F interactions, yielding layers of
two-dimensional (2D) triangle-based tilings (Fig. 3a). The
importance of shape matching is especially relevant considering
that C-H---F interactions are not seen as strongly structure
directing.%% 67

While the polar---mt stacking interactions generally depend
on electrostatic and dispersion contributions to bring
electron-rich and -poor aromatic systems into close contact,
certain electron-poor coformers additionally lead to
considerable charge-transfer contributions upon stacking.
Tetracyanobenzene and tetracyanoquinodimethane are two
such coformers, well-established in the design of
charge-transfer cocrystals, yielding materials with unique
optical and luminescence properties.®872 Trinitrobenzene has
also been extensively studied as a component in
charge-transfer cocrystals,”37> assembling into polar-mt stacking
structures with a wide range of aromatic coformers. The
Desiraju group explored a variety of such trinitrobenzene-based
systems,”®77 examining the role of C-H---O hydrogen bonds for
controlling the alignment of stacking structures.”® For example,

this structural control was employed in the
(1,3,5-trinitrobenzene)(triphenylene) cocrystal (Fig. 3b),
demonstrating enhanced non-linear optical properties

compared to the starting components.’® Aromatic diimides are
a particularly exciting class of coformers, possessing
electron-poor core regions that are well-suited for cocrystal
formation with electron-rich arenes.®%-%¢ Due to the vast
number of different imide and core substituted diimides that
have been synthesised, as well as arene coformers of different
shapes and sizes, structural trends found in diimide cocrystals,
apart from the presence of polar:--1t stacking, are highly diverse.
For example, Gao et al.8° examined a series of perylene diimide
(PDI) cocrystals in which different aromatic coformers produced
various structural motifs, composed of  stacked
heteromolecular  trimers  (arene::-PDI---arene), dimers
(arene--PDI) or an alternating stacking motif (Fig. 3c). The
variability of stacking motifs is particularly evident in case of
diimide macrocycles: the Stoddart group examined the packing
motifs in cocrystals of triangular NDI macrocycles,?7-88 where
the rigid three-dimensional (3D) shape and porosity of the
macrocycle lead to different supramolecular “tessellations”
(Fig. 3d), highly dependent on the choice of the aromatic
coformer® and solvent of crystallisation.8%%0

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. a) Triangular molecular tiling in cocrystals assembled through polar-rt stacking and C-H--F interactions (adapted from reference® under the terms of the CC-BY license). b)
Stacking structure in the (1,3,5-trinitrobenzene)(triphenylene) cocrystal.” c) Packing motifs in PDI cocrystals with different aromatic coformers (adapted with permission.8° Copyright
2024, Wiley). d) Supramolecular tessellation in a NDI macrocycle cocrystal (adapted with permission.8* Copyright 2019, American Chemical Society).

Halogen bonding
Early studies

Early investigations into solution systems containing dihalogens
and PAHs revealed the appearance of charge-transfer between
the two species,®® with the charge-transfer complex of I, and
benzene (CsHg) notably serving as a model system for Mulliken’s
studies of charge transfer phenomena.?? Although Mulliken
initially believed the complex consisted of I, molecules aligned
in parallel on top of the arene m-system, other structural
arrangements were also considered, including one with the |,
molecule positioned perpendicular to the benzene plane. The
latter model was eventually supported by the 1958
crystallographic analysis of (benzene)(Br,) by Hassel and
Stremme around 230 K.?3 The structure, which represents one
of the earliest structural studies on a halogen-bonded cocrystal,
is comprised of one-dimensional (1D) chains of alternating
molecules of CgHg and Br,. The long axis of each Br, molecule
was found to be normal to the aromatic plane of neighboring
benzene molecules, indicating that directional Br-Br---1t halogen
bonding is responsible for the formation of the observed 1D

chain structure. The structure was subsequently revisited by the
Kochi group, who established that at 123 K the Br, molecule
makes a particularly close contact to a pair of carbon atoms at
the rim of the aromatic system (Fig. 4a) in (benzene)(Br,), as
well as in the analogous (toluene)(Bry) cocrystal.®* Both
cocrystals were found to spontaneously generate HBr and yield
either bromobenzene, or a mixture of o- and p-bromotoluene,
upon sitting at 78 °C, indicating a direct connection between
site-specific halogen bonding in the cocrystal and ring
bromination.

The original report of the (benzene)(Br,) structure was
followed by analyses of a number of analogous cocrystals,
including (CsHe)(Cl2),% as well as cocrystals of Br or I, with other
aromatic hydrocarbons, including toluene and coronene® (CSD
codes DUPCIAO1, DUPCIA10). In all cases, a roughly
perpendicular arrangement of the dihalogen molecule with
respect to the arene plane was observed. Such arrangements
are in general agreement with the more recent theoretical
studies on the geometry of halogen bonding involving
dihalogens with benzene or PAHs.%69% For example, theoretical
studies by the groups of Hobza and of Kim groups®® found that
a halogen bond should form to the rim of a benzene molecule,

Please do not adjust margins
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while a combined theoretical and database study by Ang et al.®’
indicated similar preferences for benzene, as well as larger
PAHs. It is, however, possible that halogen bonding preferences
of dihalogens towards PAHs change with increasing size of the
aromatic system, as indicated by modelling studies by Kim et al.
on flat PAHs, and by Cabaleiro-Lago and Rodriguez-Otero on
curved systems. These studies found that dihalogens interacting
with large polycylic aromatic sheets might preferably engage in
side-on interactions, rather than halogen bonding.%®

In the solid state, the XB interactions in cocrystals of
dihalogens and PAHSs can also lead to charge transfer between
donors and acceptors, with conductive behavior noted for
systems containing perylene with Bry or [5.190101 Akamatu et
al.1® reported that the addition of Br; to a solution of perylene
in CsHe produces a black precipitate, comprising three or four
Br, molecules per each perylene unit. Freshly prepared samples
were found to exhibit low resistivity (tens of Q cm?), stated at
the time to be the smallest for a simple organic compound
excepting graphite and carbons.1® Although crystal structures
do not appear to have been reported for these solid-state
complexes, models based on spacing of crystallographic planes
obtained from powder X-ray diffraction (PXRD) data indicate
structures are again based on XBs to mt-systems (Fig. 4b).101

L

(a) Perylene-1.51: (b) Perylene-31,

Figure 4. a) A halogen-bonded fragment from the (benzene)(bromine) cocrystal (adapted
from reference®®?). b) Proposed structures for cocrystals of perylene and I, (adapted from
reference,! by permission of the Bulletin of the Chemical Society of Japan).

6 | J. Name., 2012, 00, 1-3

Halogen-bonded Supramolecular Synthons for PAH ., Aticie Online
Cocrystallisation DOI: 10.1039/D5CC06433C

Cocrystals based on XBs to m-systems have for a long time
been limited to the outlined dihalogen-PAH complexes, with
sparing examples involving other small XB donors, such as
tetrabromomethane (CBr4).102103 Research over the past two
decades, however, strongly points to XBs to carbon-based
n-systems as reliable directional interactions that can be
accessed through a variety of halogen bond donors, enabling
the design and synthesis of a wide range of cocrystals exhibiting
robust, reliable supramolecular motifs. Whereas this overview
is focusing on crystal engineering and self-assembly in the solid
state, it is notable that halogen bonding to carbon-based m-
systems has also been studied in gas phase and solution
environments.!% The possibility of PAHs to engage in halogen
bonding was explored by the Jin group, who reported a number
of halogen-bonded cocrystals with small-molecule arenes or

heterocycles, including carbazole,'%> fluorene and its
derivatives,1%¢  acenaphthene,’®”  biphenyl, others.108-112
Notably, Shen et al'? reported cocrystals of

1,4-diiodotetrafluorobenzene (14tfib) donor with naphthalene
or phenanthrene as acceptors, exhibiting ladder-like motifs
arranged through C-I---rtinteractions. In each cocrystal, the PAH
units that act as rungs of the ladder engage in four XBs to the
tfib donor molecules acting as rails. The shortest C-I---1t contacts
form either to the center of a carbon-carbon bond in the arene,
or directly to a carbon atom, with C-I---C distances between
3.43-3.63 A, which is ca. 1-7% shorter from the expected sum of
the Van der Waals radii of iodine and carbon.113

Such ladder-like self-assembly motifs, involving 14tfib and
unsubstituted aromatic systems, were subsequently found to
tolerate significant variation in the size and shape of the PAH
acceptor,'* as demonstrated by a systematic array study with
acceptors ranging from the single-ring benzene molecule to the
15-ring dicoronylene unit. The C-I---rt ladder motif was found in
eight out of nine cases which, in terms of the supramolecular
yield concept introduced by Aakerdy and coworkers,*>
represents an interaction with a high supramolecular yield of
89%. Comparison of the experimentally determined crystal
structures to electrostatic surface potential (ESP) calculations
revealed that, in most cases, the C-I---1t halogen bonds formed
towards regions of the PAH exhibiting the largest negative ESP,
indicating potential for recognition site selectivity®” even with
halogen bond donors more complex than dihalogens. The
strength of the halogen bond interaction energies, based on
periodic density-functional theory (DFT) calculations, were
found to span ca. 13-21 kJ mol?, in general agreement with
other theoretical studies on C-I---1t halogen bonds.116:.117 Qverall,
the C-I---rt ladder motif, and related architectures, have been
observed across a wide number of PAH cocrystals (Figure 5),
indicating it is a supramolecular synthon applicable to
engineering cocrystals using directional interactions to non-
substituted hydrocarbons.

Robustness of halogen bonding to nt-systems

This journal is © The Royal Society of Chemistry 20xx
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Analyses of the CSD®7114 support the view of C-I---it halogen
bonding as a robust interaction, with a tendency for directional
behavior across a wide range of geometrically- and
electronically-distinct carbon-based acceptors, including
unsaturated five-, six- or seven-membered rings, C=C double
bonds, as well as C=C triple bonds. The robustness of the
interaction is illustrated by the structures of the three
stoichiomorphs of the cocrystal of 14tfib and pyrene:109.114,118
whereas only the (pyrene)(14tfib), cocrystal'* exhibits the
supramolecular ladder motif, its stoichiometric variations
(pyrene)(14tfib) and (pyrene)s(14tfib) all contain short I---1t
halogen bonds. A systematic study of p-xylene cocrystallisation

ARTICLE

with fluorobenzene derivatives demonstrated,., 2 similar
tendency for the formation of halogePBdRdS LD rSKteTis
when using bromine- or iodine-substituted coformers.1??
Whereas different XB donors, such as
1,3,5-triiodo-2,4,6-trifluorobenzene (135tftib), have been used
to form C-I---1t halogen-bonded cocrystals with arenes, resulting
structural motifs were found to vary depending on the choice of
XB donor.107.111 Comparing the cocrystallisation behavior of
bromine- and iodine-substituted XB donors led the Jin group to
propose the difference in ESPs as a guideline for determining
whether cocrystallisation results in C-1---7t XBs or 1---1t stacking
interactions.!!
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Figure 5.Examples of cocrystal structures of dlfferentlllyé sized and -shaped PAHs and related molecules with tfib and other XB donors, illustrating the frequent

appearance of C-I---1t ladder motifs. References: a,''4 b,

112 d 127 e, 128 f 129 g, 107 an

Stepping away from fluorinated halogen-bond cocrystal
formers, the Bosch group reported cocrystals of
1,4-diiodotetrachlorobenzene (14tcib) as the donor, with either
benzene or naphthalene as the acceptor, comprising
halogen-bonded chain motifs assembled through I---t halogen
bonds.??® Varying structural motifs are also observed when
targeting non-PAH XB acceptors.??%122 For example, d'Agostino

This journal is © The Royal Society of Chemistry 20xx

et al.'?® reported stoichiomorphic cocrystals of 14tfib with
tolane and trans-stilbene, based on XBs to phenyl moieties. The
cocrystal consisting of the XB donor and the arene in a 1:1
stoichiometric ratio adopted a structure with each phenyl ring
engaged in a single XB, whereas a 2:1 stoichiometric ratio led
again to a sheet structure reminescent of the C-I---rt ladder, with
two XBs to each of the hydrocarbon phenyl rings (Fig. 6a).

J. Name., 2013, 00, 1-3 | 7
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Changes to composition and crystal structure also led to
differences in luminescent behavior, with the cocrystal of 1:1
stoichiometric composition exhibiting fluorescence, and the 1:2
cocrystal being phosphorescent.'23

Although extended m-systems provide ample recognition
points for C-X:--1t halogen bonding (X = Br, I), commonly used XB
donors with electron-deficient aromatic cores can also
simultaneously interact with such m-systems through polar-nt
stacking interactions. Jain et al.'® outlined multiple approaches
to designing halogen-bonded three-component (ternary)
cocrystals, including the tandem use of stacking interactions
and C-l---t XBs. This led to several ternary cocrystals where
14tfib was found to engage in stacking interactions and XBs with
pyr, while pyr units also subsequently stack with a third
component (Fig. 6b). This design approach was successful for
forming ternary cocrystals containing 14tfib and pyr along with
4-nitrobenzaldehyde, 1,4-dinitrobenzene, 1,4-dicyanobenzene,
or 1,4-diiodobenzene, which represents a remarkably
high-yielding supramolecular design for ternary
cocrystallisation. Cocrystallisation via directional C-I---t halogen
bonds is also applicable to metal-organic halogen-bonded
(MOXB)*?4 cocrystals. An early report by Lapadula and co-
workers presented cocrystals of Ni(ll) and Co(ll)
dibenzoylmethanates with morpholine- or thiomorpholine
ligands in the axial positions of the octahedrally-coordinated
metal ions, wherein metal-organic units are interconnected into
chains through a combination of C-I---it and either C-I--:O or
C-1--:S halogen bonds.'?> More recently, the Frontera and
Kukushkin groups reported the cocrystallisation of platinum
“half-lantern” complexes through a combination of C-I---Pt, as
well as C-I---1t halogen bonds.126
Crystal engineering of optical properties using halogen bonding to
PAHs

The ladder-like C-lI---mt supramolecular synthon
sufficiently reliable to support the design of materials with
specific properties. This was illustrated through targeted
synthesis of dichroic and pleochroic cocrystals!?’ starting from
the ladder-like structure of the previously reported 14tfib
cocrystal with naphthalene as a blueprint.!’2 In the first
instance, replacing the optically transparent PAH acceptor
naphthalene with the blue chromophore azulene gave a
material based on an identical ladder-like halogen-bonded
architecture, wherein parallel alignment of all azulene rungs led
to dichroic behavior, Next, replacement of the optically
transparent 14tfib rungs with the elongated azobenzene-based
red chromophore ofiab produced a structure in which all red
azobenzene chromophores are aligned in parallel, and
perpendicular to the blue azulene ones (Fig. 6¢). As a result, the
cocrystal exhibited pleochroic behaviour, which was evident
from colour of the crystal changing from blue to red upon
rotation in plane-polarised light.127

Due to the presence of heavy-atom halogens, the cocrystals
exhibiting the ladder motif have also been investigated for the
generation of phosphorescent materials, as already noted for
tolane cocrystals reported by d’Agostino and co-workers.123 In
the context of PAHs, the Jin group demonstrated organic

can be
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room-temperature  phosphorescence  emissigni28, . from
cocrystals with naphthalene,!12 phendhthien@sWD5ek0pther
emissive aromatic XB acceptors, such as carbazole, fluorene,
and pyrene (Figure 5).105106,109 Similar behavior was also noted
in cocrystals of 14tfib with anthracene,'?® pyrene and
coronene,!! exhibiting a maximum average emission lifetime of
4.2 ms. In a similar vein, Abe et al.'3° have examined molecular
doping in cocrystals assembled through C-I---1t halogen bonds as
a method to control organic phosphorescence. Using the
cocrystal of 14tfib and phenanthrene as a structural template,
doping of pyrene molecules led to a mixed cocrystal of
composition  (phen)«(pyr)i1«x(14tfib), composition, where
varying the ratio of phen to pyr produced higher
photoluminescence quantum yields (PLQY) of >20% and longer
emission lifetimes (2.6 ms) through suppression of
non-radiative decay pathways. Additional enhancement of
phosphorescence emission was achieved by using deuterated
pyr as a dopant, leading to PLQY of ca. 27% and emission
lifetime of 4ms. The C-I---1t ladder motif is therefore tolerant to
changes in PAH identity, as well as to sub-stoichiometric
variation in cocrystal composition.
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Figure 6. a) Stoichiomorphic cocrystals of tolane and 14tfib exhibiting fluorescent and
phosphorescent behaviour (adapted with permission.?* Copyright 2015, American
Chemical Society). b) Ternary cocrystal of 14tfib, pyrene and 1,4-dinitrobenzene based
on C-I---1t XBs and polar-rt stacking (adapted with permission.'® Copyright 2021, Wiley).
c) The XB ladder motif and images of pleochroic behaviour for cocrystals of azulene with
an azobenzene-based halogen bond donor (adapted from reference!?’).

Targeting “latent” carbon

Hydrogen bonding has long been a crucial tool for cocrystal
design, able to reliably engage a variety of heteroatom-based
functional groups, such as carboxylic acids, amides and hydroxyl
groups.’3! In contrast, carbon-based aromatic moieties are
generally poor HB acceptors3? and, consequently, are usually
not considered for molecular recognition when designing HB
cocrystals. A cocrystal design strategy aimed towards engaging
this “latent” aromatic carbon33 using directional halogen bonds
was recently demonstrated, leveraging the orthogonality of

This journal is © The Royal Society of Chemistry 20xx
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recognition sites without disrupting the underlying HB metifs:..
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Figure 7. a) Cocrystals of 14tfib and carboxylic acids, containing carboxylic acid dimers and C-I--t XBs (adapted from reference,*** under the terms of the CC-BY license). b)
Stoichiomorphic ternary cocrystals of resorcinol, tetramethylpyrazine and 14tfib, containing O-H--N HBs and C-I---1t XBs (adapted from reference!?3, under the terms of the CC-BY

license).

As an example of this hierarchical strategy, introduction of a
halogen bond donor  such as 14tfib or 1,4-
dibromotetrafluorobenzene (14tfbb) permitted the formation
of binary cocrystals with benzoic acids, benzamide and phenols.
The supramolecular structures based on common
hydrogen-bonded homosynthons, such as the carboxylic acid
dimers, benzamide ladder and phenol helices are retained, but
are re-positioned in space through the formation of C-X---mt (X =
Br, 1) halogen bonds to aromatic residues (Fig. 7a). Importantly,
this hierarchical strategy was also applicable for the synthesis of
ternary cocrystals, by using halogen bond donors to target the
aromatic residues on robust and more complex
hydrogen-bonded heterosynthon architectures, such as the
phenyl moieties on a trimeric assembly of oxalic acid and

This journal is © The Royal Society of Chemistry 20xx

benzamide held via acid-amide R,%(8) synthons, or the aromatic
rings of the resorcinol components in tetramolecular
MacGillivray-type®®*  assemblies of
tetramethylpyrazine. In each case, the use of halogen bonding
to carbon-only m-systems led to structures in which
heteromolecular self-assembled structures typically found in
simpler, binary hydrogen-bonded cocrystals were effectively
used as building blocks for the formation of an even more
complex three-component solid-state material. This s
particularly evident in case of halogen bonding to the
MacGillivray-type (resorcinol),(tetramethylpyrazine), units,
which vyielded two stoichiomorphic cocrystals in which the
tetramers were organised in different ways (Fig. 7b). The
importance of hierarchical relationship between stronger

resorcinol and
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hydrogen-bonded synthons and weaker C-X:--mtinteractions was
supported by periodic DFT calculations. The formation of the
ternary cocrystal (benzamide);(oxalic acid)(14tfib) was possible
mechanochemically from either pre-made (benzamide),(oxalic
acid) cocrystal and 14tfib, or from the pre-made
(benzamide),(14tfib) with oxalic acid, demonstrating two
different synthesis pathways that manipulate a different type of
interaction. Feld and co-workers have demonstrated
applicability of this strategy to 14tcib as the XB donor.'3%In a
similar vein, cocrystallisation of methyldiphenylphosphine
oxide with bromine- or iodine-based XB donors vyielded
cocrystals comprised of hydrogen-bonded chains identical, or
very similar, to those in the pristine solid phosphine oxide, but
now crosslinked by C-I---rt and C-Br---1t interactions.'3¢ Halogen
bonding to m-systems on hydrogen-bonded assemblies is also of
broader relevance for studies of protein folding and protein-
ligand interactions,'37 suggesting that cocrystals of this type
might become of value as models when investigating more
complex (bio)molecular recognition events.

Triple bonds and carbon lone pairs as XB acceptors

Compared to aromatic rings, using discrete C=C or C=C moieties
as XB acceptors in cocrystallisation is less explored.
Nevertheless, overviews of the CSD indicated that halogen
bonding to these, and other types of carbon-based moieties
involving m-electrons, exhibits potential for directional
assembly in the solid state (Fig. 8a).°”'* As an example,
Torubaev and Skabitsky recently demonstrated several
cocrystals assembled through C-l---m XBs to acetylene
moieties.'3® Specifically, the cocrystal of tolane as the XB
acceptor and diiodoacetylene as the donor was found to
assemble primarily through C-I---m halogen bonds to C=C
fragments, forming 1D halogen-bonded chains (Fig. 8b). In
contrast, cocrystallisation of tolane with 14tfib was previously
reported to lead to formation of halogen bonds to the phenyl
ring m-system, while the use of 1,3-diiodotetrafluorobenzene
(13tfib) as the XB donor produced a cocrystal exhibiting a
combination of C-I---rt halogen bonds to the C=C moiety and to
the phenyl group of tolane. The comparison of these results
suggests that C-I---t halogen bonds to acetylene groups are
more sensitive to the size and shape of XB donors than halogen
bonds to arene m-systems, possibly due to the smaller contact
area of the acetylene m-system imposing greater geometric
restrictions on XB formation. The formation of halogen-bonded
complexes with alkene and alkyne m-systems is relevant to the
mechanistic understanding of organic reactions, illustrating
how site-specific recognition on carbon moieties can translate
into chemical functionalisation.13°

Individual carbon atoms have only recently been explored
as single-point acceptors of halogen bonds, similar to, for
example, nitrogen atoms in nitriles.}4%143 |n particular,
Mikherdov et al.'*° reported that cocrystallisation of mesityl
isocyanide with different iodinated halogen bond donors,
obtainable either by solution crystallisation and/or
mechanochemistry produces two-component crystals in which
the isocyanide moiety acts as a XB acceptor (Fig. 8c), with I---C
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Figure 8. a) CSD search results demonstrating a preference for directionality of I--:C short
contacts (reproduced from reference!?). b) Cocrystal of 1,2-diiodoacetylene and tolane
(adapted with permission.!3® Copyright 2024, American Chemical Society). c) Cocrystal of
iodopentafluorobenzene and mesityl isocyanide (adapted from reference,'*® under the
terms of the CC-BY license). d) Visualization of an iodopentafluorobenzene-carbene
adduct.}#
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Theoretical calculations indicate that such C-I---C halogen bonds
are greatly supported by charge transfer between the
isocyanide and halogen moieties through Ip(C)->0c*(I-C) and
Ip(l)>0*/mt*(N=C) donation, which is reminiscent of
n-backbonding found in organometallic complexes. Notably,
such charge transfer effects are less pronounced in nitrogen- or
oxygen-targeting halogen bonds, demonstrating how using the
carbon atom as a single-point XB acceptor might lead to unique
opportunities in crystal engineering. Such cocrystals
immediately offered an elegant application for reducing the
odor of isocyanide reagents, with a demonstrated =50-fold
decrease in isocyanide vapor in equilibrium with the solid
cocrystal in comparison to the pristine isocyanide solid.

Finally, an almost completely unexplored class of XB
acceptors are carbenes. In 1991, Arduengo et al.'** reported a
1:1 stoichiometry adduct between a nucleophilic carbene and
iodopentafluorobenzene (ipfb), representing a
halogen-bonding interaction to an electron-deficient carbon
atom (Fig. 8d). At room temperature, the adduct is in
equilibrium with free carbene and ipfb in solution,
demonstrating the labile nature of the C-I---C interaction. While
cleavage of the C-lI bond is observed over several hours in
solution, the adduct is found to be stable in crystalline form. The
exact nature of this C-1---C interaction is still unclear, and recent
theoretical calculations indicate this halogen bond may possess
significant covalent character.%? To the best of our knowledge,
no other such halogen bonds to carbenes have been reported.

Cocrystals of Cso and Other Fullerenes

The concept of supramolecular recognition on carbon is
strikingly demonstrated in case of cocrystals of fullerenes
which, by definition, represent cocrystals with carbon in
elemental form. Whereas cocrystals are known for other
elements in molecular form, such as P4 or Sg, the latter also
known to form cocrystals with Cep,'*> such examples are
dwarfed by the number and compositional diversity of
cocrystals involving fullerenes, providing another way in which
the supramolecular chemistry of carbon is unique. To illustrate
this point, the CSD contains 54 multi-component structures
with Sg molecules (of which 26 also contain a fullerene),
whereas in case of Cgo and Cyo the numbers are 734 and 209.146
The variety of molecules reported to form cocrystals with
fullerenes is extensive, including interstitial inclusion
compounds with small guest molecules like CH4.147 Therefore,
the herein covered examples are meant to provide only a
succinct but general overview of categories of coformers to
which a crystal engineer may turn in cocrystal design.

Early research into fullerene cocrystallisation has focused on
flexible, container-like molecular units, such as calixarenes, with
the aim to accommodate the size and curved surfaces of
fullerenes. The Atwood and Raston groups focused on
calixarenes as reagents for cocrystallisation of fullerenes
demonstrating, for example, the use of calix[8]arenes for
separating Cgo from C70.14%14% The aromatic cavities and the
conformational flexibility of calixarenes were found to offer a

This journal is © The Royal Society of Chemistry 20xx
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suitable molecular platform for establishing heteromaleeular
1T interactions with fullerenes in the 56lid &t888/{Fig-9)3in
another example of a container-like molecule, Steed et al.'*®
reported that the bowl-shaped cyclotriveratrylene (CTV)
molecule could lead to formation of ball-and-socket complexes
in the solid state, where the Cgo represents the ball and CTV
provides a socket (Fig. 9b). The contacts between the CTV and
Ceo units were found to be within the Van der Waals radii
expected for non-bonded carbon-carbon contacts, with the Cgo
unit being fully ordered in the concave face of CTV. Makha et
al.*** demonstrated a profound influence of substituents on the
structure of cocrystals of calixarenes and fullerene: whereas
calix[6]arene was found to form a 1:2 stoichiometry complex
with Ceo,2°? with a crystal packing exhibiting a 3D array of
fullerene units, using p-benzylcalix[6]arene led to a solid-state
complex of 1:3 stoichiometry, with Cso units now exhibiting an
overall honeycomb-like arrangement throughout the crystal.
Although both cocrystals are primarily assembled via similar -t
and C-H--mt interactions, conformational flexibility and
variations in the choice of sidearm units leads to very different
packing arrangements.

Coformers with molecular curvature

Aromatic coformers exhibiting molecular curvature have also
been effectively exploited in designing cocrystals with
fullerenes,’>3 with the curvature of the coformer aromatic
surfaces thought to enhance the compatibility of rt-areas. Such
molecular scaffolds include corannulene,154-157
among
others,%3 which have been used as coformers on their own or
have been incorporated into highly-specified fullerene binders.
An example of the latter is the “Buckycatcher”, reported in 2007
by Sygula et al.’®* The “Buckycatcher” molecule was explicitly
designed for complexation with Ceo through two corannulene
pincers attached to a tetrabenzocyclooctatetraene core that
can grip the Cgo via concave-convex 11t interactions (Fig. 9c).
A class of conical aromatic molecules that were found to be
particularly well-suited for cocrystallisation with fullerenes are
phosphangulenes,®> with Yamamura et al.l%¢ reporting a
Cs-symmetric chiral phosphangulene with phenylacetylene
appendages capable of forming a supramolecular capsule
around a Cgop molecule. In the resulting cocrystal, Ceo interacts
via concave-convex interactions with four phosphangulene
cores, wrapped together via C-H--m interactions of the
phenylacetylene groups (Fig. 9d). The Wuest group has shown
how “awkwardly-shaped” phosphangulene derivatives can be
made, with structures that hinder strong homomolecular
stacking interactions between phosphangulene units and
promote heteromolecular interactions with curved fullerene
surfaces instead.%7 For  example, phosphangulene
chalcogenides are found to exhibit more acute cone angles in
comparison to regular phosphangulene, enhancing the ability to
interact with Ceo and C70.168-170 Intermolecular ni-rt stacking leads
to fullerenes singly- or doubly-capped by phosphangulene
chalcogenides (Fig. 9e), the latter being arranged either directly
across the fullerene or rotated ca. 90° relative to each other
along the fullerene surface.

azacorannulenes,'%81%%  and  triquinacenes,60-162
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Figure 9. a) Calix[6]arene assemblies with Cg (left) and Cyo (right) (adapted with permission.'? Copyright 1998, Wiley) b) Assembly of bowl-shaped CTV with Ceo (adapted with
permission.'s® Copyright 1994, American Chemical Society). c) Buckycatcher assembly with Ceo and crystalline packing (adapted with permission.1%* Copyright 2007, American
Chemical Society). d) Cs-symmetric phosphangulene encapsulation of Ceo (adapted with permission.'¢ Copyright 2014, American Chemical Society). e) Double-capped assembly in
cocrystal of phosphangulene oxide and Cgo (adapted with permission.'%® Copyright 2019, American Chemical Society). f) A model structure and diagram for the sphere-in-a-cone

model of Ceo binding (adapted from reference'’?).

King et al.'’! proposed a sphere-in-a-cone model to estimate
the effectiveness of binding between curved molecules and Cgo,
using the contact area between the two components (Fig. 9f).
The cone angle of the curved aromatic (8) and the radius of Ceo
(R) are used to derive the contact circumference as 2m:r, where
r=R-cosB. By comparing the contact area values derived from
the geometric equation, this model is shown to reproduce the
difference in theoretical binding energies between a
corannulene-Cgp complex and quadranullene-Cgp complex.
Although binding energies in solution or in gas-phase
calculations do not necessarily correlate with crystallisation
behaviour, this model nevertheless offers a way to investigate
molecular compatibility prior to more costly synthesis and
cocrystallisation studies.

Coformers with molecular flexibility

Beyond molecular curvature, another approach for solid-state
complexation of fullerenes is based on flexible molecular
systems, allowing for malleable nt-surfaces which can adjust for
optimal binding.172173 For example, Tang et al.17* reported a
flexible, triptycene-based nanocarbon system that
interconverts between two different curved conformations,

termed the propeller and the tweezer, capable of forming
cocrystals with Cgo and Czo. The pristine nanocarbon crystallises
in the propeller conformation, but is found in the tweezer
conformation in both cocrystals, binding the fullerenes through
1-Tt interactions within the tweezer cavity. Another fullerene
molecule is also found sandwiched between two adjacent
nanocarbons, demonstrating a second form of fullerene binding
in both cocrystal structures. Calculations indicate that the
tweezer binding for Ceo is 3.12 kcal mol* more favorable than
binding by divergent blades (5.22 kcal mol for Cy), a difference
that appears to be ultimately related to a better shape match
between the components, and increased Van der Waals
interactions.

He et al.l’> reported nanographene-based molecular
tweezers for binding Cgo in the solid state, comprising two
hexabenzocoronene units connected through a twisted
carbaporphyrin or a BF;-porphyrin, that aligns the mean planes
of the hexabenzocoronene units at angles of 30.5° and 35.2°,
respectively. Crystallisation of such molecular tweezers in the
presence of Cgo led to cocrystals of 1:1 stoichiometry, with Ceo
units bound by the tweezers through m-mt interactions (Fig. 10a).
Crucial for this binding is the ability to distort the molecular

Please do not adjust margins
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tweezers for accommodating Ceo, with the mean planes of the
hexabenzocoronene units now at 47.8° and 45.0°, respectively.

onN o0

Figure 10. a) Cgo bound by hexabenzocoronene-based molecular tweezers
(adapted with permission.’> Copyright 2024, American Chemical Society). b)
Stacking motif in a cocrystal of tetraphenylporphyrin and Ceo (adapted with
permission.'”” Copyright 1999, American Chemical Society). c) Stackin% motifs in
the cocrystal of Co"(OEP), Ce, and CS, (adapted with permission.’®ICopyright
2020, American Chemical Society).

Porphyrins as coformers
Porphyrinoids can be effectively used for solid-state,
stacking-based recognition with fullerene molecules,'’® as
illustrated by Boyd et al.’” who reported a series of cocrystals
containing tetraphenylporphyrins and either Cgo or Cyo,
assembled via 1t---1t interactions (Fig. 10b). In the cocrystals, Ceo
was consistently found placed above the electron-rich
porphyrin cores, with distances between the fullerene and the
mean plane of the porphyrin system being in the range 2.7-3.1
A. Similar motifs were also found with Cyo, with the longer axis
of the fullerene oriented towards the porphyrin face. This early
report stresses the relevance of porphyrin planarity for
fullerene recognition through interactions between flat and
convex surfaces. This is worth highlighting as the molecular
curvature is seen as being of paramount importance for
successful complexation with convex fullerene surfaces.178179
The recognition of fullerenes by porphyrin moieties is tolerant
to presence of metals, providing an opportunity for creation of
more complex materials through modification of porphyrin

This journal is © The Royal Society of Chemistry 20xx
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cores by metal binding. Such tolerance was shown hy, Qlmstead
et al.'8% for a series of fullerene cocrystalSWithOhetHIPeeREsithiAg
octaethylporphyrin  (OEP) units. Possibly due to the
combination of bulky fullerenes and large, planar porphyrins
leading to less than effective crystalline packing, solvent
inclusion in such cocrystals is common (Fig. 10c). The impact of
the crystallisation solvent on the porphyrin---Cg cocrystals was
investigated more recently by Roy et al.,'8! who demonstrated
solvent choice as the determining factor affecting cocrystal
composition, rather than solution stoichiometry of molecular
components, i.e. the same solvent was found to always produce
the same crystalline form. Furthermore, cocrystals appear to
always contain one type of solvent even when grown from a
mixed solvent environment, indicating a highly selective
crystallisation process involving solvent discrimination.
Although this work directly investigated solvent effects in
porphyrin-based cocrystals, it also highlights a more general
cocrystal design issue encountered when using large, aromatic
molecules: individual interactions between n-surfaces can lead
to predictable assemblies, however the manner in which the
resulting self-assembled units arrange in the solid state is less
predictable and/or controllable. In many of the herein discussed
examples, cocrystals with Ceo contain solvent molecules within
the structure, yet the impact of these solvent molecules is rarely
discussed in relation to crystal packing motifs.

Different approaches to fullerene cocrystallisation

One so far poorly explored cocrystal design approach is the
use of flexible phenyl substituents!® or adaptable
hydrogen-bonding networks'®® to encapsulate fullerenes
through -1t interactions. An elegant example of such a
strategy is the cocrystal of Cg with phenol,'® based on
hydrogen-bonded phenol architectures encapsulating each Ceo
molecule via four m-mt interactions. The phenol rings and the
neighboring Ceo surface are nearly co-planar, maximising the
overlap of nt-systems, while the phenol molecules are mutually
linked through O-H---O hydrogen bonds. Recently, Wang et al.184
reported cocrystallisation with Cgo as a method to crystallise
tetraphenyltin-cluster compounds, which are otherwise
obtained as amorphous solids in their pristine state. A “n-trap”
approach was employed, focusing on the stacking interactions
between phenyl groups and Cgo to guide self-assembly (Fig.
11a). This approach was then further generalised by using Cyo
and endohedral LusN@Cso as coformers with
tetranaphthyltin-cluster compounds, demonstrating how
cocrystallization with fullerenes can be used to isolate
normally-amorphous solids in a crystalline environment,
reminescent of the molecular sponges approach!® as well as
other reports where cocrystallisation is used to obtain
molecules in crystalline form that are otherwise difficult to
crystallise.186-188

A recent example of cocrystal design based on C-H--m
interactions was reported by Yamamoto et al.,®° who described
the synthesis of an anthracene-based macrocycle with a central
cavity capable of binding Ceo, forming a so-called “nano-Saturn”
complex (Fig. 11b). The cavity exhibits 18 inward-directed C-H
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bonds, with a cavity diameter of 1.03 nm when accounting for
Van der Waals radii of hydrogen (1.2 A). The macrocycle was
found to form a cocrystal with Ce, where each fullerene
molecule is bound in the centre of the cavity. Theoretical
calculations indicated a total macrocycle---Ceo binding energy of
ca. -57 kJ/mol, comparable to a hydrogen bond of intermediate
strength.®® A similar “nano-Saturn” complex was also reported
with C70, demonstrating cocrystallisation with an ellipsoidal
coformer, and the design was also extendable to more strongly
binding nanocages.'°!

Shape-based cocrystallisation of fullerenes and cubane was
investigated by  Pekker et al,®  demonstrating
temperature-dependent orientational ordering and
topochemical reactivity. The cocrystal (Ceo)(cubane) is
assembled into a face-centered cubic structure at room
temperature, structurally-similar to the pristine structure of Ceo,
with ordered cubane units sitting in octahedral voids between
rotationally-disordered Ceo units (Fig. 11c). Below 140 K, both
Ceo and cubane are orientationally-ordered, while from 140-470
K, cubane units are static and Cg units are
rotationally-disordered. Above 470 K, covalent bond formation
between cubane and Ceo is observed, yielding Cso-cubane
polymers as amorphous solids. Similar temperature-dependent
behavior was also observed in a (Cy)(cubane) cocrystal,1%?
leading to many further studies of the pressure- or
temperature-related dynamic properties of both
cubane-containing cocrystals.193194

Cocrystallisation of Cep was also accomplished through
directional interactions, by halogen bonding. For example, a
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recent report!'4 identified the formation of a halpgensberded
cocrystal of composition (Ceo)(14tfibPY! With39&PSstrifctéte
composed of three interpenetrated networks of square-grid
(sql) topology, held through C-I---t halogen bonds with each Cgo
unit acting as a four-fold node, and 14tfib molecules acting as
linkers (Fig. 11d). Notably, the C-I---it distances of 3.55 A are the
shortest directional interactions to the Cgo units in the cocrystal,
with separations between individual fullerene units being in the
range 3.42-3.46 A, which is above the Van der Waals contact
distance of 3.4 A. Other cocrystals based on halogen bonding to
fullerenes have been reported,'®> notably (Cso)(135tftib) and
(C70)(12) described by Zhang et al.'®® and Ghiassi et al.,'®”
respectively, indicating that halogen bonding to carbon-only
curved surfaces may offer a different approach to fullerene
recognition outside of the more common stacking approaches.
Carbon nanostructures: a new frontier

Whereas research on carbon nanostructure materials typically
focuses on covalent structures, such as graphenes, carbon
nanotubes (CNTs), nanohorns, etc.,?® the concepts outlined for
cocrystallisation of fullerenes or PAHs have also found use in the
context of such nanomaterials. An example is the concomitant
assembly of benzene and hexafluorobenzene on graphene
(Fig. 11e), leading to oriented growth of
(benzene)(hexafluorobenzene) stacks based on
phenyl---perfluorophenyl motifs.’®® In the context of CNTs,
Matsuno et al.2% have described a cocrystal involving a tubular
macrocycle and corannulene, in which the corannulene units
are held in the macrocycle cavity through C-H---1t interactions.

surfaces

a-H-9-H
1.324,1.256,1.255

Figure 11. a) i-trap approach for ¢
b) A nano-Saturn complex assembled through C-H---it interactions (adapte
'(:ocdr staé adapted with permission®2 from SNCSC). d) Cocrystal of Ceo an
red) an
nanotube (adapted with permission.2°! Copyright 2011, Wiley).

stallizing normally-amorphous tetraphenyltin-cluster compound (adapted from reference!®, under the terms of the CC-BY license).
with permission.® Copyright 2018, Wiley). c) Cr¥stalline packing of the (nggt:ubane)

14tfib, assembled through C-I---1t XBs (adapted from re

exafluorobenzene (blue) on a graphene surface (adapted with permission.®® Copyright 2012, American Chemical Society). f) Coronene stack inside a carbon

erence!®). e) Monolayer of benzene

The corannulene units in this complex, which effectively
represents an inversion of the already mentioned nano-Saturn

14 | J. Name., 2012, 00, 1-3

design'® for fullerene binding, were found to rotate freely
along the central tube axis due to the curved interior of the

This journal is © The Royal Society of Chemistry 20xx
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macrocycle, enabling the weak C-H---1t interactions to relay
across the curved surface. Similar behaviour could, in principle,
be extended to the inclusion complexes involving curved inner
surfaces of CNTs, which were previously shown to uptake
coronene molecules and generate 1D stacks of PAHs
propagating along the nanotube length (Fig. 11f).201
Supramolecular derivatisation of CNTs is a well-developed area,
where 1t---1t interactions play a significant tole, involving either
small molecules or polymers as derivatisation agents.?%2 For
example, the solubility of single-walled carbon nanotubes
(SWCNTSs) in water was found to significantly increase in the
presence of cationic surfactants bearing PAH substitutents,293
capable of engaging in m--m interactions with the curved
nanotube surface, producing aqueous polyelectrolytes. Such
non-covalent structures were exploited to develop water-
soluble complexes capable of photo-induced charge transfer,
combining SWCNTs?%* bearing cationic pyrene surfactants as
electron acceptors, and anionic metal porphyrins as donors, as
demonstrated by Guldi et al.?°> By using a fullerene- and
pyrene-substituted cationic surfactant, this concept was
deployed for assembling an intrinsically interesting complex of
three carbon-based species: a PAH, a fullerene and a CNT.206

C-H---mtinteractions

The C-H---mtinteraction is an important cornerstone of aromatic
molecule crystallisation.??? For example, C-H---1t interactions
function alongside slip-stacking of m-systems to assemble
neutral, planar, aromatic molecules, such as PAHSs, into
herringbone motifs.2%8 A well-known solid-state structural motif
involving multiple C-H---mt interactions is the phenyl embrace,
involving molecules with arylated surfaces.?’® The phenyl
embrace, recognised in 1995 by Dance and Scudder,?!° can be
found in crystal structures containing diverse pyramidally- or
tetrahedrally-shaped  species such as trityl groups,
triphenylphosphine, tetraphenylphosphonium cations, metal
complexes with peripheral aromatic units, and was observed in
cocrystals involving additional hydrogen or halogen bonds.?!!
Theoretical studies have shown that C-H---1t interactions are
dominated by dispersion contributions,?'? differentiating them
from traditional hydrogen bonds which possess large
electrostatic contributions. This distinction, however, becomes
somewhat dubious when considering saturation of the carbon
atom. Carbon saturation directly influences the acidity of the
hydrogen atom,?!3 leading to larger expected electrostatic
contributions for C-H---mt interactions as the type of the C-H
hydrogen bond donor changes in the order C(sp)-H > C(sp?)-H >
C(sp3)-H. The C-H---m interactions are also of considerable
significance in structural biology, playing an important role in
protein folding and molecular recognition.?1* Cocrystallisation
can be seen as a suitable proxy to study biological recognition
based on C-H---m interactions prior to potentially more
demanding in vitro or in vivo studies. In that context,
cocrystallisation of steroids with arenes, illustrated in the
following section, is an area in which small-molecule
cocrystallisation studies advanced both the understanding of
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the structural complexity, as well as of the.,,meleeular
recognition behavior, of important signalipighBl&2iHesC06433C

Selective Recognition of PAHs by Steroids

Cocrystallisation of steroids with substituted phenols, such as
4-bromophenol, was used in 1960s to facilitate structural
analysis of such complex biomolecules using the heavy atom
method,?!> and has also been of interest more recently as
means to support determination of absolute configurations.216
In a pioneering report of this non-covalent derivatisation
approach, Eger and Norton?!> noted the formation of similar

solid-state molecular complexes of steroids  with
non-substituted aromatic hydrocarbons such as
naphthalene.?’” This observation inspired a subsequent

systematic exploration of the ability of structurally different
steroids progesterone (pro), pregnenolone, B-estradiol and
estrone to form cocrystals with a range of aromatic and
aliphatic molecules.?'® The study revealed a very high
propensity of pro for cocrystallisation with aromatic coformers
which, upon single crystal X-ray diffraction analysis, was found
to rest on the formation of “sandwich” or “half-sandwich”
structures based on parallel self-assembly of the steroid a-face
with the arene m-surface (Fig. 12a). The formation of the
sandwich assemblies was specific for pro, rationalised by the
presence of a conjugated enone in the hydrocarbon skeleton of
the steroid, providing the hydrogen atom-lined a-face of pro
with a highly positive ESP (Fig. 12b), in that way generating a flat
molecular surface which is well-suited for C-H--1t interactions.
Specifically, pro was found to cocrystallise with all 19 PAHs and
substituted arenes in the initial set of 24 coformers, with all
determined crystal structures exhibiting the o---mt stacking
motif, regardless of the presence of substituents on the arene.

In  contrast, pregnenolone, p-estradiol and estrone
exhibited a much lower cocrystallisation propensity with
arenes, which was also not based on the a-m motifs.
Specifically, B-estradiol formed cocrystals based on inclusion of
suitably-sized arenes into the channels of a self-assembled
hydrogen-bonded steroid framework (Fig. 12c).2'® While this
hydrogen-bonded network is flexible and can accommodate a
variety of PAHs, the shape and size of the coformer can dictate
whether cocrystal formation is successful, as suggested by the
fact that a B-estradiol cocrystal with 1,2-dimethylnaphthalene
was readily isolated, but a cocrystal with non-substituted
naphthalene was not observed. Estrone was found to form only
one cocrystal in the entire screen, through m-stacking of the
steroid phenol moiety with perfluoronaphthalene. A
computational investigation by Luo et al.22° demonstrated how
the hydrogen bonding ability of steroids can directly influence
the likelihood of forming a cocrystal: a comparison of pro and
pregnenolone showed that the latter steroid is more stable as a
pristine solid due to presence of O-H-:-O hydrogen bonds, which
do not exist in solid pro. Consequently, whereas the structure
of the steroid covalent backbone is likely to be crucial for
enabling the a---1t recognition motifs, it is also likely that
optimising the functionalities at the steroid periphery is key for
successful solid-state cocrystallisation with PAHs. This was

J. Name., 2013, 00, 1-3 | 15


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cc06433c

This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 12 January 2026. Downloaded on 1/13/2026 11:16:24 AM.

Pleaserd@13y:1e

ARTICLE

highlighted by experimental studies on exemestane, an
anti-cancer steroidal drug, which showed decreased a:-1t
selectivity due to a conjugated dienone group in the steroid
backbone.??! The effect of the conjugated dienone moiety is
two-fold: greater unsaturation reduces the number of C-H
groups available for o---mmt motifs, while the presence of C=C
bonds increases repulsion with electron-rich arene surfaces.
Nevertheless, a---mt assembly is found in cocrystals with
9-hydroxyphenanthrene and with 1-hydroxypyrene, along with
further B-face and side-on interactions between exemestane
and the arene, presenting C-H--m as the dominant
supramolecular motif in the cocrystal (Fig. 12d). The high
propensity of pro for cocrystal formation with arenes could also
be of biological relevance, as indicated by the structure of the
DB3 antibody binding site exhibiting short contacts between the
steroid unit and neighboring aromatic tryptophane units.?2?
The potential of the a-m recognition motif in creating
functional materials was demonstrated by Wang et al.,?%3
whose studies of chiroptical properties of pro cocrystals with
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arenes revealed the generation of circularly,, pelarised
luminescence and room-temperature PROsPHEEESeene854The
chirality of the pro backbone provides a means to transfer chiral
characteristics to the luminescence of arene coformers, such as
pyrene and perylene, leading to luminescence disymmetry
values (gum) on the order of 103. The formation of the a1t
sandwich motifs effectively isolates the arene subunits in the
solid state (Fig. 12e), leading to cocrystal emission that closely
resembles the emission of isolated arene monomers, distinct
from the emission of the crystalline arenes. Additionally,
cocrystallisation with pro was found to stabilise emissive triplet
states of brominated PAHSs by limiting non-radiative relaxation,
leading to phosphorescence emission. The a1t recognition is
also likely to have value in the context of pharmaceutical
materials science, as demonstrated by higher dissolution rates
of pro cocrystals over the solid steroid observed by Zeng et
al.,*?* potentially opening new opportunities in the design of
multicomponent pharmaceutical solids without strong
hydrogen bonds.

a progesterone: a--1r stacking

p-face

(pro)-(21)

@ &

[-0.474,0.711]

b

pro pre

/s

ESP range (V). [-0.751, 0.374] [-0.625, 0.600] [-0.648, 0.741]

PyBr@Pg (1:2 complexation) An@Pg (1:3 complexation)

Figure 12. a) lllustration of the a---t recognition motif in progesterone-arene cocrystals (adapted with permission.?'® Copyright 2010, the authors). b) ESP maps for progesterone,
pregnenolone, B-estradiol, and estrone (adapted with permission.?!® Copyright 2010, the authors). c) B-estradiol HB network with a:--1t recognition channels (adapted with
permission.?® Copyright 2015, American Chemical Society). d) Varied C-H---1t recognition motifs in an exemestane cocrystal (adapted with permission.??! Copyright 2020, the authors).

e) a1t recognition motif in progesterone cocrystals exhibiting circularly polarised luminescence (adapted with permission.??*> Copyright 2022, American Chemical Society).

Cocrystals based on C-H---rt hydrogen bonding with acetylene
donors

The C-H groups on acetylenic, sp-hybridised carbon atoms are
well-suited for cocrystallisation involving C-H---mt hydrogen
bonds. An example is the cocrystal of two hydrocarbons,
(acetylene)(benzene), described by Boese et al.??> The
acetylene and benzene moieties in the cocrystal are assembled
into chains held by C-H---;t hydrogen bonds, with acetylene as
the donor (Fig. 13a). Within the chain, the acetylene units are
positioned perpendicular to the centres of the neighboring
benzene rings, with C-H:--ringcentroid distances of ca. 2.45 A,
calculated to correspond to an intermolecular interaction
energy of -12.6 kJ/mol. The cocrystal was found to be stable

16 | J. Name., 2012, 00, 1-3

under pressures of up to at least 28 GPa,?26 which is remarkable
considering that pure acetylene is known to polymerise at
pressures ~3.5 GPa.2?’ Such greatly improved pressure stability
of acetylene in the cocrystal is rationalised by the alkyne
moieties being effectively held in separation by the cocrystal
framework.

This type of cocrystals, composed of different types of
hydrocarbons, has attracted considerable attention in the
context of extraterrestrial mineralogy.??® Specifically, as both
acetylene and benzene are expected to be found on Titan, it has
been speculated that the (acetylene)(benzene) cocrystal could
be observed as a naturally-occurring mineral in Titan lake
evaporites,?2%230 representing an example of an extraterrestrial
organic mineral.23! Other Titan-relevant cocrystals based on

This journal is © The Royal Society of Chemistry 20xx
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simple hydrocarbons have been predicted or experimentally
observed on Earth, including (benzene)s(ethane)?3? and
(butane)(acetylene).?33 Kirchner et al.?3* have investigated a
series of cocrystals containing acetylene as a hydrogen bond
donor. In addition to more traditional hydrogen bond
acceptors, such as ketones, pyridines, and nitriles, cocrystals
were prepared in which acetylene forms directional
interactions to m-systems of aromatic molecules, such as
m-xylene and mesitylene, relying in each case on the
appearance of C-H--m hydrogen bonds between cocrystal
components.?3 In the structure of (acetylene)(m-xylene), each
acetylene unit is found to form C-H---rt hydrogen bonds to the
n-system of m-xylene, as well as to the triple bond system of a
neighboring acetylene moiety, resulting in a zig-zag chain of
acetylene molecules decorated by m-xylene units.

bagre-s

Figure 13. a) Structure of the cocrystal of acetylene and benzene (adapted with
permission.?2> Copyright 2003, Wiley). b) Structure of the cocrystal of acetylene and
mesitylene.23*

In the (acetylene)(mesitylene), cocrystal, the asymmetric unit
contains three mesitylene molecules and 1.5 molecules of
acetylene, where one acetylene unit forms C-H---mt hydrogen
bonds to two symmetrically-independent mesitylene moieties,
while the remaining acetylene unit forms C-H---m hydrogen
bonds to C=C moieties of neighboring acetylene molecules (Fig.
13b). The third symmetry-independent mesitylene molecule is
held in place through a combination of C-Hmethyi-*Tt interactions
with other mesitylene and acetylene molecules, simultaneously
acting as a C-H---rmt hydrogen bond donor and an acceptor.

This journal is © The Royal Society of Chemistry 20xx
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Ethynyl moieties offer an easily installable fungtionality, for
enabling C-H--1t interactions. One regbrf 13 RTIREEC4ERe
tendency of hexaphenylbenzenes to engage in C-H-m
interactions with alkynes, with an ultimate aim towards
developing organic acetylene sponges.?3® In addition to a series
of single component crystals, the tendency of alkynes to engage
in supramolecular interactions with m-systems was examined in
a 2:1 respective stoichiometry cocrystal of hexaphenylbenzene
with phenylacetylene, in which phenylacetylene molecules
form C(sp)-H---mt and C(sp?)-H:--1t interactions with central rings
of different hexaphenylbenzene units (Fig. 14a). Additionally,
the phenylacetylene molecule is held in place by C(sp?)-H:-'1t
interactions from adjacent hexaphenylbenzene units.

While the preceding examples highlight aromatic rings as
acceptors of C-H---it hydrogen bonds, cocrystals have also been
reported where benzene groups also act as C-H---t donors. As
an example, Meyer-Wegner et al.?3® have reported the
structures of two
(bis(trimethylsilyl)acetylene)(benzene) and
(diphenylacetylene)(benzene), where C-H--t interactions
originate from C(sp?)-H groups on the benzene units targeting
both triple bonds and neighboring phenyl m-systems. In the
former cocrystal, benzene is found to form highly linear C-H---1t
interactions to the acetylene moiety of
bis(trimethylsilyl)acetylene  (C-H-C=Ceentroia = 3.013 A),
producing chains of benzene and bis(trimethylsilyl)acetylene
units (Fig. 13b). In the (diphenylacetylene)(benzene) cocrystal,
the benzene molecules form short C-H---t interactions to the
phenyl rings of diphenylacetylene molecules, with each phenyl
ring interacting with a benzene molecule on one side and
another diphenylacetylene on the opposite side. This yields
staircase-type  chains of alternating benzene and
diphenylacetylene molecules, with adjacent chains connect

cocrystals,

through diphenylacetylene-diphenylacetylene C-H-1t
interactions. It is noteworthy that the
(diphenylacetylene)(benzene) cocrystal is assembled only

through C-H---t short contacts and not mt-1t stacking, despite the
formula unit containing three aromatic rings. The ability of C-H
groups on PAHs to act as hydrogen bond donors in cocrystal
formation is not limited to m-acceptors. This was shown in the
pioneering work from the Jones group, who used C-H-:-O motifs
between anthracene and 3,5-dinitrobenzoic acid derivatives to
construct binary cocrystals, in one case also isolating a ternary
system involving anthracene and benzene as hydrogen bond
donors.?3”
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Figure 14. a) Structure of the cocrystal of hexaphenylbenzene and phenylacetylene
(adapted with permission.?3> Copyright 2010, American Chemical Society). b) Structure
of the cocrystal of benzene and bis(trimethylsilyl)acetylene (adapted with permission?3¢
of the International Union of Crystallography).

Menshutkin complexes and emerging interactions

Whereas halogen bonding
interaction, other o-hole interactions are increasingly attracting
attention as tools for cocrystal design.?38 Just as the removal of
electron density along the o-bond from a halogen atom can
generate a o-hole, the analogous effect along o-bonds involving
an atom of a chalcogen (Group VI), pnictogen (Group V), and a
tetrel (Group 1V) element can generate two, three, or four o-
holes, respectively.?3? While most examples of cocrystal design
using chalcogen, pnictogen, and tetrel bonds focus on N,240
0,%41.242 and halide anion?*3® acceptors, interactions with carbon
are beginning to be explored.

Heavy pnictogens and chalcogens have been observed to

is now a widely studied

interact with m-systems, with such interactions present in a
variety of single component crystal structures.?** 24> The Chopra
group has examined crystal structures of diphenylselenide and
diphenyltelluride,?*¢ which form 1D chains assembled through
bifurcated Se:-m respectively.
Intramolecular pnictogen bonds to n-systems have been shown

and Te-m interactions,
to influence arsenic-based macrocycle assembly by aiding
molecular preorganization during macrocycle synthesis and
imparting additional stability to the macrocycles under acidic
conditions.?*’ Theoretical suggest
chalcogen/pnictogen:---mt interactions are robust and potentially
stronger than halogen---mtinteractions,?*8 further supporting the
potential of such interactions for cocrystal design.

calculations

18 | J. Name., 2012, 00, 1-3

A prominent example of using chalcogen bongs, to.carhen
comes from Smirnov et al.,2*® who reported cockyEtdls basedén
two perfluorinated diaryltellurides chalcogen-bonded to
mono- or diisocyanide coformers (Fig. 15a). The cocrystals are
assembled through directional chalcogen bonds to isocyanide
moieties (C-Te::-C angles = 156.6 — 170.7°), along with several
instances of C-Te-m interactions. Energy decomposition
analysis indicates these chalcogen bond interactions with
isocyanides are dominated by electrostatic contributions, while
interactions with m-systems are dominated by dispersion
contributions. A current difficulty in chalcogen bonded cocrystal
design is the small number of chalcogen bond donors available
for study. Nevertheless, the highlighted example, along with a
recent report®*° on chalcogen-bonded cocrystallisation of a
perfluorinated diaryltelluride with naphthalene, phenanthrene,
pyrene and triphenylene, clearly points to a very strong
potential of such molecules to form chalcogen bonds not only
to electron lone pairs but also to more disperse m-systems
found in PAHs.

Menshutkin Complexes

The ability of heavy-pnictogen halides to form solid-state
complexes with arenes has been explored since the end of the
19th century,251252 spurred by the observation that trihalides of
antimony and arsenic are often soluble in non-polar aromatic
solvents.?>3 Materials obtained from such solutions were found
to have higher thermal stability than the individual starting
components, indicative of solid-state complex formation. In
depth studies of these solids by Menshutkin focused on
determining the compositions of the complexes, as well as their

thermal properties, earning the namesake “Menshutkin
complexes”.?>* From the mid-20*" century, Menshutkin
complexes have attracted interest from a structural

perspective, as well as for understanding the role of pnictogen
bonds to m-systems in reaction mechanisms.?>> Generally,
pnictogen trihalides are found to crystallise with arenes in 1:1
or 2:1 stoichiometric ratios, with the pnictogen atom typically
positioned over the center, or slightly off-center, of the
aromatic ring. The two stoichiometries correspond to assembly
motifs in which the pnictogen bonds form to either one, or both,
faces of the arene.

This journal is © The Royal Society of Chemistry 20xx
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Figure 15. a) Fragment of the structure of the cocrystal assembled through chalcogen
bonds to isocyanide moieties (adapted with permission.?*® Copyright 2024, American
Chemical Society). Molecular assemblies in cocrystals of: b) SbCl; and
hexaethylbenzene;?¢ c) SbBr; and 9,10-dihydroanthracene;?” d)
(BC),(tetrafluoro-1,4-benzoquinone) (left) and (BC),(tetrachloro-1,4-benzoquinone)
(right).2%8 e) Anion-1t sandwich assemblies of tetrabromo-1,4-benzoquinone and iodide
anions (left),?7* and chain motif of tetracyanopyrazine and nitro anions (right).27¢

For example, Schmidbaur et al.?°® reported the crystal structure
of antimony(lll) chloride (SbCl3) and hexaethylbenzene (CsEte),
with the composition (SbCl3)(CsEts), in which each SbCl; unit is
bound to one arene with an Sb--ring distance of 2.96 A (Fig.
15b). A cocrystal of SbBr; and 9,10-dihydroanthracene,
however, adopts the 2:1 stoichiometry with the central
acceptor interacting with two pnictogen donor units (Fig.
15c¢).?>” The halides AsXs, SbXs, and BiXs (X= Cl, Br) have been
found to form cocrystals with a wide variety of arenes,?°82>°
including naphthalene,?®® biphenyl,?®? benzene,?%?2 and p-
xylene.?®3 The scope of Menshutkin complexes suggests that

This journal is © The Royal Society of Chemistry 20xx
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Cocrystals based on n-nt* / t-hole interactions

Whereas cocrystals based on o-hole interactions require
electron-rich m-systems as recognition sites, the direct
interaction between lone pairs and electron-deficient
n-systems offers a contrasting recognition motif. Such
interaction is referred to by several names, including n---mt*,
Ip--m, Ip--m-hole, or any other such combination, and is
essentially based on electron-rich lone pairs targeting
electron-poor regions of an aromatic unit, usually associated
with an empty rt*-orbital.26426> While Mooibroek et al.?%® noted
that n---m* interactions are not uncommon across the literature,
there are few cases where such interactions have been explicitly
used in crystal structure design. Several examples of cocrystals
assembled through n---m* interactions have relied on the
presence of cis-azo moieties (R-N=N-R), using benzo[c]cinnoline
(BC) or 2,3-diazabicyclo[2.2.2]octene (DBO) as coformers.
Blackstock and Kochi reported the cocrystal
(DBO),(tetracyanoethylene),?®” where the azo moiety of DBO
interacts with the central double bond of tetracyanoethylene.
In this case, the n---mt* interaction results in charge-transfer
between the two components, evident by the generation of
highly-colored species in solution and in the obtained
cocrystals. More recently, Bhowal et al.258 examined the impact
of n---m* interactions on cocrystal luminescence, demonstrating
almost complete quenching of emission in BC-containing
cocrystals. The two reported cocrystals,
(BC)(tetrafluoro-1,4-benzoquinone) and
(BC)z(tetrachloro-1,4-benzoquinone), feature benzoquinone
molecules bounded from both sides by BC units (Fig. 15d), with
short N---C contacts ranging from 2.87 to 3.23 A. The same work
showed that other cocrystals based on m-mt stacking involving
either BC or benzoquinone are highly luminescent, indicating
that the n---mt* interaction is relevant for quenching.

Cocrystal design using n---m* interactions is relevant to
energetic cocrystals, which often contain electron-rich
substituents on electron-deficient aromatic systems. Li et al.?®°
conducted computational analysis of reported crystal structures
of energetic molecules, such as 1,3,5-triaminotrinitrobenzene,
highlighting interaction energies for the generally T-shaped
n--1t* interactions ranging from 6.3—20.0 kJ/mol. A crucial
insight related to cocrystal design is the weakness of n---m*
interactions in comparison with HBs and m-mt stacking,
suggesting that designing cocrystals based on n-mt*
interactions will be most effective when using hydrogen-free or
non-planar molecules.

Another topic of considerable interest is the use of anion-
and cation-mt interactions in cocrystal design. Charged species
are known to interact with electron-rich m-systems (cation--1t
interactions) and electron-deficient m-systems (anion:--Tt
interactions), acting reliably for forming complexes in solution
and a variety of salt structures in the crystalline solid-state.?70.271
However, concrete strategies to employ such interactions for
targeted cocrystallisation are still being developed.?’? As an
example, the Rissanen group has shown the electron-rich
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cavities of resorcinarenes to be effective recognition sites for
cations,?”3 such as alkyl ammoniums or bulky protonated bases,
yielding templated solid-state capsule formation. More
recently, Moléanov et al. described a series of cocrystals
containing N-methylpyridinium iodides and halogenated
quinones, assembling into consistent I---quinone:-:I" anion--1t
motifs (Fig. 15e). The reliability of this motif was shown across
a wide variety of iodide salts, with an estimated I---quinone
interaction energy of -11 kcal mol-2.274

Cocrystals of cyano- and nitro-decorated arenes with a
variety of anions have been reported, exhibiting a range of
different supramolecular motifs.?’> A series of such structures
were analyzed by Han et al. who studied cocrystallisation
between tetraalkylammonium salts containing different anions
and a variety of m-acids.?’® The anions were found to
consistently form linear 1-D chains of alternating anion and m-
acid (Fig. 15e), interacting through n---mt* interactions, with the
alkylammonium cations surrounding the 1-D chain motifs.

Due to the large calculated interaction energies possible for
anion-Tt interactions, it is likely that further investigations of
such salt cocrystal systems will reveal more predictable
structural motifs of value for targeted cocrystal design, and will
help clarify or even design the role of counterions?’'® and arene
substituents?’” in the formation of such structures.

Conclusions and Outlook

Whereas carbon is not often seen as a target in the design of
supramolecular materials, at least not outside the context of
forming m-stacked supramolecular structures, the presented
overview illustrates that there is a wide range of supramolecular
motifs that can engage hydrocarbons and carbon-only
molecular species. While this overview is not meant to be
comprehensive, with each of the many different modes of
self-assembly presented here deserving wider discussion, we
hope that the outlined examples will inspire the crystal
engineers and materials chemists to continue developing ways
to exploit the simplest available carbon-based molecules in
materials design. In that context, there is considerable, still
emerging potential for the use of directional interactions such
as halogen bonds, and possibly also other types of o-hole
interactions,?*824° in developing new, hydrocarbon-based
architectures and functional materials. This potential is
demonstrated both in the recognition of robust halogen-
bonded motifs through which non-substituted arenes can be
engaged in materials development,*!4 as well as in the ability to
design new, more complex crystal structures by repositioning
hydrogen-bonded assemblies in a crystal by using halogen
bonds to “latent” carbon moieties.13313> At the same time,
halogen bond-driven cocrystallisation of PAHs has already been
demonstrated capable of generating new materials, with
interesting reactive, optical, and conductive properties.34100,128-
130 We hope that this review will motivate further developments
in this direction, and lead to new opportunities in materials
design based on the solid-state supramolecular chemistry of
carbon and C-H groups.
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