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Preface

As the title of this volume suggests, this book covers topics in the general area of
multi-component co-crystals, interpreted broadly to include crystals comprising at
least two distinct components. The volume deals with two comprehensive themes;
namely applications, as these are the primary motivations for studies in this area,
and fundamentals, as these are ever evolving to higher levels of sophistication.
Without dispute, the most prominent application of multi-component crystals is
within the pharmaceutical industry. Here, an active pharmaceutical ingredient (API)
is co-crystallised with another molecule, which is often drawn from a list of generally
regarded as safe (GRAS) molecules to generate a new material that, in favourable
circumstances, presents advantageous properties for the delivery of the co-crystal
for therapeutic effect compared with the original API. Therefore, it is appropriate
that the first chapter of this volume is devoted to the principles of co-crystal forma-
tion, particularly in relation to how this relates to the pharmaceutical industry. This
theme is continued in Chapter 2, with a practical focus on how this technology can
be exploited to provide new ways of delivering molecules with poor solubility for
the treatment of tuberculosis. Chapter 3 links the first two and subsequent chapters,
while also elaborating on general guidelines, e.g. by employing well-defined physical
descriptors for intelligence-based multi-component crystal design, rather than “hit
and miss” methods, of pharmaceutical co-crystals and those relevant to other applic-
ations. The subsequent chapters devoted to “applications” also serve to highlight the
diverse impact of multi-component crystals upon materials science. Thus, co-crystal
technology can be employed to moderate photochromism of the N-salicylideneanil-
ine chromophore (Chapter 4). The focus of Chapter 5 is upon approaches based on
prior knowledge of related systems, such as pyridyl derivatives, for the generation of
co-crystals comprising quinoline or isomeric isoquinoline with a variety of coformers.
Similarly, a bottom–upmethodology is discussed in Chapter 6 to enable the formation
of multi-component co-crystals of N-oxides.

Thus far, attention has largely been focussed upon ambient conditions; how-
ever, Chapter 7 moves towards discussing the impact upon multi-component crystals
within conditions of low temperature and/or high pressure. In Chapter 8, the design of
multi-component crystals is discussed, whereupon potentially reactive components
are brought in close proximity to enable, for example, [2 + 2] cycloaddition reac-
tions stimulated by UV light to occur to form molecules that prove almost intractable
by conventional wet chemistry methods. In recognition of the reality that many co-
crystals are generated from solution, Chapter 10 provides an overview of the phase
diagrams, kinetics and thermodynamics of different modes, such as cooling, slow
evaporation, of crystallising multi-component crystals from solution.

Although the emphasis thus far has been upon how co-crystals might be formed
and their applications, the remaining chapters in this volume are devoted to ascer-
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VI | Preface

taining self-assembly patterns inmulti-component crystals. To demonstrate, concepts
relating to halogen bonding are discussed in Chapter 10, with particular reference to
the co-crystal/salt continuum. In Chapter 11, stacking interactions and their energet-
ics betweenbenzenemolecules, coordinated andnon-coordinated, are evaluatedwith
clear evidenceprovided for theparticular stability of off-set interactions. InChapter 12,
halogen bonding is again featured, but this time its complementarity with hydrogen
bonding in carbonyl and thiocarbonyl species is evaluated.Hydrogenbonding interac-
tions between molecules containing diamide and pyridyl residues in co-crystals and
metal complexes form the focus of Chapter 13. Finally, in Chapter 14, the influence
of the main group element (lone pair)···π(arene) interactions, operating in isolation
fromother supramolecular synthons, in solvates, themaingroup elements compound
is surveyed with an emphasis on the supramolecular architectures they sustain.

Overall, a diverse range of topics ranging from applications to fundamentals are
included in this volume to provide a state of art snapshot of key components within
the burgeoning field of crystal engineering.

May, 2017 Edward R. T. Tiekink, Sunway University
Julio Zukerman–Schpector, Universidade Federal de São Carlos
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Srinivasulu Aitipamula and Reginald B. H. Tan
1 Pharmaceutical co-crystals:
crystal engineering and applications

1.1 Introduction

1.1.1 Scope

The physicochemical properties of a drug depend on the properties of the active phar-
maceutical ingredient (API) that it contains and its formulation type. A majority of
existing andnewly discoveredAPIs are known to pose severe challenges in drugdevel-
opment. These challenges are primarily associated with the poor aqueous solubility
of APIs which is directly responsible for the poor bioavailability of the corresponding
drugs in the patient. Therefore, pre-formulation of APIs requires a thorough know-
ledge of their solid state characteristics and physicochemical properties. Co-crystals,
which are crystalline solids that contain more than one solid component, have re-
ceived significant attention recently for modifying the physicochemical properties of
APIs. Pharmaceutical co-crystals contain an API and a benign co-former generally re-
garded as a safematerial for human consumption. Salts are thus far themost preferred
solid forms for solubility improvement of APIs due to their greater affinity towards
water molecules. However, the application of salt formation is confined to only APIs
that are ionisable. In this regard, co-crystallisation has a potential advantage over salt
formation as it can be applied even to non-ionisable APIs. Over the past decade, the
co-crystallisation technique has been applied to a number of APIs that resulted in
improved properties including solubility, dissolution rate, and stability. This chapter
highlights the role of crystal engineering in the design of co-crystals, applications of
co-crystals in drug development, and examples of representative co-crystal systems.

1.1.2 Different solid forms

The identification of a suitable solid form is the first and foremost step when develop-
ing a drug formulation. For a solid form to be suitable for development, it should have
specific solid state characteristics. For example, the solid form should be stable un-
der different humidity and temperature conditions, the solubility and dissolution rate
shouldmeet the requirements of themode of action, and the solid formshouldpossess
good bioavailability, flowability and compressibility. A wide range of solid forms has
been explored to select a suitable solid form for formulation development. These in-
clude amorphous forms, salts, polymorphs, hydrates and solvates [1]. While amorph-

https://doi.org/10.1515/9783110464955-001
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2 | 1 Pharmaceutical co-crystals: crystal engineering and applications

ous forms are thermodynamically unstable and convert to crystalline forms, hydrates
and solvates may lose water or solvent from the crystal lattice during processing or
manufacturing. Polymorphs, which differ in their supramolecular assembly, are well
known for their phase transformations to the most stable polymorphic form [2]. Salts,
on the other hand, are by far the most common solids for drug development. Salt is
formed when an acid reacts with a base, resulting in a molecular salt mediated by
ionic interactions [3]. Solid solutions and eutectics have also been explored for some
APIs. Applications of various solid forms of APIs in drug development are widely re-
viewed. Co-crystals constitute a subset of the broad category ofmulti-component crys-
tals. Over the past decade, the technique of co-crystallisation has helped to broaden
the landscape for solid form APIs and proved promising in modifying physicochem-
ical properties. The definition of what constitutes a co-crystal has been the subject of
continuous debate, yet there is no universally accepted definition. A generally accep-
ted definition of co-crystals that has received a broad consensus is, “Co-crystals are
solids that are crystalline single phase materials composed of two or more different
molecular and/or ionic compounds generally in a stoichiometric ratio, and which are
neither solvates nor simple salts” [4]. This definition distinguishes co-crystals from
other solid forms, such as salts and hydrates, and infers that co-crystals are neutral
molecular complexes containing more than one solid component.

1.1.3 History of co-crystals

The discovery of the first co-crystal dates back to 1844 when Wöhler realised that
mixing a solution of benzoquinone and hydroquinone results in a crystalline sub-
stance that was later named quinhydrone [5]. The co-crystal was structurally char-
acterised in 1958 and comprises zig-zag chains of benzoquinone and hydroquinone
molecules mediated by O–H···O hydrogen bonds. Co-crystals have traditionally been
termed molecular compounds, heteromolecular complexes and addition compounds
in the older literature. The idea that two molecules can be combined to form a co-
crystal was pursued by many researchers before the term “co-crystal” was coined.
For example, co-crystallisation of drug molecules has been demonstrated as early
as 1937 by Hoffman–La-Roche (1937), who made a co-crystal of pyrithyldione (a
sedative and tranquiliser) and propyphenazone (a non-steroidal anti-inflammatory
drug, NSAID) [6]. Subsequently, several API co-crystals were reported well before the
formal beginning of the directed synthesis of pharmaceutical co-crystals. Some of
the early examples include co-crystals containing antipyrene and salicylic acid, theo-
phylline and phenobarbital, pyrimidine and barbituric acid, and sulfaproxyline and
caffeine [7, 8].

The term co-crystal was first used, as indexed in SciFinder (accessed on 27 July
2016), by Lawton and Lopez in 1963 in a patent that indicated co-crystals (termed solid
crystalline complexes) involving organic amines and bisphenol. These co-crystals
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1.1 Introduction | 3

were declared as useful photosensitive compositions that may be developed to pro-
duce a coloured image simply by the application of heat. However, the conceptual
understanding of current co-crystal design strategies has been credited to Etter,
whose seminal work on co-crystallisation experiments with some substituted urea
molecules led to the formulation of hydrogen bonding rules in organic crystals [9].
Two of the three most prominent rules pertaining to the design of co-crystals are
(1) all good proton donors and acceptors are used in hydrogen bonding and (2) the
best proton donors and acceptors remaining after intramolecular hydrogen bond
formation form intermolecular hydrogen bonds with one another. APIs are generally
pre-disposed to multiple functional groups, and therefore, Etter’s rules of hydrogen
bonding serve as essential guiding principles for the design of API co-crystals. The
concept of supramolecular synthon [10], or hydrogen bonded building units in crystal
structures, by Desiraju, was guided by the vast structural information contained in
the Cambridge Structural Database (CSD) [11], and has furthered co-crystal design as
a directed synthetic approach based on crystal engineering strategies.

1.1.4 Role of pharmaceutical co-crystals in drug development

The internal structure of solids determines their properties. With respect to APIs,
physicochemical properties such as stability, solubility, melting point, dissolution
rate, and density. depend on the way molecules interact with each other in the solid
state. Therefore, understanding the internal structure is a prerequisite in any at-
tempt to modify the physicochemical properties of APIs. Solid oral dosage forms have
evolved as the most preferred delivery systems for most therapeutic agents due to
ease of handling, shelf-life, patient compliance and stability. Almost 80% of the cur-
rently marketed drugs are administered as oral dosage forms and themajority of these
have low solubility and pose challenges to formulation development. Drug formulat-
ors often rely on techniques such as micronisation, solid dispersion, encapsulation,
salt formation, and amorphous forms. for addressing solubility issues [12]. However,
these techniques have inherent drawbacks with respect to manufacturing and may
result in the reduced stability of the resulting formulation. In this regard, pharma-
ceutical co-crystals provide a novel and effective way of modifying physicochemical
properties of APIs without changing their chemical nature, thereby maintaining their
therapeutic activity. Pharmaceutical co-crystals are made with co-formers that are
chosen from the list of Generally Recognised as Safe (GRAS) chemicals. GRAS chem-
icals are food additives considered safe for human consumption [13]. The list of GRAS
chemicals constitutes a wide range of chemicals, which include aldehydes, alcohols,
carboxylic acids, amides, and sweeteners. Therefore, the diversity of GRAS chemicals
in terms of their structure and physicochemical properties provides an additional
means of selecting a suitable co-former for a target change in the API. As opposed to
salt formation, the co-crystallisation technique can be applied to both ionisable and
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non-ionisable drugs, and recent developments suggest that co-crystals of salts and
their solvates/hydrates/polymorphs are becoming more frequent. Such co-crystals
not only provide a fundamental understanding of co-crystallisation, but also serve as
valuable solids for patent protection and intellectual property.

In summary, over the past decade, co-crystals have demonstrated significant
promise in drug development. The physicochemical and pharmacokinetic properties
of drug substances, such as solubility and dissolution rate, bioavailability, particle
morphology and size, tableting and compaction, melting point, physical form, bio-
chemical and hydration stability, and permeability have been modified by the co-
crystallisation technique [14–16]. For example, it was recently shown that the solu-
bility and dissolution rate of a non-ionisable anti-inflammatory drug, ethenzamide
(EA), can be improved by co-crystallisation with multiple co-formers [17]. In addi-
tion, some of these co-crystals have also been shown to exist in multiple polymorphic
forms, making them suitable candidates for studying structure/property correlations.
The impact of co-crystallisation on various properties of APIs has been detailed with
representative case studies in Section 1.3.

Fig. 1.1: Co-crystals of EA and their dissolution profiles in comparison with the parent EA. Repro-
duced with permission from ref. [17].

1.2 Crystal engineering

The term “crystal engineering” was first coined by Pepinsky in 1955 in the context of
preparing metal-organic complexes to obtain advantageous properties [18]. However,
Schmidt has been credited for formally implementing crystal engineering concepts
for preparing crystals that undergo photochemical reactions, utilising the knowledge
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of intermolecular contact geometries of the known crystal structures [19]. Crystal en-
gineering witnessed a rapid growth in the 1980s, especially in the fields of organic,
metal-organic and inorganic solids. A modern definition for crystal engineering that
has stood the test of time was provided by Desiraju in 1989 [20], who stated crys-
tal engineering is “the understanding of intermolecular interactions in the context
of crystal packing and in the utilisation of such understanding in the design of new
solids with desired physical and chemical properties”. Molecular crystals are viewed
as an ensemble of molecules connected via intermolecular interactions such as hy-
drogen bonds, ionic or electrostatic bonds, metal-ligand bonds, secondary bonding,
halogen bonding and van der Waals interactions. The resultant crystal structure is a
manifestation of self-assembled molecules that provides detailed information on the
way the molecules interact with adjacent molecules through the aforementioned in-
termolecular interactions. Therefore, the knowledge of intermolecular interactions,
their nature and role in forming a specific crystal structure, is important in crystal en-
gineering. Structural store houses such as the CSD and the inorganic crystal structure
database (ICSD), provide a wide breadth of information pertaining to published crys-
tal structures which can be used for statistical analysis of intermolecular interactions
for the subsequent design of desired crystals. Self-assembly or molecular recogni-
tion in crystals is the result of intermolecular interactions involving functional groups
present on the molecules. Recurring patterns of intermolecular interactions in a fam-
ily of crystal structures are termed as supramolecular synthons, which were defined
by Desiraju as “structural units within supermolecules which can be formed and/or
assembled by known or conceivable synthetic operations involving intermolecular in-
teractions” [10]. Supramolecular synthons are further classified as two basic types.
The one that involves the same functional groups is called a supramolecular homo-
synthon and the one that involves different but complementary functional groups is
called a supramolecular heterosynthon [21]. Co-crystallisation is the outcome of mo-
lecular recognition between two or more different molecules. Therefore, the concept
of a supramolecular heterosynthon plays a vital role in the design of co-crystals.

Figure 1.2 demonstrates a crystal engineering strategy for the design of co-crystals
of a platelet aggregation inhibition drug, triflusal (TFA) [22]. TFA poses multiple chal-
lenges in formulation development as it is practically insoluble inwater, has a half-life
of 0.5 h and rapidly converts to its deacetylated metabolite [23]. In addition, TFA is
incompatible with all the excipients commonly used in chemical and pharmaceut-
ical technology. Therefore, the marketed formulations do not contain any excipient.
Co-crystals are possible alternatives to address stability issues of TFA. TFA has a
carboxylic acid group that can form either acid-acid dimer synthon or acid-acid cate-
mer synthon. If one were to make co-crystals of TFA, the first step would be to identify
complementary functional groups that would form intermolecular interactions with
theacid group.A surveyof the crystal structuresdeposited in theCSD revealed that the
carboxylic acid group forms strong heterosynthons with pyridine and amide groups.
The high probability of occurrence of the acid–amide and acid–pyridine heterosyn-
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thons suggests that co-crystallisation of TFA with molecules that contain amide and
pyridine functional groups could potentially yield co-crystals. Therefore, co-crystal
screening of TFA was conducted with amide or pyridine functionalised compounds
selected from the list of GRAS chemicals. Crystal structure analysis of the co-crystals
revealed that all the co-crystals feature the expected heterosynthons. Some of the co-
crystals have been subsequently proved stable at different conditions and claimed as
promising candidates for developing stable TFA formulations. The following sections
detail various types of intermolecular interactions that are being used for the crystal
engineering of pharmaceutical co-crystals.

Fig. 1.2: A crystal engineering strategy for preparing co-crystals of triflusal (TFA) with molecules that
contain amide and pyridine functional groups. Reproduced with permission from ref. [22].

1.2.1 Design of co-crystals based on conventional hydrogen bonds

Co-crystals are generally constructed from intermolecular interactions such as hydro-
gen bonding, halogen bonding and π···π interactions. The majority of the pharma-
ceutical co-crystals reported to date involve conventional hydrogen bonds of the type,
N–H···O, N–H···N, O–H···O and O–H···N hydrogen bonds. This observation is most
likely due to the fact that the functional groups such as carboxylic acid, amide, pyrid-
ine and hydroxyl are ubiquitous in APIs. In addition, these hydrogen bonds are relat-
ively strong and directional, and thereby are prevalent in co-crystals. Some commonly
used supramolecular synthons for co-crystal design are shown in Figure 1.3.

The use of strong hydrogen bonds in the design of co-crystals has been demon-
strated widely. In general, heterosynthons are more energetically favourable and
robust compared to the homosynthons, e.g. the acid-amide heterosynthons is fa-
voured over both carboxylic acid and amide homosynthons. Similarly, hydroxyl-
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Fig. 1.3: Typical supramolecular synthons utilised for crystal engineering of pharmaceutical co-
crystals.

pyridine and carboxylic acid-pyridine are strongly favoured compared to their re-
spective homosynthons. As shown in Figure 1.2, triflusal (TFA) preferentially forms
co-crystals with amide- and pyridine-containing molecules and all the co-crystals
feature the expected acid-amide or acid-pyridine heterosynthons [22]. A number of
co-crystals of APIs containing functional groups that can form strong hydrogen bonds
have been reported. For example, the ability of an anti-epileptic and analgesic drug,
carbamazepine, to form more than thirty diverse co-crystals has been credited to its
ability to form strong hydrogen bonds involving its amide group [24]. The co-crystals
of carbamazepine have been proved valuable for improving solubility, stability and
dissolution rates. According to a recent report, a co-crystal of carbamazepine and
saccharin was shown to be bioequivalent to carbamazepine form III in dogs, making
the co-crystal a promising solid form for the development of carbamazepine formula-
tions [25].

A recent case study that relies on strong hydrogen bonds for co-crystal formation
involves a chemotherapy agent, tegafur (TG). TG has been used for the treatment of
colorectal cancer. TG suffers from a severe drawback mainly due to non-uniform oral
absorption, its short biological half-life due to rapidmetabolism and its low solubility
necessitatingahighdoseadministration [26]. In order todiscover a fast-dissolvingand
highly soluble solid form, a co-crystal screen was conducted. As shown in Figure 1.4,
TG has a –CO–NH–CO–moiety and forms the imide-imide homosynthon in its parent
crystal structure. Crystal structures that were retrieved from the CSD suggested that
molecules that contain hydroxyl, pyridine and amide functional groups could poten-
tially interrupt the imide-imide synthon to result in a co-crystal. Co-crystal screening
with GRAS chemicals resulted in five co-crystals, with nicotinamide, isonicotinam-
ide, 4-hydroxybenzoic acid, theophylline and pyrogallol, respectively [27]. All the co-
crystals featured the expected supramolecular synthons. The evaluation of physico-
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Fig. 1.4: Crystal engineering of TG co-crystals: plausible hydrogen bond synthons and some of the
observed co-crystals. Reproduced with permission from ref. [27]. Copyright ©2014, The American
Chemical Society.

chemical properties revealed that some of the co-crystals improved the solubility and
dissolution rate of TG.

1.2.2 Design of co-crystals based on halogen bonds

The term halogen bond was introduced to describe any non-covalent interaction in-
volving halogen atoms as electrophilic species. A more recent definition was formu-
lated based on the consensus of an IUPAC task group that stated that “a halogen bond
occurs when there is evidence of a net attractive interaction between an electrophilic
region associated with a halogen atom in a molecular entity and a nucleophilic re-
gion in another, or the same, molecular entity” [28]. Over the years, the halogen bond
has garnered significant interest not only from a structural chemistry point of view,
but also from a crystal engineering perspective. The fact that the strength of halogen
bonds is comparable with hydrogen bonds, i.e. ranging between weak (ca 5 kJmol−1)
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to strong (180kJmol−1 [29], and that halogen bonds exhibit high directionality, make
them good design tools for the directed synthesis of supramolecules and higher-di-
mensional architectures. Accordingly, the use of halogen-bonds as a design element
in crystal engineering has been known for more than 30 years. For example, Desiraju
and co-workers used halogen-bond synthons to form a solvate between urotropin and
CBr4 [30]. Similarly, the synthesis of several one-dimensional (1D), 2D and 3D self-
assembled halogen-bonded networks has been reported by several groups. Some typ-
ical halogen bonds that are frequently used in crystal engineering are shown in Fig-
ure 1.5.

Fig. 1.5: Examples of typical supramolecular synthons mediated by halogen bonds.

The pioneering work of the research groups of Aakeroy, Nangia, Jones and Metran-
golo and Resnati exemplified the use of halogen-bonds in the directed synthesis of
co-crystal systems [31]. The design of higher-order multi-component crystals such as
ternary co-crystals was also made possible by combining halogen bonds with hydro-
gen bonds. For example, a series of ternary co-crystals mediated by strong hydrogen
bonded synthons such as acid-amide and amide-amide and X···O2N halogen-bonds
have been reported recently [32].

The abundance of halogen atoms in pharmaceutical compounds necessitates
greater insight intohalogenbonds for thedevelopmentof crystal engineering strategies.
Although there have been a number of co-crystals of neutral organic molecules that
were formed through halogen bonding, a survey of the current literature on pharma-
ceutical co-crystals suggests that halogen bond mediated pharmaceutical co-crystals
are quite scarce. A lone example that illustrates the key role of halogen bonding in
driving the formation of a pharmaceutical co-crystal has been reported recently by the
group of Metrangolo, Resnati and Terraneo [33]. Four co-crystals of an iodinated anti-
microbial agent, 3-iodo-2-propynyl-N-butylcarbamate (IPBC) have been prepared and
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10 | 1 Pharmaceutical co-crystals: crystal engineering and applications

characterised. It was found that halogen bonding is the key interaction responsible for
the self-assembly of the pharmaceutical co-crystals, wherein the halogen bond does
not interferewith the hydrogenbonds present in the parent IPBC crystal structure (Fig-
ure 1.6). Some of the co-crystals have improved powder flow properties and thermal
stability. The co-crystals further demonstrate the applications of the combined use of
halogen and hydrogen bonds to obtain new co-crystals of halogenated APIs.

N
H

O

O

C
C

I

N N

IPBC

4,4'-Bipyridine 2:1 co-crystal of IPBC-4,4'-Bipyridine

Fig. 1.6: A pharmaceutical co-crystal involving IPBC and 4,4-bipyridine mediated by I···N halogen-
bond. Reproduced with permission from ref. [33]. Copyright ©2013, The American Chemical Society.

1.2.3 Co-crystal design strategies for APIs that lack strong hydrogen bonding
groups

Inter- and intramolecular interactions play a major role in dictating crystal structure.
Therefore, understanding the nature of various intermolecular interactions, regard-
less of their being strong or weak, is a prerequisite in the design of crystalline ma-
terials. While the structure-directing role of strong hydrogen bonds has been well-es-
tablished for crystal engineering applications, weaker interactions of the type π···π,
C–H···π, O–H···π, N–H···π, C–H···X, etc. are also important for the self-assembly of
organicmolecules, and their geometrical preference and cooperative action can signi-
ficantly contribute towards the conformation of organic molecules. Therefore, it is not
surprising that studies concerning weak interactions are important and facilitate the
design of co-crystals. For example, in the case of 4,4-bis-hydroxyazobenzene, π···π
and C–H···N interactions play a structure-directing role in the synthesis of ternary co-
crystals [34].

The majority of the reported pharmaceutical co-crystals have been designed
based on functional groups that can form strong hydrogen bonds with the co-formers.
However, a sub-set of APIs, i.e. APIs devoid of functional groups that can form strong
hydrogen bonds, has thus far been not been well explored for co-crystal design. Com-
pared to the traditional way of designing co-crystals, the design of co-crystals for
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molecules that lack potential hydrogen bonding sites is rather difficult. For example,
extensive co-crystal screening on the carbonyl-only containingmolecules griseofulvin
(GF), spironolactone and artemisinin each formed only a single co-crystal, except in
the case of artemisinin, which formed two co-crystals [35–37](Figure 1.7). The diffi-
culty in finding co-crystals for this type of API underscores the importance and need
for more reliable co-crystal design strategies. The likelihood of co-crystal formation
in the case of artemisinin has also been assessed using molecular descriptors which
involve parameters such as molecular shape, size, polarity, and hydrogen bonding
propensity [36]. A comparison of molecular descriptors of artemisinin and co-formers
suggested that of the 75 co-formers chosen for the initial co-crystal screening, 33
would not have been expected to form co-crystal with artemisinin and could have
been avoided in the initial co-crystal screen. Interestingly, despite favourable mo-
lecular descriptors for the rest of the co-formers and artemisinin, only two resulted
in co-crystals. The limited success with the molecular descriptor approach suggests
that a deeper understanding is required for formulating co-crystal design strategies
for this class of API.

Fig. 1.7: Examples of co-crystals of molecules that lack strong hydrogen bonding groups, GF (left)
and artemisinin (right). Reproduced from ref. [35] and ref. [36]. Copyright Royal Society of Chemistry,
2010.
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1.2.4 Ionic co-crystals

The term ‘ionic co-crystal’ was coined by Braga and co-workers in 2010 [38], but the
discovery of ionic co-crystals dates back to 1783 when de Romé de L’Isle observed a
habit change of NaCl crystals when they were crystallised from an aqueous solution of
urea [39]. Ionic co-crystals are generally formed by an organic molecule and an ionic
salt (an alkali halide or organic cation halide) and are sustained by charge-assisted
hydrogen bonds and/or coordination bonds (Figure 1.8). While an ionic co-crystal
that contains alkali halides could be classified as a coordination polymer, an ionic
co-crystal that contains an organic cation halide could be classified as a co-crystal
of salts. Interest in ionic co-crystals has been growing in recent years and contem-
porary literature suggests that these co-crystals are also useful for the modification of
physicochemical properties in APIs, such as dissolution rate, thermal stability, crystal
habit and hygroscopicity. Compared to the conventional co-crystal design strategies
for neutral organic molecules, the design of ionic co-crystals is rather difficult, and
systematic studies that demonstrate crystal engineering of ionic co-crystals are sel-
dom reported. With respect to the ionic co-crystals that contain alkali halides, a priori
knowledge of the metal coordination patterns would help in the design strategy. How-
ever, the coordination number and geometry of alkaline and alkali earth metals are
not easily predictable. Therefore, co-crystal formation for most of the reported ionic
co-crystals has been first realised by trial and error methods. Most of the ionic co-
crystals that contain organic cation halides are of hydrochloride salts. Chloride an-
ions are known to be good hydrogen bonding acceptors and capable of forming inter-
molecular interactions with additional neutral molecules. Therefore, co-formers such
as benzoic, fumaric, and succinic acids have been chosen for making salt co-crystals
of hydrochloride salts of fluoxetine, ciprofloxacin,moxifloxacin, and saxagliptin [40].
The co-crystals proved effective inmodulatingphysicochemical properties suchasdis-
solution rate, solubility and stability.

Fig. 1.8: An example of an ionic co-crystal: a co-crystal
of benzoic acid (BA) and CsI showing the BA hydrogen
bonded dimers within the piles of caesium and iodide
ions (light-grey and pink spheres represent Cs+ and
I−, respectively. Reproduced with permission from
ref. [38]. Copyright Royal Society of Chemistry, 2010.
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1.3 Applications of pharmaceutical co-crystals

The main motivation behind the development of pharmaceutical co-crystals is their
ability to modify pharmaceutical properties of APIs. Pharmaceutical co-crystals have
found diverse applications inmany areas of drug development. These include, but are
not limited to: improvement in solubility, dissolution rate, and permeability, which
directly impact bioavailability, hygroscopicity, chemical and photo-stability. These
in turn have a profound effect on storage stability, and mechanical properties that
affect tabletability and processability. There have been attempts to correlate the res-
ulting properties with the crystal structure of co-crystals and it has been found that
co-formers that interact with drug molecules via heteromeric interactions (between
co-formers and drug) greatly impact upon the physicochemical properties of APIs. In
this section, the impact of co-crystallisation on some physicochemical properties of
APIs is detailed with representative examples.

1.3.1 Enhancing bioavailability

The bioavailability of a drug depends on several factors including aqueous-solubility,
dissolution rate, and drug permeability. For a Biopharmaceutics Classification System
(BCS) class II drug, solubility behaviour is the key determinant of its oral bioavailab-
ility. Therefore, the impact of co-crystallisation on the solubility and dissolution rate
of APIs will have potential implications on the bioavailability of the parent API.

The amount of drug dissolved in the solvent at the equilibrium state is defined as
the solubility and the rate at which this equilibrium state is reached is the dissolution
rate. Thus, solubility is a thermodynamic parameterwhile the dissolution rate is a kin-
etic phenomenon. Co-crystals offer potential advantages in terms of improving the sol-
ubility and dissolution rate of APIs. Babu and Nangia reviewed the solubility advant-
ages offered by co-crystals and amorphous drugs and concluded that these species ex-
hibit very similar solubility anddissolution rate profiles [16]. However, co-crystals, be-
ing in their crystalline state, score well on several fronts. For example, co-crystals that
tend to be stable to humidity and storage are generally stable to drug processing, wet
granulation, tableting, and compaction. The solubility and dissolution rate advant-
age of co-crystals has been demonstrated in co-crystals of several APIs. For example,
Remenar et al. showed that the solubility of an anti-fungal drug can be improved by
its L-malic acid and L-tartaric acid co-crystals [41]. Co-crystals have proved effective
in improving the dissolution rate of APIs. For example, it was recently shown that the
dissolution rate of the co-crystal hydrate of GF with acesulfame in pH 7.5 phosphate
buffer at 37 °C is significantly faster than the parent GF [35]. As shown in Figure 1.9, the
co-crystal reaches equilibrium within approximately 20min. On the other hand, the
dissolution rate of amorphous and crystalline GF is slower and reaches equilibrium
only after 2 h. The striking similarity between the dissolution profiles of amorphous
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Fig. 1.9: Powder dissolution profile of GF and (GF)2 · Ace–H hydrate in pH 7.5 buffer. Notice that the
initial dissolution rate of (GF)2 · Ace–H hydrate is significantly faster than that of the parent GF. Re-
printed from ref. [35]. Copyright ©2012, American Chemical Society.

and crystalline GF is due to the rapid conversion of amorphous GF into crystalline GF
in the dissolution medium.

Co-crystals have not only been used for improving the solubility and dissolution
rate of APIs, but also to lower the solubility of the parent drug. For example, Nangia
and co-workers successfully made co-crystals of sulfacetamide, an antibiotic used to
treat conjunctivitis and other ocular ailments, and found that a co-crystal with caf-
feine showed lower solubility than the parent sulfacetamide [42]. Interestingly, the
therapeutic efficacy of sulfacetamide in treating eye infections is severely limited by
physiological constraints such as tear flow and reflex blinking which results in con-
siderable drug loss. This necessitates frequent dosing which is often inconvenient to
patients and amounts to excess drug loading. The lower solubility of the sulfacetam-
ide-caffeine co-crystal, which is due to stronger hydrogen bonds and denser crystal
packing in the co-crystal, could potentially address the poor residence time and faster
elimination issues of sulfacetamide, in a fashion similar to extended release formula-
tions.

The impact of co-crystallisation on the bioavailability has been demonstrated by
in vivo bioavailability studies. For example, McNamara et al. prepared a co-crystal
of a low solubility development candidate for neuopathic pain, 2-[4-(4-chloro-2-
fluorophenoxy)phenyl]pyrimidine-4-carboxamide (I) with glutaric acid, and evalu-
ated its physicochemical properties and bioavailability [43]. The co-crystal was stable
at 40 °C/75% RH and 60 °C for 2 months. In addition, the high-aqueous solubility of
glutaric acid contributes to the 18 times increase in the dissolution rate inwater for the
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co-crystals. The bioavailability studies in beagle dogs confirmed that the area under
the curve (AUC) values at both low dose (5mg/kg) and high dose (50mg/kg) for the co-
crystal are much higher than for I. In another study, Childs et al. prepared a co-crystal
involving danazol and vanillin, and compared its dissolution and bioavailability data
with the formulated co-crystal. It has been shown that an aqueous suspension of
the co-crystal that contained 1% of vitamin E-TPGS and 2% Klucel LR Pharm hy-
droxypropylcellulose (HPC) improved the bioavailability of the co-crystal over 10
times compared to the danazol polymorph. On the other hand, the pure co-crystal
showed only a modest 1.7 times improvement in bioavailability (Figure 1.10) [44].
Similarly, the bioavailability of APIs such as metaxalone, carbamazepine, melox-
icam, baicalein, sildenafil, danazol and a flavonoid quercetin have been improved by
co-crystallisation with pharmaceutically acceptable co-formers.

Fig. 1.10: In vitro dissolution data and in vivo plasma concentration for the danazol co-crystal and
polymorph, shown for, the unformulated suspension (a) containing 0.5% PVP K-25 as a suspending
agent and the formulated suspension (b) containing 1% TPGS and 2% HPC. Reproduced with permis-
sion from ref. [44]. Copyright ©2013, The American Chemical Society.

Permeability across biological membranes is a key factor that determines the absorp-
tion and distribution profiles of drugs. The flux or the amount of drug transported
per unit time and per unit area of the membrane is a function of the permeability of
the drug. The maximum drug absorption occurs when the drug has maximum per-
meability andmaximum concentration at the site of absorption. The parallel artificial
membrane permeability assay and Caco-2 cells are the most frequently used in vitro
models to assess intestinal permeability. The presence of a co-former together with
the parent API in a co-crystal leads to changes in the polarity of the relevant chemical
entity thereby affecting the drug’s permeability. Applications of co-crystals in modu-
lating drug permeability have been reported only recently. For example, Desiraju and
co-workers demonstrated the improvement in the permeability of a BCS class II, diur-
etic drug, hydrochlorothiazide (HCT) [45]. Five co-crystals with pharmaceutically ac-
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ceptable co-formers, namely resorcinol (RES), 4-aminobenzoic acid (PABA), nicotinic
acid (NIC), nicotinamide (NCT) and succinimide (SAM), were prepared and studied for
their solubility and diffusion/permeability. It was found that most of the co-crystals
showed enhanced solubility and flux/permeability. The solubility and permeability
product best represents the impact of co-crystallisation on the pharmacokinetic prop-
erties of HCT. As shown in Figure 1.11, HCT-PABA co-crystals show the highest solubil-
ity-permeability product followed by the HCT-NIC co-crystal. The improved permeab-
ility of the co-crystal was attributed to the sulfonamide-amide heterosynthon formed
between theAPI and the co-former. In contrast, the parentAPI in its polymorphs forms
the sulfonamide-sulfonamide homosynthon.

Fig. 1.11: Solubility and permeability interplay in co-crystals of HCT (left) and the product of solu-
bility and permeability in HCT and its co-crystals (right). Reproduced with permission from ref. [45].
Copyright ©2015, The American Chemical Society.

A similar co-crystallisation strategy has been demonstrated to modulate the mem-
brane permeability of an anti-neoplastic drug, 5-fluorouracil (5FU) [46]. 5FU is a BCS
class III drug that shows good aqueous solubility but poor permeability. Approaches
such as pro-drug and chemical enhancers have been evaluated to enhance the per-
meability of 5FU with different degrees of success. Chen and co-workers prepared
three novel co-crystals of 5FU with the co-formers 3-hydroxybenzoic acid, PABA and
cinnamic acid. A permeability study using a Franz diffusion cell with a silicone mem-
brane revealed that the cumulative amount of drug permeated per unit area (Qn) vs
time indicated that the diffusion of the drug through membrane is linear and that the
co-crystals showed a greater penetration rate than the pure drug (Figure 1.12). It was
also found that under similar experimental conditions, physical mixtures of 5FU with
3-hydroxybenzoic acid and with cinnamic acid show similar cumulative permeated
amounts per unit area to pure 5FU, while the physical mixture of 5FU and PABA show
poorer diffusion. The better/improved permeability of 5FUwhen present in co-crystals
compared to the physical mixture was rationalised based on the crystal structures of
the co-crystals and packing efficiency. All three co-crystals are similar in their crystal
structures in which the drug–drug intermolecular interactions in the parent 5FU are
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Fig. 1.12: Comparison of cumulative amount per unit area permeated (Qn) of 5FU with the co-crystals
(left) and physical mixture (right). 1: 5FU-3-hydroxybenzoic acid, 2: 5FU-PABA and 3: 5FU-cinnamic
acid. Reproduced with permission from ref. [46]. Copyright ©2016, The American Chemical Society.

replaced by drug-co-former interactions in the co-crystals with the calculated density
of all three co-crystals being lower than the parent 5FU.

In addition to the case studies described above, co-crystals of a bronchodilator
drug, theophylline, with isomeric aminobenzoic acids [47], an anti-HIV drug, acyc-
lovir, with dicarboxylic acids [48] and a non-steroidal anti-inflammatory drug, indo-
methacin, with 2-hydroxy-4-methylpyridine, 2-methoxy-5-nitroaniline and saccharin
have also been shown to modulate permeability of the parent drug [49].

1.3.2 Improving storage stability

The physical and chemical stability of a solid drug substance in the presence of atmo-
spheric moisture is of concern to drug development as it has practical implications
for processing, packaging, storage and formulation. In some instances, an anhydrous
crystal form converts to a hydrate at high relative humidity (RH) conditions making
it non-viable for further development. One such API that undergoes anhydrous to hy-
drate transformation is caffeine, which is a central nervous system stimulant and a
smooth muscle relaxant. Caffeine is known to form a non-stoichiometric channel hy-
drate that contains 0.8 moles of water per mole of caffeine. Jones and co-workers pre-
pared a series of caffeine co-crystals with aliphatic dicarboxylic acids and evaluated
their stability with respect to atmospheric humidity [50]. Caffeine readily forms co-
crystals with dicarboxylic acids typically in the 2 : 1 and 1 : 1 stoichiometries. While
some of the co-crystals dissociate into crystalline starting components at high RH con-
ditions, the caffeine-oxalic acid co-crystalwas stable at all RHs and for all time points,
and demonstrated superior stability to anhydrous caffeine (Figure 1.13).
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Fig. 1.13: Hydrogen bonding and stability of caffeine co-crystals. Reproduced with permission from
ref. [50]. Copyright ©2005, The American Chemical Society.

In vivo biochemical transformation of andrographolide, a diterpenoid lactone bioact-
ive agent used in traditional medicine in China, India and Southeast Asian countries
for anti-viral, anti-inflammatory, anti-cancer and anti-malarial applications, limits its
bioavailability (2.67%) and aqueous-solubility (46mgL−1) [51]. A solution to the de-
creased efficacyof andrographolideowing to its biotransformation to the sulfatederiv-
ative will enhance the utility of andrographolide in medicine. Based on the hydroxyl
groups available on the andrographolide, Nangia and co-workers chose molecules
that contain C=O, COOH and OH functional groups for co-crystal screening that could
potentially form O–H···O hydrogen bonds in the co-crystals [52]. A total of five co-
crystals with GRAS chemicals were found and structurally characterised. An in vitro
synthetic method was developed to mimic the in vivo biotransformation conditions.
In this method, andrographolide and its co-crystals were subjected to HSO−3 (in the
presence of HSO−4 and an excess amount of Na2SO3) to generate the sulfated product
by the nucleophilic attack of the HSO−3 ion at the β position of the α,β-unsaturated lac-
tone moiety of andrographolide (Figure 1.14). The reaction was monitored by means
of 1H and 13C NMR spectroscopy. While andrographolide and most of the co-crystals
were found to transform to the metabolite, no transformation was found in the case
of the co-crystal with salicylic acid. The acidic nature of salicylic acidwas reasoned to
provide an inhibitory effect on the chemical transformation of andrographolide. The
carboxylic acid of the salicylic acid in the co-crystal is able to titrate HSO−3 to H2SO3
and sodium salicylate, which stops/inhibits the subsequent addition reaction. The co-
crystal has also exhibited a dissolution rate that is three times faster and a drug release
that was two times higher than that of pure andrographolide.

Exposure to lightmay induce certain changes in drugproducts and affect the effic-
acy of the drug product. The majority of APIs are white in appearance, meaning they
do not absorb light in the visible region, but may absorb in the UV region as a con-
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Fig. 1.14: A plausible mechanism for the inhibition of the reaction by the andrographolide-salicylic
acid co-crystal. The sulfonate metabolite is not formed, as andrographolide is stable in the pres-
ence of salicylic acid because it quenches the HSO−3 . Copyright ©2013 by John Wiley & Sons, Inc.
Reprinted from ref. [52] by permission of John Wiley & Sons, Inc.

sequence of their chemical structure. The presence of aromatic residues and conjug-
ated double bonds containing N, S, or O in the structure is usually associated with the
ability of the molecule to absorb light. Some light-sensitive drugs are rapidly affected
by the light andbecomediscoloureddue to the formationof degradedproducts. There-
fore, knowledge of photochemical and photophysical properties of APIs is essential
for handling, packaging, and labelling drug substances and drug products. A number
of APIs are known to be photo-labile. For example, APIs such as chlorpromazine, car-
bamazepine, temozolamide, furosemide, nefidipine and nitrofurantoin undergo de-
gradation upon irradiation by light. Attempts have been made to address the photo-
stability issues of APIs by co-crystallisationwith appropriate co-formers. For example,
Vangala et al. showed co-crystals of an anti-bacterial drug, nitrofurantoin (NF), help
to circumvent chemical degradation of NF under UV irradiation [53]. The improved
photo-stability (Figure 1.15) of the co-crystals was attributed to restricted photo-iso-
merisation and the prevention of direct availability of incident photons to C=N of NF.
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Fig. 1.15: UV irradiation of co-crystal
and physical mixture samples in-
volving NF for up to a week and
the photo-degradation curves with
error bars show the enhanced
photo-stability of co-crystals with
3-aminobenzoic acid (3ABA),
4-aminobenzoic acid (4ABA) and 4-hy-
droxybenzamide (4HBAM). Reproduced
with permission from ref. [53]. Copy-
right ©2012, The American Chemical
Society.

In all co-crystals, NF forms hydrogen bond synthons with co-formers and such strong
intermolecular interactions hinder photo-isomerisation.

A recent study byNangia and co-workers has demonstrated applications of the co-
crystallisation technique for the inhibition of discolouration of an anti-cancer drug,
temozolamide (TMZ) [54]. TMZ is the only approved drug for the treatment of malig-
nant brain tumours. The drug reactswithmoisture andundergoes degradation to form
a by-product, amino-imidazolecarboxamide. The degradation of TMZ is also associ-
ated with discoloration from white to tan-brown, which makes patients anxious and
suspicious about drug efficacy. The stability issues of TMZ have been solved through
a co-crystal formed with succinic acid. As shown in Figure 1.16, upon exposure to ac-
celerated conditions (40 °C, 75% RH), the co-crystal did not show any discoloration or
decomposition for up to 6 months. By contrast, TMZ degraded within a few weeks at
ambient and accelerated conditions resulting in colour change from light pink to dark
brownover the course of 5weeks. The co-crystalwas not only stable for over 6months,

Fig. 1.16: Physical stability and colour comparison of pure TMZ (top panel) and TMZ–SA co-crystal
(bottom panel) under accelerated ICH conditions of 40 °C and 75% RH. Pure TMZ showed darkening
of colour from pink/light-tan to dark-brown over the course of 7 weeks, whereas the drug co-crystal
remained white for a longer duration, i.e. 28 weeks (left). Amide–acid heterosynthon of N–H···O and
O–H···O hydrogen bonds in the TMZ-succinic acid (2 : 1) co-crystal (right). Copyright ©2012 by John
Wiley & Sons, Inc. Reprinted from ref. [54] by permission of John Wiley & Sons, Inc.
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but was also found to be bio-equivalent to the reference drug, making it a promising
alternative solid for the development of stable temozolamide drug formulations.

1.3.3 Desirable mechanical properties

Many materials, including drugs, undergo mechanical deformation upon the ap-
plication of external force. In drug development, this is important as drugs un-
dergo processes of milling, filling, tableting and compaction of powders. Therefore,
understanding crystal packing in the context of mechanochemical properties is use-
ful for modulating the mechanical properties of solid materials. In this regard, co-
crystallisation techniques are promising for altering the crystal packing andmechan-
ical properties of APIs. For example, Jones and co-workers applied co-crystallisation
techniques to improve the tabletability of thewidely used analgesic drug, paracetamol
(PCA) [55]. PCA exists in three polymorphic forms and among these, two have been
thoroughly studied. Metastable Form II, which forms flat hydrogen bonded layers in
the crystal, is suitable for tableting. However, the thermodynamically stable Form I,
with corrugated hydrogen bonded layers, has been developed as tablets with large
amounts of binders to prevent chipping and disintegration. Co-crystal screening res-
ulted in four co-crystals with the co-formers oxalic acid, theophylline, naphthalene
and phenazine. As shown in Figure 1.17, Form I produces tablets with extensive chip-
ping. On the other hand, all four co-crystals readily formed tablets. A rationale for
the better tabletability of the co-crystals was based on the crystal structures of the
co-crystals, as each co-crystal features a layered structure and presence of slip planes
that help to enhance its tabletability.

Fig. 1.17: Tablets resulting from compression experiments involving PCA Form I and four co-crystals.
Notice the poor shape and chipped tablets of PCA Form I. Copyright ©2009 by John Wiley & Sons,
Inc. Reprinted from ref. [55] by permission of John Wiley & Sons, Inc.

Greater detail of the mechanical properties of molecular crystals can be deduced by
nanoindentation, a technique used to extract elastic modulus (E) and hardness (H) of
the material from load-displacement measurements. E and H are measures of the res-
istance offered by the materials to elastic and plastic deformations, respectively. High
values of both E and H imply that the material is resistant to deformation and hence
is brittle. Desiraju and co-workers have studied the mechanical properties of an anti-
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fungal drug, voriconazole (VOR) by nanoindentation [56]. The drug in its pure form is
too soft for tableting and compacting. A number of salts and co-crystalswere prepared
and analysed for their mechanical properties. The stronger ionic interactions and lack
of slip planes in the salts make them harder than VOR. On the other hand, the pres-
ence of a large number of slip planes and smaller number of interactions makes the
co-crystals softer than VOR. The superior hardness of ionic salts compared to the VOR
offer ease of handling and better tableting, making them suitable for development as
new VOR formulations (Figure 1.18).

Fig. 1.18: Representative P–h curves obtained for VOR and its salts (left) and co-crystals (right). The
P–h responses obtained for VOR crystals are smooth, indicating homogeneous plastic deformation.
In contrast, all salts showed discrete displacement bursts, referred to as ‘pop-ins’, which indicates
plastic deformation intermittently. The P–h curves obtained for the VOR co-crystals are smooth and
a significant pile-up of indentation impressions was observed. Reproduced with permission from
ref. [56]. Copyright ©2015, The American Chemical Society.

1.3.4 Energetic co-crystals

Energeticmaterials are compoundswith high amounts of stored chemical energy, con-
taining both oxidiser and fuel components that producehigh temperature combustion
products. The literature suggests that only a very small number of energetic materials
have been developed as high explosives due to the need for using cost-effective pro-
duction methods and meeting certain rigid performance targets [57]. Applications of
co-crystallisation techniques in improving the properties of energetic materials have
only been demonstrated recently. This is partly due to the fact that energetic mater-
ials are primarily defined by nitro groups and thus devoid of functional groups that
form predictable inter-molecular interactions. Therefore, co-crystal design for the en-
ergetic materials should rely only on weaker interactions mediated by nitro groups
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and the size and shape mimicry of the components. Landenberger and Matzger have
prepared 17 co-crystals of 2,4,6-trinitrotoluene (TNT) [57] with aromatic co-formers.
Crystal structure analysis of the co-crystals revealed that donor-acceptor π···π inter-
actions drive co-crystal formation. The strong polarising effect of nitro groups makes
the TNT an electron-poor π-system. On the other hand, the chosen co-formers all pos-
sess relatively electron-rich aromatic systems. Therefore, donor-acceptor interaction
between electron-poor TNT and electron-rich aromatic rings is the most favourable
interaction. The evaluation of the properties to validate the viability of the co-crystal
materials for energetic applications revealed that the co-crystals indeed increasedens-
ity and thermal stability. However, the use of non-energetic compounds as co-formers
led to the dilution of explosive power. It was reasoned that a co-crystal that contains
two energetic materials would help to achieve the goal of improving the explosive-
ness of existing energetic materials. Such an energetic-energetic co-crystal has been
found recently with 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane(CL-20)
and TNT in a 1 : 1 molar ratio (Figure 1.19) [58]. CL-20 possesses favourable explos-
ive characteristics, but its explosive applications are limited due to high production
costs and high sensitivity. The co-crystal overcomes the problem of effective dilution
of explosives by retaining the explosiveness of both CL-20 and TNT, and showed ex-
cellent impact sensitivity. Heating to 136 °C converts the co-crystal to liquid TNT and
CL-20, and cooling the resultant mixture does not lead to the re-crystallisation of the

Fig. 1.19:Molecular components of the energetic-energetic co-crystal, TNT and CL-20, prismatic
habit of the co-crystal, and interactions between TNT and CL-20. Copyright ©2011 by John Wiley &
Sons, Inc. Reprinted from ref. [58] by permission of John Wiley & Sons, Inc.
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co-crystal. This implies that an insensitive energetic material (co-crystal) that is not
easily detonated by impact is transformed into a sensitive energetic material (CL-20)
that is readily detonated by impact through heating. Therefore, the energetic-ener-
getic co-crystal demonstrated the potential of co-crystallisation to produce effective
explosive materials.

1.3.5 Drug–drug co-crystals

In general, pharmaceutical co-crystals constitute anAPI and one ormore pharmaceut-
ical acceptable co-formers. When the co-crystals are prepared with two or more APIs,
the resulting co-crystals are termed drug–drug or multi-API co-crystals [59]. Thus,
drug–drug co-crystals represent a sub-set of pharmaceutical co-crystals. This class of
co-crystal has potential applications in developing combination drugs or fixed-dose
combinations, which are defined as combinations of two or more APIs produced in a
single tablet. Combination drug products are becoming increasingly popular because
of advantages such as a greater therapeutic effect cf. component drugs administered
separately, reduction of the number of prescriptions and administrative costs and an
increase in patient compliance. The idea of using two ormore APIs to forma co-crystal
for therapeutic benefit is not newandhas been implemented even before pharmaceut-
ical co-crystals became popular (see Introduction to this chapter).

A drug–drug co-crystal involving two NSAID’s, EA and gentisic acid, has been re-
ported recently [59]. Interestingly, the co-crystal exists in three polymorphic forms. All
the polymorphs were structurally characterised and their polymorphic phase trans-
formations evaluated. The polymorphs show improved dissolution rates compared
to the parent EA. Uekusa and co-workers recently reported a co-crystal of metformin
(MET) with gliclazide (GLI) [60]. MET is a first line medication for type 2 diabetes,
whereas GLI is a hypoglycaemic agent that is used for long-term treatment of diabetes
mellitus. Both drugs pose formulation challenges in terms of their dissolution rate and
hygroscopicity. A combination product involving MET and GLI has been suggested as
a better medication for glycemic control. A 1 : 1 co-crystal was obtained by solid state
grinding and solution crystallisation, and the crystal structure was determined. An
evaluation of the physicochemical properties revealed that the dissolution rate of the
drug–drug co-crystal was significantly greater than that of GLI itself (Figure 1.20). In
the dynamic vapour sorption measurements, the co-crystal showed negligible sorp-
tion, on the other handMET converts to its hydrate at higher RH conditions. Thus, the
drug–drug co-crystal simultaneously addresses issues concerning the poor dissolu-
tion rate of GLI and hygroscopicity of MET. Drug–drug co-crystals are now frequently
reported. For example, Evora et al. reported a co-crystal involving pyrazinamide
and diflunisal [61]. Jiang et al. reported a series of drug–drug co-crystals of dapsone
and showed that the co-crystals have better solubility and dissolution rates than
dapsone [62]. Other recent examples of drug–drug co-crystals include lamivudine-
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Fig. 1.20: A multi-drug co-crystal of MET and GLI, (a) asymmetric unit of the co-crystal, (b) dissol-
ution profiles of GLI (blue) and MET-GLI co-crystal (red) in acidic medium (pH 1.2), (c) and (d) DVS
charts of MET and MET-GLI respectively, showing negligible water sorption in the co-crystal. Repro-
duced with permission from ref. [60]. Copyright ©2016, The American Chemical Society.

zidovudine, curcumin-artemether, pioglitazone-imatinib, rosiglitazone-exenatide,
sildenafil-aspirin, furosemide-pentoxifylline and hypochlorothiazide-pyrazinamide.

1.4 Polymorphism in co-crystals

Polymorphs refer to crystalline forms with distinct crystal structures of the same com-
pound [2]. Polymorphism can exert a great influence on solid state properties of APIs,
such as stability, solubility, bioavailability, and processability. Therefore, identifying
novel polymorphs and establishing their stability profile are routinely conducted in
pre-formulation stages of drug development. Akin to single component systems, a
co-crystal can also exist in polymorphic forms [63]. In a recent exhaustive study on
polymorphism in co-crystals, 114 co-crystals were identified from the literature [63].
A survey of these co-crystals revealed that it is not appropriate to distinguish co-
crystals from single component crystals with respect to polymorphism and finding
a polymorph of a co-crystal relies solely on the ability to find the right experimental
conditions. Thus, with the recent interest in the development of pharmaceutical co-
crystals, there is also an increase in the number of polymorphic co-crystals being
reported. For example, it was shown that as many as four co-crystals of analgesic
drug, EA, with gentisic acid, saccharin, 3,5-dinitrobenzoic acid and ethylmalonic acid
exist in polymorphic forms [59, 64–66]. Some other recent examples of polymorphic
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co-crystals include celecoxib-δ-valerolactam, sulfacetamide-acetamide (dimorphs),
orcinol-4,4-bipyridine (tetramorphs), furosemide-nicotinamie (tetramorphs), car-
bamazepine-nicotinamide (dimorphs), gallic acid–succinimide (trimorphs). The im-
pact of polymorphism on the performance of co-crystals has also been demonstrated
in some case studies. For example, Goud and Nangia reported two polymorphs of a
co-crystal involving a sulfonamide anti-biotic, sulfacetamide and acetamide [42]. The
polymorphs were classified as synthon polymorphs based on the distinct hydrogen
bond synthons in the crystal structures. An evaluation of the dissolution rates re-
vealed that the polymorphs show differences in their rate of dissolution: metastable
and stable polymorphs showing 1.6 and 1.3 times, respectively, faster dissolution rate
than the parent sulfacetamide. In another study, Gonnade and co-workers showed
that a 2 : 1 co-crystal of furosemide with 4,4-bipyridine exists in two polymorphic
forms that have distinct colours (Figure 1.21) even though both furosemide and 4,4-
bipyridine are colourless [67]. The colour difference between the two polymorphs
was ascribed to the different π-stacking patterns between the constituent molecules.
Density functional theory (DFT) calculations revealed the decrease of HOMO-LUMO
gap from one polymorph to the other leading to the colour change from orange to light
yellow.
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N N

Furosemide 4,4'-Bipyridine

Fig. 1.21: Distinct colours of the polymorphs of
the co-crystal furosemide-4,4-bipyridine (2 : 1).
Reproduced with permission from ref. [67].
Copyright ©2016, The American Chemical Soci-
ety.

1.5 Co-crystals on the market

The US Food and Drug Administration (US-FDA) [68] and EuropeanMedicines Agency
(EMA) [69], have released a draft guidance and reflection paper, respectively, on
the subject of the regulatory classification of pharmaceutical co-crystals. While the
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FDA classified pharmaceutical co-crystals as drug product intermediates and the co-
formers used to make the co-crystals as excipients [68], EMA defined co-crystals as
being solid state variants of APIs, aligning them with salts, polymorphs, hydrates
and solvates [69]. The recognition by these regulatory bodies is expected to boost
the development of co-crystals. US-FDA has recently approved a co-crystal hydrate
that contains disodium valsartan and monosodium sacubitril [70]. The co-crystal
was launched by Novartis with a trade name of Entresto for the treatment of chronic
heart failure. The drug shows mortality benefits and has a patient tolerance similar
to enalapril, another drug used for the treatment of heart failure. Notwithstanding
this recent example, there are other marketed drug products that contain active in-
gredients in the form of co-crystals. For example, sodium valproate-valproic acid,
caffeine citrate, escitalopram oxalate-oxalic acid, all fall under co-crystal classific-
ation. A number of recently discovered co-crystals are also showing promise for
commercialisation. For example, a novel drug–drug co-crystal containing a NSAID,
celecoxib, and an opioid drug, tramadol, which is being developed by Esteve R&D,
showed promising results in Phase II clinical trials [71]. The results revealed excellent
therapeutic benefits for the co-crystal at low doses of each active ingredient and has
significantly superior analgesic efficacy compared to comparable doses of tramadol.
Another promising co-crystal, currently in phase III clinical trials, is the co-crystal of
an anti-diabetic drug ertugliflozin with 5-oxo-proline [72].

1.6 Conclusions

The field of pharmaceutical co-crystals has witnessed significant progress within the
short spanof a decade. Anumber of case studieshavehighlighted the role of co-crystal
design strategies in the engineering of drug properties. Crystal engineering played a
key role in the design of co-crystals that is complemented by the ever growing crystal-
lographic data available from the CSD. Co-crystals address a broad range of issues in
drug development that are associated with the physicochemical properties of active
ingredients. Solubility, stability, permeability, mechanical, pharmacokinetic proper-
ties, etc. are effectively modulated by co-crystallisation approach. Recent US-FDA and
EMA guidelines on regulatory classification of co-crystals have further validated the
co-crystallisation approach for modifying the properties of active ingredients. Besides
the recently approved co-crystal, Entresto, for the treatment of chronic heart failure,
many co-crystals have shown promise in clinical trials and are expected to secure a
place on the market. These developments provide further impetus for development of
co-crystals and place pharmaceutical co-crystals in the elite group of solids alongside
salts for addressing formulation issues in drug development.
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2 Pharmaceutical multi-component crystals:
improving the efficacy of anti-tuberculous agents

2.1 Introduction

Fluoroquinolones represent an important class of broad-spectrum anti-biotics that
are widely used for the treatment of several types of bacterial infections and inflam-
mation [1]. Ciprofloxacin (CIP), norfloxacin (NOR) and enrofloxacin (ENR) are second
generation fluoroquinolone drugs (Figure 2.1) and show potent activity against Gram-
negative and Gram-positive bacteria [2]. Patented by Bayer A.G., ciprofloxacin and
norfloxacin drugs were the first members of the fluoroquinolone family approved for
clinical use in the USA [3, 4]. These drugs are highly effective in treating bacterial in-
fections of the lower respiratory tract and skin tissue [5, 6]. The proposed molecular
mechanismof action entails the inhibition of cell division by acting on bacterial topoi-
somerase II (DNA gyrase) and the topoisomerase IV complex, which interferes with
bacterial DNA replication, transcription, repair and recombination [7, 8].

Fig. 2.1: Structural formulae of the key drugs discussed herein.

Despite the potent biological activity in vivo, fluoroquinolones suffer from low solu-
bility at neutral pH [9] and poor permeability across biological membranes [10]. This
makes them a class IV drug according to the Biopharmaceutics Classification System
(BCS) [11]. This is amost challenging case for drug development aswell as formulation
design. However, it iswidely accepted that formulation approaches similar to those for
BCS class II drugs (improvement of solubility and dissolution behaviour) could be ap-
plied to BCS class IV drugs [12]. One of the common strategies to modify the aqueous
solubility and/or dissolution rate of a drug is salt formation because of the favour-
able hydration of ionised species in water compared to neutral or zwitterionic forms.
Indeed, a number of fluoroquinolones available on the market are formulated as hy-
drochloride salts [13]. However, there are some potential drawbacks of using chloride

https://doi.org/10.1515/9783110464955-002
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as a salt former, including the high acidity in parenteral formulations, the risk of cor-
rosion of industrial equipment, a decreased solubility in the stomach due to the com-
mon ion effect, etc. [14]. To overcome these problems, alternative multi-component
crystalline forms of fluoroquinolones with different pharmaceutically acceptable or-
ganic counter-ions have been developed in recent years. For example, a number of
ciprofloxacin and norfloxacin salts with citric, tartaric, malonic, benzoic acids [15],
saccharine [16–18], succinic acid [19], diflunisal and indoprofen [20] have been pre-
pared and characterised. In addition, amulti-componentmolecular complex compris-
ing ciprofloxacin andnorfloxacin ions in the solid state has beendescribed byVitorino
et al. [21]. It has been also reported that salt formation affects the octanol-water par-
tition coefficients of ciprofloxacin and norfloxacin, which allows the tuning of relev-
ant pharmacological properties of the drugs by systematic counter-ion alteration [22].
Hu et al. [23] obtained molecular salts of norfloxacin with adipic acid, mucic acid,
hydroxyl isomers of benzoic acid, naphthalene-1,5-disulfonic acid and naphthalene-
2-sulfonic acid. Unfortunately, the properties of the enrofloxacin salts/co-crystals are
not as promising as those for CIP and NOR. The study by Karanam et al. [24] should
be mentioned in this context as it describes a wide screening of salts/co-crystals with
dicarboxylic acids, benzoic acid derivatives, etc. It also describes crystal structures of
the four novel salts of enrofloxacinwithmaleic, fumaric, succinic and oxalic acids and
studies their thermochemical properties.

The goal of the present work is to both summarise and analyse literature crystallo-
graphic data for ciprofloxacin, norfloxacin and enrofloxacin with dicarboxylic acids.
In addition, an attempt to systematise thermochemical data (melting points of indi-
vidual components and their salts/co-crystals) has been undertaken in order to pre-
dict the directed design of two-componentmolecular crystals of the drugs. In the final
part of thework, a comparison ismadebetween thedissolutionbehaviours of different
solid fluoroquinolone forms.

2.2 Crystal structure analysis

2.2.1 CSD analysis of fluoroquinolone multi-component crystals

Fluoroquinolones are a good example of drugs where the solubility challenge can be
successfully overcome by utilising crystal engineering strategies. The literature ana-
lysis and CSD (Cambridge Structural Database) survey show that many efforts have
been made to extend the range of fluoroquinolone solid forms through the forma-
tion of multi-component crystals with various co-formers. In particular, significant
attention has been paid to ciprofloxacin, norfloxacin and enrofloxacin. According to
the classification recently proposed by Grothe et al. [25], all the currently reported
fluoroquinolone multi-component crystals of which there are 67 examples can be cat-
egorised into six classes, namely hydrates (solvates), salts, salt hydrates (solvates),
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salt co-crystals, salt co-crystal hydrates (solvates) and co-crystal solvates. Their relat-
ive distribution is shown in Figure 2.2.

Fig. 2.2: Distribution of the 67 solid forms of multi-component crystals of fluoroquinolones.

It is evident from Figure 2.2 that approximately half of the fluoroquinolonemulti-com-
ponent crystals under ambient conditions are salt hydrates (solvates), i.e. ternary sys-
tems that contain one to four solvent molecules (mainly water) in the crystallographic
asymmetric unit. This class of solid form also includes four-component structures
such as the salt ciprofloxacin citrate tetrahydrofuran trihydrate (GUYWUU), i.e. with
two different solvent molecules in the crystal. Simple hydrates (solvates) with vari-
ous water stoichiometry comprise approximately 19% of solid forms. Approximately
the same contribution is made by simple salts (21%), and approximately 8% of crys-
tal structures are found to be salt co-crystals. Some complex systems such as salt co-
crystal hydrates are also observed. However, co-crystal formation for the fluoroquino-
lones is limited due to their high basicity. In fact, the solvated co-crystal of norfloxa-
cin with isonicotinamide (VETVUM) seems to be the only reported example. Another
issue to consider is the polymorphism of the fluoroquinolone multi-component crys-
tals. However, to date, this field does not seem to have been systematically explored
and only one polymorphic salt is described in the literature, namely, dimorphic cipro-
floxacin saccharinate. In addition, the X-ray crystallographic parameters of the 1 : 1
ciprofloxacin salt with maleic acid reported recently in independent studies [26, 27]
are found to be considerably different, which indicates that the structures should be
considered polymorphic. Such diversity of fluoroquinolone solid forms seems likely to
be a consequence of the combination of the chemical features of the compounds (high
basicity, several sites for hydrogen-bonding, broad aromatic system) and the distinct
supramolecular structure of their crystalline complexes (the presence of hydrophobic
and hydrophilic domains in the crystal structure that are accessible to solvent mo-
lecules).
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Tab. 2.1: Results of the analysis of hydrogen-bonding motifs occurring between the different com-
ponents in the crystal structures of fluoroquinolone salts with mono- and dicarboxylic acids.

API –
SFa

API –
H2O–
SF

SF–
SF

SF –
H2O–
SF

H2O–
H2O

API –
API

anhydrous
CIP + maleic (1 : 1) Form I QUKHIP
CIP + maleic (1 : 1) Form II QUKHIP01
CIP + TartAc (1 : 1) ORUYOQ
CIP + diflunisal (1 : 1) KOFFAO
NOR + adipic (1 : 1) LOQKOT
NOR + phthalic (1 : 1) HIGSAT
NOR + isophthalic (1 : 1) HIGSIB
NOR + terephthalic (1 : 1.5) UPAYOA
ENR + maleic (1 : 1) PILTAH
ENR + succinic (1 : 1) PILSOU
ENR + fumaric (1 : 1) PILSUA
ENR + oxalic (2 : 1) KIXWEV

1(H2O)
CIP + fumaric + H2O (1 : 1 : 1) QUKHUB
CIP + citric + H2O (1 : 1 : 1)b ORUYIK
CIP + indoprofen + H2O (1 : 1 : 1) KOFFES
NOR + maleic + H2O (1 : 1 : 1) VETWIB
NOR + succinic + H2O (1 : 0.5 : 1) VETWAT
NOR + 3-hydroxybenzoic + H2O
(1 : 1 : 1)

LOQLAG

NOR + salycilic + H2O (1 : 1 : 1) LOQLOU
NOR + 4-hydroxybenzoic + H2O
(1 : 1 : 1)

LOQLUA

NOR + benzoic + H2O (1 : 1 : 1) ORUYEG
ENR + citric + H2O (1 : 1 : 1) GECCUO

2(H2O)
CIP + malonic + H2O (1 : 1 : 2) ORUZAD
CIP + adipic + H2O (1 : 0.5 : 1) QUKHOV
NOR + oxalic + 2H2O (1 : 0.5 : 1) ORUYUW
NOR + malonic + 2H2O (1 : 1 : 2) VETWEX
NOR + TartAc + 2H2O (1 : 1 : 2) ORUYAC

3(H2O)
CIP + succinic + 3H2O (1 : 1 : 3) QABTOF
ENR + oxalic + 3H2O (1 : 0.5 : 3) PILSIO
CIP + fumaric + 3H2O (2 : 1 : 3) GUYWII

4(H2O)
CIP + succinic + 4H2O (2 : 1 : 4)c QABTUL

a API – Active Pharmaceutical Ingredient, and SF – Salt Former
b Hydrogen atoms of the water molecule were not provided
c Water molecules are disordered
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The fluoroquinolones are known to have a great propensity for hydration in the solid
state (Figure 2.2). Six hydrates with multiple stoichiometries are claimed to exist for
norfloxacin, three hydrated structures are reported for ciprofloxacin while only one
hexahydrate of enrofloxacin are described in the literature. As Figure 2.2 indicates,
the same trend is preserved in the fluoroquinolones salts. However, in contrast to
clathrate-like structures of hydrates of pure fluoroquinolones, inmost salts, watermo-
lecules play an important role by connecting the different components of the crystal
via a network of hydrogenbonds. Table 2.1 summarises the analysis of hydrogenbonds
occurring between different components in the respective crystal structures with vari-
ousmono- and dicarboxylic acids. The structures are arranged in the order of increas-
ing number of water molecules in the asymmetric unit.

In anhydrous structures, hydrogen bonds can be formed between the API and salt
former (API–SF), salt former ions (SF–SF) and API ions (API–API). Table 2.1 indicates
that for anhydrous fluoroquinolone salts, (SF–SF) hydrogen bonds are observed in ap-
proximately 40% of structures, while (API–API) hydrogen bonds are found in only
two crystals. In hydrated salts, water molecules occupy the most hydrophilic domains
of the crystal. Consequently, in monohydrates, a water molecule is mainly disposed
between SF ions forming water bridges. A good example of such a structure is cipro-

Fig. 2.3: (a) Hydrogen bonded ring and chain motifs occurring between fumarate ions and water
molecules in the [CIP + Fum + H2O] (1 : 1 : 1) co-crystal and (b) hydrogen bonded water cluster in the
[CIP + malonic + H2O] (1 : 1 : 2) co-crystal.
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floxacin fumarate monohydrate (1 : 1 : 1), where fumarate ions are arranged into hy-
drogen-bonded chains and rings via water bridges (Figure 2.3a). In dihydrates, one of
the water molecules is embedded between the API and SF replacing a hydrogen bond.
In addition, different water molecules are connected to form closed-ring clusters (Fig-
ure 2.3b). A further increase in the number of water molecules in the crystal enlarges
hydrogen bonded water clusters but does not change the hydrogen bonding pattern.

2.2.2 Analysis of supramolecular synthons

As the next step, crystal structures of fluoroquinolone salts with mono- and di-
carboxylic acids were analysed in order to identify and classify the most probable
and structure directing supramolecular synthons. Table 2.2 contains a schematic il-
lustration of the observed synthons and their description in terms of Graph-Set nota-
tion [29, 30]. Figure 2.4 shows the distribution of the ring motifs formed by hydrogen
bonds in the crystal structures of fluoroquinolone salts.

The distribution shows clearly that the R44(12) ringmotif is the most frequent con-
figuration of hydrogen bonds in the considered structures. There are three alternat-
ive versions of the implementation of this motif. Most of the structures contain “an-
hydrous” centro-symmetric tetrameric units, which include two APIs and two SF ions
(Synthon 1, Table 2.2). Synthon 2 is formed by one API ion, two SF ions and one water
molecule, whereas two water molecules participate in Synthon 3 formation. The next
frequently observed ringmotifs are R24(8) (Synthon 4) and R21(5) (Synthons 5, 6 and 7).
It should be noted that all of the mentioned motifs can be written using the following

Fig. 2.4: The distribution of hydrogen bonded ring motifs in the crystal structures of fluoroquinolone
salts.
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Tab. 2.2: Illustration of the supramolecular synthons found in fluoroquinolone salts with mono- and
dicarboxylic acids and their description in terms of Graph-Set notation.

Graph-set
notation

Schematic illustration of synthon Synthon type CSD Refcode

R44(12)

N

N+

H H

O

O

-

O

O
-

N

N+
H H

R44(12)

Synthon 1 ORUYIK
ORUYIK
KOFFES
VETWAT
LOQLUA
ORUYEG

N

N+

H H

O

O

-

O

H

H O

O

H

R44(12)

Synthon 2 QUKHUB

O H

H

N

N+

H H

OO

O

OH

-

O

H

H

R44(12)

Synthon 3 VETWEX
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Tab. 2.2 (continued).

Graph-set
notation

Schematic illustration of synthon Synthon type CSD Refcode

R24(8)

N

N+

H H

O

O
-

N

N+
H HO

O
-

R24(8)

Synthon 4 QUKHIP
QABTUL
HIGSIB

R21(5)

N

N+

HCH3

O

O O

O

- -

N

N+
H CH3

R21(5)

R21(5)

Synthon 5 PILSIO
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Tab. 2.2 (continued).

Graph-set
notation

Schematic illustration of synthon Synthon type CSD Refcode
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Tab. 2.2 (continued).

Graph-set
notation

Schematic illustration of synthon Synthon type CSD Refcode
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Tab. 2.2 (continued).

Graph-set
notation

Schematic illustration of synthon Synthon type CSD Refcode
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Tab. 2.2 (continued).

Graph-set
notation

Schematic illustration of synthon Synthon type CSD Refcode
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Tab. 2.2 (continued).

Graph-set
notation

Schematic illustration of synthon Synthon type CSD Refcode
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form of Graph-Set notation: Ra
d(2 ⋅ a + d). It might be reasonable to assume that the

relationship between the number of donors, acceptors and size of the ringmotif seems
most favourable in terms of geometry and the energy of intermolecular interactions.
For example, the R34(10)motif found in ciprofloxacinmalonate dihydrate (Synthon 8)
also obeys the proposed condition. Furthermore, motifs with a Ra

d(2 ⋅ a + d) common
formula are observed in ciprofloxacin and norfloxacin salts with saccharin (PEFZIL)
and acesulfamate (WEFLEA,WEFLIE). All these facts confirm the assumption that the
Ra
d(2 ⋅ a + d) arrangement corresponds to a stable configuration of hydrogen bonds

in the fluoroquinolone salts. The R66(16) ring motif (Synthon 9) is less frequently ad-
opted. This synthon can be envisaged as Synthon 1 extended by two water molecules.
Similarly, the R46(12) ringmotif (Synthon 10) is a “hydrated” version of Synthon 4. The
remaining ring motifs shown in Table 2.2 are unique as they are observed only once
in fluoroquinolone salts. It should be noted that chain motifs in the fluoroquinolone
salts are found only in a small number of structures.

2.2.3 Polymorphism in fluoroquinolone multi-component crystals

Despite the considerable diversity of the reported fluoroquinolone multi-component
crystalline forms, only two of them are polymorphic. According to Cruz-Cabeza et
al. [28], 37% of anhydrous salts and 28% of hydrated salts deposited in the CSD have
two or more polymorphic modifications. This fact indicates that polymorphic beha-
viour of fluoroquinolone multi-component crystals has not been thoroughly studied,
and further investigations are needed to explore the polymorph propensity of these
systems. The first description of polymorphism was done by Romanuk et al. who
studied two polymorphs of the ciprofloxacin salt with saccharin [16]. However, only
the crystal structure of form II was reported, while form I was characterised only by
spectroscopic methods (IR and solid-state NMR spectroscopy). As mentioned above,
two polymorphic modifications of the ciprofloxacin salt with maleic acid are repor-
ted [26, 27] and these are the only polymorphs for which structural information is
available for both forms. The crystal structures of form I [26] and form II [27] of cipro-
floxacin maleate are different in terms of both the hydrogen bonding network and
packing arrangements. In form I, the ciprofloxacin and maleate ions are linked by
hydrogen bonds to form a stable R24(8) ringmotif, while in form II the components are
assembled into less frequently observed chain structures (Synthon 15 in Table 2.2).
The packing arrangement of the ciprofloxacin ions in form II is typical of fluoroquino-
lone multi-component crystals and can be described as infinite columnar stacks held
by π···π stacking interactions. So, the overall structure comprises alternating layers
containing π-stacks of the drug molecules and the hydrogen bonded acid molecules
(Figure 2.5b). In the case of form I, no infinite columnar stacks of the ciprofloxacin
molecules are found. Instead, twomaleate ions occupy the space between the pairs of
the π-stacked ciprofloxacin molecules, which prevents conventional columnar pack-
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ing (Figure 2.5a). The uncommon packing arrangement in form I is accompanied by
a greater calculated density, i.e. 1.496 · cf. 1.416 g cm−3 for form II, which suggests a
greater thermodynamic stability cf. form II.

Fig. 2.5: Packing arrangements of (a) form I and (b) form II of ciprofloxacin maleate (1 : 1). The
maleate ions are coloured red. (Reprinted with permission from (Surov AO, Churakov AV, Perlovich
GL. Three Polymorphic Forms of Ciprofloxacin Maleate: Formation Pathways, Crystal Structures,
Calculations, and Thermodynamic Stability Aspects Cryst. Growth Des., 2016, 16 (11), 6556–6567)
Copyright (2017) American Chemical Society).

2.2.4 Conformational analysis

The fluoroquinolone molecules comprise two conformationally rigid fragments,
namely, the quinolone moiety and the piperazinyl ring. These fragments are connec-
ted via an N–C bond which has a relatively low-energy barrier to rotation and should,
in principle, provide some degree of conformational flexibility. Therefore, the main
conformational variations in the fluoroquinolone ions are described by the torsion
angle, τ, which is responsible for themutual orientation of the piperazinyl and quino-
lone moieties. Figure 2.6 shows the distribution of τ in all known multi-component
crystals of ciprofloxacin, norfloxacin and enrofloxacin.

It is evident from Figure 2.6 that τ is clustered into two tight regions with maxima
at −169 and 176°. In both regions, the torsion angle deviates by no more than ±20 °C
from the value corresponding to the maximum occurrence. This distribution pattern
is a consequence of steric hindrance associated with piperazinyl ring rotation. There-
fore, the degree of conformational freedom of the piperazinyl moiety is considerably
limited, which leads to the conclusion that fluoroquinolone compounds should be
generally considered as conformationally rigid molecules.
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Fig. 2.6: The distribution of torsion angles, τ, in ciprofloxacin, norfloxacin and enrofloxacin ions.

2.2.5 Analysis of free volume in unit cells

It is of interest to analyse the reason(s) behind hydrate formation in fluoroquinolone
multi-component crystals. It has been assumed that salt crystallisation results in de-
fects/imperfections in the form of non-enveloping free volume. The accumulation of
free volume imparts instability to the crystal lattice. In other words, a two-component
crystal is thermodynamically stable until the moment when the volume of defects
overcomes a critical value. In order to stabilise the system thermodynamically, wa-
ter molecules are incorporated into the crystal to fill voids. To verify this hypothesis,
the free volume of the unit cell per structural unit of salt/co-crystal ([API + CF] (m : n))
has been calculated without water molecules using the following equation:

β = [(Vcell/Z−(m ⋅Vvdw(API)+n ⋅Vvdw(CF))/(m ⋅Vvdw(API)+n ⋅Vvdw(CF))]⋅100% (2.1)

where Vcell is the unit cell volume, Vvdw(API) and Vvdw(CF) are the van der Waals
volumes of API and CF, respectively, and Z is the number of structural units.

Figure 2.7a–c shows the dependence of the number of water molecules in a unit
cell versus the β-parameter for the selected fluoroquinolones. It is evident that as the
free volume per structural unit of API and CF increases, the number of water mo-
lecules rises as well. It can be supposed that there are transitional zones with “crit-
ical” content of the free volume, above which it is thermodynamically advantageous
to accumulate water molecules in the crystal. For example, for ciprofloxacin the re-
gion 40 < β < 45% corresponds to the incorporation of one water molecule in the
unit cell, at 45 < β < 49% two water molecules are accumulated, at 49 < β < 54%,
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Fig. 2.7: The dependence
of the number of water mo-
lecules in unit-cells, n(water),
on the free volume per struc-
tural unit of API and co-
former (β): (a) ciprofloxacin,
(b) norfloxacin and (c) enro-
floxacin.
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three water molecules and at 54% < β, four. Naturally, the boundaries of the “trans-
itional” zones are not clearly distinguished/defined and can overlap each other, for
example, the zones with accumulation of two and three, as well as three and four wa-
ter molecules. Special attention should be paid to polymorphic forms I and II of the
ciprofloxacin +maleic acid salt. The second form has an excess of free volume and, as
a consequence, is thermodynamically unstable. Analogous regularities are observed
for the other two compounds, Figure 2.7b, c, regardless of their stoichiometry.

2.3 Analysis of melting points

In order to evaluate the melting points of co-crystals for the selected fluoroquino-
lones, an approachwas applied using correlation equations that had been developed
earlier [29]. For this purpose the relevant literaturewas analysed andmelting points of
two-component co-crystals were selected based on the presence of glycolic, malonic,
maleic, adipic, succinic, fumaric, benzoic and 4-hydroxybenzoic acids/anions. The
obtained data led to the following correlation equation:

Tfus(CC) = A + B ⋅ Tfus(CF) (2.2)

where Tfus(CF) is the melting point of the individual co-formers. It should be noted
that the sample included co-crystals both of different stoichiometry and various
polymorphic modifications. In the case of different polymorphic forms, each modi-
fication was considered as a self-contained co-crystal. Co-crystals with different stoi-
chiometry were grouped into clusters and analysed independently. Then, the clusters
were consolidated. If the correlation parameters of a consolidated cluster were bet-
ter than those of the individual clusters, the equation for the consolidated cluster
was chosen. If – not, the equation of the initial cluster with the best correlation
parameters was used. Table 2.3 summarises the analysis. The application of the equa-
tions above enables an estimation of the melting point of the selected salt/co-crystal
of a fluoroquinolone (Table 2.4). As mentioned above, many salts/co-crystals of the
fluoroquinolones crystallise as hydrates. In these cases, themelting points correspond
to dehydrated forms. It is evident that the calculated temperatures are in good agree-
ment with the experimentally determined values for salts/co-crystals of ciprofloxa-
cins. A satisfactory prediction is observed for norfloxacins, while the experimental
data for enrofloxacins are hardly predictable. In all probability, these discrepancies
are connected with the decomposition of the components of the salts/co-crystals at
fusion. Thus, the proposed approach is only useful in designing novel ciprofloxacin
salts/co-crystals.
With the above results in mind, it was also of interest to analyse the melting points of
ciprofloxacin salts in relation to the fusion temperatures of the co-former (Figure 2.8).
As has beennoted earlier,many salts/co-crystals of the fluoroquinolones crystallise as
hydrates and so themelting points used in the analysis correspond to their dehydrated
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Tab. 2.3: Coefficients of the correlation equation (2.2) for the clusters including the considered com-
pound as one of the components of the salt/co-crystal.

Co-former (CF) (API:CF) A B Ra SDb nc

Glycolic acid (1 : 1) 192 ± 37 0.454 ± 0.078 0.9588 8.51 5
Malonic acid (1 : 1) −21 ± 106 0.911 ± 0.215 0.8658 20.0 8
Maleic acid (1 : 1) (2 : 1) 208 ± 27 0.478 ± 0.056 0.9547 9.1 9
Adipic acid (1 : 1) (2 : 1) 203 ± 27 0.529 ± 0.062 0.9112 13.5 17
Succinic acid (2 : 1) 163 ± 46 0.602 ± 0.101 0.7866 18.3 24
Fumaric acid (1 : 1) 308 ± 22 0.325 ± 0.049 0.9105 8.30 11
Benzoic acid (1 : 1) 121 ± 37 0.654 ± 0.084 0.9202 17.4 13
4-Hydroxybenzoic acid (1 : 1) 133 ± 28 0.690 ± 0.061 0.9306 14.3 22

a Pair correlation coefficient
b Standard deviation
c The number of points in the cluster

forms. Figure 2.8 represents all the ciprofloxacin salts for which the melting temperat-
ures are described in the literature. The blue line corresponds to the bi-sector whereas
the red, horizontal-dashed line corresponds to the melting point of ciprofloxacin. It
is clear that no correlation is evident. Most of the two-component crystals have melt-

Fig. 2.8:Melting points of ciprofloxacin salts versus the melting points of the co-former. The blue
line corresponds to the bi-sector whereas the red, horizontal dashed line corresponds to the cipro-
floxacin melting point.
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ing points below that of the API and above that of the co-former. The only exception is
found in the saccharin salts (forms I and II) with fusion temperatures higher than both
ciprofloxacin and the co-former. The opposite trend is seen in the salts of ciprofloxacin
with fumaric acid (2 : 1) and (1 : 1), which exhibitsmelting points lower than for eachof
ciprofloxacin and the co-former. As it has been shown earlier that the melting points
of compounds (including co-crystals) are directly proportional to their Gibbs sublim-
ation energies [29]. Thus, salts/co-crystals of ciprofloxacin with minimal fusion tem-
peratures are good candidates for systems with optimal solubility, i.e. if the solvation
terms of the co-formers do not differ significantly. Among such salts are [ciprofloxa-
cin + gluconic acid (1 : 1)] and [ciprofloxacin + glyconic acid (1 : 1)]. The [ciprofloxacin
+ maleic acid (1 : 1)] and [ciprofloxacin + saccharin (1 : 1)] salts each have two poly-
morphic forms with differences in melting points being 13 and 3 K, respectively. The
salts [ciprofloxacin + citric acid], [ciprofloxacin + succinic acid] and [ciprofloxacin +
fumaric acid] form crystals with various stoichiometries, i.e. (2 : 1) and (1 : 1). Themelt-
ing point differences between the (2 : 1) and (1 : 1) salts are 21 K for citric acid, 13 K for
succinic acid and 32 K for fumaric acid. Thus, the melting point differences in cipro-
floxacin salts of various stoichiometry are generally greater than the analogous differ-
ences for polymorphic forms.

Figure 2.9 shows the experimentalmelting point data of ciprofloxacin salts formed
with dicarboxylic acids versus the length of carbon chain length of the dcarboxylic

Fig. 2.9: Experimental data of melting points of ciprofloxacin salts with dicarboxylic acids versus
carbon chain length of dicarboxylic acids.
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acids. At n = 4 (succinic acid), there is a step which corresponds to a change in the
stoichiometry of the salts, i.e. from (1 : 1) to (2 : 1).

2.4 Dissolution behaviour of fluoroquinolones

Aqueous solubility is a crucial parameter for pharmaceutical salts and co-crystals
as it correlates with the oral bioavailability of drugs [30, 31]. A literature analysis
shows that the lengthening of the carbon aliphatic chain increases the molecule’s
hydrophobicity and diminishes its acidity, which affects in a negative fashion the
ability of dicarboxylic acids to enhance API solubility. Actually, the investigation of
the influence of the dicarboxylic acid carbon chain length in the salts and co-crystals
of fluoroquinolones upon their solubility parameters shows that more carbons in
the chain reduces the potential API solubility gain by co-crystal/salt formation (Fig-
ure 2.10) [32].

Fig. 2.10: Co-crystal-API solubility ratio as a function of carbon chain length of dicarboxylic acids.
The co-crystals and salts with different acids as co-formers are represented by the following sym-
bols: (◼) – fumaric; ( ) – maleic; () – succinic; (×) – glutaric; (◻) – adipic; (∗) – pimelic; ( ⃝) –
suberic; (△) – sebacic acids.

This tendency explains the fact that dicarboxylic acidswith carbon chain lengths less
than five, i.e. oxalic, malonic, citric, maleic, succinic, tartaric and fumaric acids,
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are usually selected as co-formers for synthesising new co-crystals or salts with
fluoroquinolones in order to increase API solubility. The only exception is adipic
acid with six carbon atoms in the chain.

The aqueous solubilities of fluoroquinolone are highly pH-dependent owing to
their amphoteric entity. Therefore, the solubility of ciprofloxacin salts were investig-
ated in buffer solutions with pH = 1.2 and 6.8, which simulate the acidic environment
of the stomach and the neutral environment of the intestines, respectively. The dissol-
ution profile for ciprofloxacin at pH = 1.2 (Figure 2.11) shows a solution mediated con-
version of the compoundwhich can be interpreted by the formation of a ciprofloxacin
hydrate, which is more stable than pure ciprofloxacin under the experimental con-
ditions. The DSC (Differential Scanning Calorimetry) analysis of the residual sample
derived from theexperiment confirms this hypothesis [26]. The ciprofloxacin saltswith
dicarboxylic acids are less soluble in acidic conditions in contrast to the hydrochloride
salts of ciprofloxacin. The same results were obtained for other salts of ciprofloxacin
and norfloxacin by Nangia et al. [15]. The reduction in solubility is usually very near
to two fold, but it can decrease more than five fold.

Fig. 2.11: Dissolution profiles at 28 °C for pure ciprofloxacin and salts at pH = 1.2. (Reprinted from
The European Journal of Pharmaceutical Sciences, Vol. 77, Surov A.O., Manin A.N., Voronin A.P.,
Drozd K.V., Simagina A.A., Churakov A.V., Perlovich G.L., Pharmaceutical salts of ciprofloxacin with
dicarboxilic acids, Pages No. 112–121, Copyright (2017), with permission from Elsevier).
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The results of the dissolution experiments for the salts formed with ciprofloxacin and
dicarboxylic acid inbuffer solutions atpH=6.8 are shown inFigure 2.12. Increasing the
pH of the solution adversely affects the solubility of fluoroquinolones. The solubility
of ciprofloxacin in base buffer decreases by 300 times compared to the ciprofloxacin
solubility in the acidic buffer solution, i.e. from 25 to 0.09mgml−1. Similar behaviour
is observed for the solubility of norfloxacin. Increasing of buffer pH reduces the nor-
floxacin solubility more than 100 times, from 31.31 to 0.27mgml−1.

The ciprofloxacin salts reveal a significant enhancement of solubility compared
to pure ciprofloxacin under similar conditions. Figure 2.12 shows that the [CIP + Fum
+ H2O] salt has more than 33 times greater solubility than pure ciprofloxacin. The sol-
ubility for form I of [ciprofloxacin + maleate] rises by a factor of 20, while [CIP + Adp
+ 2H2O] shows only a moderate, seven fold improvement in solubility.

The relevant literature mainly contains solubility data about salts and co-crystals
of fluoroquinolones for buffers with pH values ranging from 6.8 to 7.4. All the exper-
imental data for salts and co-crystals of ciprofloxacin, norfloxacin and enrofloxacin
are presented in Table 2.5. The solubilities of fluoroquinolones in salts and co-crystals
with dicarboxylic acids increase by up to three fold. The exceptions are [NOR + adip-
ate + adipic acid] (2 : 1 : 1) and [CIP + malonate + H2O] (1 : 1 : 2), where the solubility of
each increases by more than 100 fold.

Fig. 2.12: Dissolution profiles at 28 °C for pure ciprofloxacin and salts at pH = 6.8. (Reprinted from
The European Journal of Pharmaceutical Sciences, Vol. 77, Surov A.O., Manin A.N., Voronin A.P.,
Drozd K.V., Simagina A.A., Churakov A.V., Perlovich G.L., Pharmaceutical salts of ciprofloxacin with
dicarboxilic acids, Pages No. 112–121, Copyright (2017), with permission from Elsevier).
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Tab. 2.5: Experimental values of melting temperatures (Tfus), solubilities (SAPI) and relative changes
of the solubility of the API in salt/co-crystals compared to the individual API (SAPICC /S

API).

Compound Tfus, K SAPI, mgml−1 SAPICC /S
API Ref.

CIP 544.9 0.09a – [15, 26]
[CIP + malonate + H2O] (1 : 1 : 2) 475.3 8.47a 94.1 [15]
[CIP + maleate] (1 : 1) 489.5 1.8a 20 [26]
[CIP + tartrate] (1 : 1) 504.2 0.72a 8 [15]
[CIP + adipate + H2O] (2 : 1 : 4) 516.7 0.63a 7 [26]
[CIP + fumarate + H2O] (1 : 1 : 1) 477.0 3.0a 33.3 [26]
[CIP + citrate + H2O] (1 : 1 : 1) 484.0 1.36a 15.1 [15]

NOR 493.7 0.27a – [15]
[NOR + oxalate + H2O] (1 : 0.5 : 2) 519.5 2.54a 9.4 [15]
[NOR + malonate + H2O] (1 : 1 : 2) ∼ 473.2 3.9b 14.4 [37]
[NOR + maleate + H2O] (1 : 1 : 1) ∼ 488.2 9.8b 36.3 [37]
[NOR + succinate + H2O] (1 : 0.5 : 1) ∼ 493.2 6.6b 24.4 [37]
[NOR + tartrate + H2O] (1 : 1 : 2) 524.4 4.67a 17.3 [15]
[NOR + adipate + adipic acid] (2 : 1 : 1) 487.0 38.21c 141.5 [23]

ENR 499.8 0.615d – [24]
[ENR + dioxalate + H2O] (2 : 1 : 6) 517.8 16.21d 26 [24]
[ENR + maleate] (1 : 1) 498.7 4.7d 8 [24]
[ENR + disuccinate + succinic acid] (2 : 1 : 1) 485.9 20.65d 34 [24]
[ENR + difumarate + fumaric acid] (2 : 1 : 1) 540.6 9.09d 15 [24]

a solubility was measured in phosphate buffer with pH = 6.8
b solubility was measured in water
c solubility was measured in deionised water (pH = 6.4)
d solubility was determined in water (pH = 6.8)

As is well known, the melting temperatures of molecular crystals are usually used to
rate/estimate/imitate the crystal lattice energy, as in the general solubility equation
of Yalkowsky and Valvani [33]. Moreover, it has been revealed that there is a linear
correlation between the Gibbs energy of sublimation and the melting temperatures
of structurally similar compounds [29, 34]. A rise in the melting temperature leads to
an increase in Gibbs energy of sublimation, whichmust decrease the solubility value.
So, it can be assumed that for co-crystals and salts, an increase in melting temperat-
ure leads to a decrease in solubility. Figure 2.13 summarises the analysis of solubility
andmelting points change in salts and co-crystals of fluoroquinolones. The results are
presented in coordinates of the melting temperature ratio (Tfus(CC)/Tfus(API)) versus
their solubility ratio (SCC/SAPI).

Indeed, the increase in the melting temperature of a fluoroquinolone API when in
a salt or in a co-crystal lowers the solubility of the API, with the notable exception of
[NOR + adipate + adipic acid] (2 : 1 : 1).
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Fig. 2.13: Influence of API melting temperature change in co-crystals and salts of dicarboxylic acids
on their solubility. The co-crystals and salts with different APIs are presented by the following sym-
bols: (◼) – ciprofloxacin; ( ) – norfloxacin; ( ) – enrofloxacin.

2.5 Conclusions

Crystallographic data for co-crystals and salts derived from fluoroquinolones and di-
carboxylic acids have been summarised and analysed. The available thermochem-
ical data (melting points of individual components and their salts/co-crystals) have
been systematically analysed and correlation equations proposed for the prediction of
the melting points of co-crystals. Finally, the dissolution behaviour of different solid
forms of fluoroquinolones was summarised and an inverse correlation between melt-
ing point and solubility was established for some APIs.
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3 Qualitative and quantitative crystal engineering of
multi-functional co-crystals

3.1 Introduction

In recent years, an increasing emphasis on the development of multi-functional crys-
tals and co-crystals has been observed. In our understanding, a multi-functional ma-
terial should be characterised by the following features:
– the presence of at least two significant physical/chemical properties,
– thermal andmechanical stability when no external stimuli (i.e. temperature, elec-

tric/magnetic field, stress, etc.) are applied
– the possibility of technological/industrial application

For example, triglycine sulphate (TGS) [1] crystallises in the polar space group P21 and
was found to be an excellent pyroelectric and ferroelectric material [2] widely used as
a part of infrared detectors and formerly applied in pyroelectric vidicon tubes operat-
ing at room temperature. Furthermore, when doped with other organic (e.g. urea [3],
alanine [4]) or inorganic (e.g. sodiumbromide [5]) compounds, the physical properties
were enhanced significantly. Suchmaterials achieve a higher figure ofmerit compared
with pure TGS.

The entire process of designing, validating and adopting a particular material for
practical use is likewalking up a flight of stairs (Figure 3.1). In the case of amulti-func-
tional co-crystal, a fewmajor steps need to be overcome to reach theultimate goal. The
first step is the choice of appropriate molecular components to ensure certain struc-
tural features of a potential multi-functional co-crystal. For example, to guarantee a

Fig. 3.1: From the design to applications of a multi-functional co-crystal.

https://doi.org/10.1515/9783110464955-003
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noncentrosymmetric crystal structure, it is advisable to use chiral molecules, as their
presence in the crystal structure excludes a centre of symmetry.

The next step requires an understanding of how the already chosen building
blocks interact with each other and which of the interactions will be at the origin of
thedesiredphysical properties. For thatpurpose, various crystal engineering tools can
be used, either based on qualitative or quantitative system analysis. Whereas the first
method is basedmainly on geometrical and statistical criteria, quantitative crystal en-
gineering offers the quantification of observable properties, e.g. electron density (ED).
Recent studies showed [6–9] that the use of well-defined physical descriptors signific-
antly increases the amount of available data on the structural features of a material,
thus decreasing the level of uncertainty and ensuring better modelling of a material.

The next level of successful multi-functional co-crystal design involves the correl-
ation between structure and physical/chemical property, i.e. quantitative structure-
property relationship, QSPR. At this point quantum-mechanical tools canbe exploited
to predict given properties. This is a relatively fast way to screen whether the obtained
material is likely to display useful properties for use inmaterials science. At this point
there are two possible paths to choose: i) both the theoretical prediction and then ex-
perimental validation confirms the material is ready for application (final step) and
the main goal is achieved or ii) one is forced to return to the first and/or second step
of the stairs (Figure 3.1) and embrace a different strategy.

In this chapter the most popular and commonly used tools of qualitative and
quantitative crystal engineering will be introduced and it will be demonstrated how
these could be used to successfully design multi-functional co-crystals.

3.2 How to design a multi-functional co-crystal

3.2.1 Co-crystals – a problematic case of multi-component solids

The term co-crystal was first introduced byWöhler in 1844 [10] and popularised by Et-
ter in 1991 [11] to describe multi-component organic solids. Co-crystals have become
increasingly important in the pharmaceutical industry to modify the solubility and
bioavailability of active pharmaceutical ingredients (APIs) [12]. The scope of possible
co-crystal applications has grown exponentially. Nowadays, they are produced to im-
prove material performance by modifying the mechanical [13], energetic [14] or op-
tical [15] properties of materials.

Despite the vast applications ofmulti-componentmaterials, the overall definition
of a co-crystal is still controversial. A variety of possible co-crystallisation products
have led to several more or less accurate descriptions of what should constitute a
co-crystal. In the scientific literature, co-crystals have variously been described as
molecular complexes, molecular compounds, lattice compounds, adducts, composite
crystals, etc. In 2003 Desiraju [16] proposed to replace the often problematic term co-
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crystal with molecular complex. This claim was rebutted by Dunitz [17], who showed
that this term molecular complex is deeply rooted in chemistry and has too broad a
sense.

This scientific debate led to an article by Bond in 2007 [18] who highlighted
problematic cases of co-crystals and solvates, and proposed to retain the original
definition of a co-crystal as a “multi-component molecular crystal”. This description
also includes solvates, molecular complexes, clathrates, inclusion compounds and
solid solutions. In 2011, the United States Food and Drug Administration published
guidelines for co-crystals containing APIswith a very narrowdefinition of a co-crystal
as being composed of two or more molecules combined in a crystal lattice. This reg-
ulation excluded a large family of so called ionic co-crystals [19], which in the crystal
structure contains organic molecules alongside inorganic ions. This provoked fur-
ther discussion in the scientific community to standardise the nomenclature. In 2012,
Aitipamula et al. [20] published an article stating that co-crystals are “solids that are
crystalline single phase materials composed of two or more different molecular and/
or ionic compounds generally in a stoichiometric ratio, which are neither solvates nor
simple salts.” For thepurposes of this chapter, this definitionof a co-crystal is adopted.

3.2.2 Crystal engineering strategies

Crystal engineering is a formof non-covalent synthesis where the products are crystal-
line materials with desired and predictable properties. The most commonly accepted
definition is still the one provided by Desiraju [21]:

“Crystal engineering (. . . ) the understanding of intermolecular interactions in the context of
designing new solids with desired physical and chemical properties”.

The first step of a successful crystal engineering process should be the choice of the
building blocks. The rationale behind selecting components should be based on the
required material properties. There is no general recipe for how to design a multi-
component solid for a specific application. What then, should be taken into account?
If the goal is crystal symmetry, like in the case of many physical properties requiring
a polar and/or chiral crystal structure, components (often chiral molecules) need to
be selected thatwill generate a noncentrosymmetric crystal structure [22]. Another op-
tion could be co-crystallisationwith the use of chiral solvents. A polar crystal structure
gives hope for pyroelectric, ferroelectric, piezoelectric, linear and non-linear optical
properties [23]. Chiral crystals are worth considering as piezoelectric or optical mater-
ials [24]. Of course it needs to be remembered that crystal symmetry is a necessary but
not a sufficient condition for a bulk effect to take place.

With the aim to tune the mechanical performance of a material, e.g. plastic-like
bending crystals, components should be selected that possess pseudo-spherical func-
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tional groups such as alkyl, –OCH3, –Cl and others. Thosemolecules should form lay-
ers facilitated by van derWaals interactions involving those functional groups [13, 25].

When selecting molecular building blocks, the self-assembly processes that usu-
ally lead to a single component crystal structure need to be considered. In other
words, a co-former needs to be found that would be “a more attractive partner” for
binding than the parent molecule [26]. This requires an assessment of the comple-
mentarity of the molecules, both energetically and geometrically. To predict binding
propensities, crystal structures can be dissected into smaller parts considering either
supramolecular synthons [27] or tectons [28] as structural motifs. Tectons are mo-
lecules whose interactions dominate in the crystal structure and induce molecular
self-assembly into an organised network with specific functional features. One of the
simplest tectons is the water molecule, which forms strong hydrogen bonds. Supra-
molecular synthons are defined as structural units within a crystal assembled from
functional groups connected by weak interactions, often hydrogen bonds. The spa-
tial arrangements of interactions can be easily classified and thus, to some extent,
predicted. The search for common synthons in known structures containing a selec-
ted molecular building block can suggest alternate candidates as the co-former. This
statistical analysis greatly depends on synthon modularity.

An approach based either on synthons or tectons (Figure 3.2) can benefit from the
empirical hydrogen bond formation guidelines formulated by Etter [29]. Three general
rules state that: “all good proton donors and acceptors are used in hydrogen bond-
ing, six-membered-ring intramolecular hydrogen bonds form in preference to inter-
molecular hydrogen bonds and the best proton donors and acceptors remaining after
intramolecular hydrogenbond formation form intermolecular hydrogenbonds”. Good
proton donors are those in carboxylic acids, amides, anilines, urea, imides and phen-

Fig. 3.2: Examples of synthons and tectons often referred to in the literature.
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ols. Good proton acceptors are acid and amide carbonyl groups, phosphoryls, nitrox-
ides, sulfoxides and amine nitrogen atoms.

3.3 Qualitative crystal engineering tools

3.3.1 Cambridge Structural Database

The Cambridge Structural Database (CSD) [30] provides a variety of ready made tools
for crystal engineering purposes. Solid state modules incorporated in Mercury soft-
ware [31] and integrated with the CSD are capable of searching hydrogen bond motifs
in crystal structures. This canbe based on synthon identificationusing the 3DSEARCH
algorithm. Theprogramhasvariouspossibilities for the selectionof organic functional
groups and, based on its analysis, returns the frequency of a particular motif’s occur-
rence. Taking the crystal structure of 4-hydroxybenzoic acid monohydrate as an ex-
ample (Figure 3.3) [32], the R22(8) ring system of hydrogen bonds can be readily iden-
tified. This is the only hydrogen bonding interaction between organic molecules; the
water molecules play the role of linkers allowing the formation of a 3D architecture.

Fig. 3.3: Hydrogen bond motifs in the structure of 4-hy-
droxybenzoic acid monohydrate.

Molecules of 4-hydroxybenzoic acid can be considered as an example of a push-pull
organic NLO-chromophore, which could be used in the design of multi-functional
co-crystals. However, a molecule capable of forming preferable interactions with the
acid, cf. acid···acid interactions, needs to be found. The search could be simplified
by investigating possible functional groups capable of forming hydrogen bonds with
the carboxylic group. Candidate functional groups could be carboxamide, oxime, hy-
droxyl and ester. The frequency of occurrence of heteromericmotifs (betweendifferent
functional groups) could be then compared with the percentage of homomeric units
in the CSD database. The results of this search are presented in Table 3.1.

Based on these statistics, oxime, carboxamideand hydroxyl functional groups are
likely to form interactions with carboxylic acids to a greater extent than carboxylic
acid···carboxylic acid formation. Indeed, in the CSD co-crystals of 4-hydroxybenzoic
acid with carboxylic acid···carboxamide and carboxylic acid···hydroxyl interactions
are known (Figure 3.4).

Another approach towards the selection of co-crystal building blocks is through
an analysis of hydrogen bond propensities. This method is based on assessing hydro-
gen bond formation, taking into account factors like steric hindrance. The results are
the probabilities of forming a hydrogenbond in a specific environment, encompassing
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Tab. 3.1: Frequency of occurrence of carboxylic acid homo- and hetero-interactions in the CSD. L1 –
number of structures with motif; L2 – number of structures where the motif could occur (real and
hypothetical).

Interaction between functional groups L1/L2 % frequency of occurrence

COOH–COOH 6899/23546 29.3%
COOH–R1COOR2 157/1146 13.7%
COOH–R3COONH2 261/495 52.7%
COOH–R4CNOH 27/41 65.9%
COOH–R5OH 1423/2807 50.7%

Fig. 3.4: Hydrogen bond motifs in co-crystals containing 4-hydroxybenzoic acid with (a) temozolo-
mide monohydrate [33], (b) nicotinamide [34], (c) 4-(dimethylamino)pyridinium salicylate [35] and
(d) 2-(oxo-1-pyrrolidinyl)acetamide [36].

functional groups found in the vicinity of the formed interaction. This method is not
limited by having a large number of structures containing specific functional groups
in the CSD [30].

The L-malic acid theophylline co-crystal provides an example [37]. The asymmet-
ric unit comprises one L-malic acid molecule and one theophylline molecule connec-
ted via an O–H···O hydrogen bond (Figure 3.5), which in this crystal phase has the
greatest propensity to form (0.54). If we consider the target molecule (primary com-
ponent) as L-malic acid and the co-former as theophylline, this O–H···O interaction
is classified as an AB type. On the other hand, the AA interaction between the two
L-malic acid molecules has a propensity of 0.45.

Fig. 3.5: The asymmetric unit in the L-malic acid theophylline co-crystal.
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The difference between AB and AA formation propensities (0.09) is called the Multi-
Component Score (MC Score). If this parameter is positive, it can be assumed that the
formation of a hetero-interaction is more favourable than the formation of a homo-in-
teraction. A positive value indicates the feasibility of co-crystal formation between the
components. This method can be used to predict the possibility of hetero-interactions
and thus, can be treated as an indicator for crystal engineering purposes.

A similar tool, also incorporated in theMercury software, is calledmolecular com-
plementarity. It is based on an algorithm designed to find similar molecules capable
of forming intermolecular interactions using indicators like shape and polarity. This
methodwas developed by Fábián [38]whoperformed a statistical analysis onmultiple
co-crystal structures in a search for the factors that determine molecular recognition.
The choice of theophylline molecule as a target exemplifies the usage of this tool. A
quick search for complementarymolecules in the small database comprising themost
common co-crystal formers, CCF’s (provided byMercurymolecular libraries), leads to
the results summarised in Table 3.2. Out of 89 selected molecules, 60 possess appro-
priate properties allowing them to be considered as suitable co-formers for theophyl-
line. Among the 89molecules, 12 are known to form co-crystalswith theophylline. The
method fails for only two molecules: glutaric acid and sorbic acid, which each have a
hit rate equal to 0%, which eliminates those molecules as possible CCFs. Co-crystals
of both acids and theophylline had already been discovered [39, 40].

A final attractive method for qualitative crystal engineering is based on the ana-
lysis of full interactionmaps. This method combines the information on intermolecu-
lar contacts stored in the IsoStar library [41] with an approach developed for identify-
ing interaction sites in proteins (SuperStar) [42, 43]. When a molecule is chosen for
analysis, the first step involves the splitting of the molecule into so-called central
groups, which are actually the selected functional groups of the target. The next step
is the generation of 3D scatterplots using the CSD contact search and then the con-
version of the plots into scaled density maps. Full Interaction Maps are generated by
combining the density maps formed for the functional groups. In this way, the prob-
abilities of finding specific donor/acceptor sites in close vicinity of the molecule in
question can be analysed.

Returning to theophylline, Figure 3.6a displays an interaction map for the mo-
lecule. The blue regions show the possible donor sites, whereas acceptor sites are in-
dicated by the red regions. The orange regions indicate weaker interactions C–H. . . π
or π. . .π. When the co-crystal of theophylline with L-malic acid is analysed, will see
how the regions of high interaction likelihoods are filled with suitable donors and ac-
ceptors from both the target and co-former molecules (Figure 3.6b).
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Tab. 3.2: Co-former selection for theophylline based on the molecular complementarity tool [31].

Co-former Hit Rate % Co-former Hit Rate %

(+)-camphoric acid 100 citric acid 100
(-)-camphorsulfonic acid 0 ethylparaben 100
1-hydroxyethylidene-1,1-diphosphonic acid 0 folic acid 0
2-amino-5-methylbenzoic acid 100 fumaric acid 100
3-methylpyridine 0 gentisic acid 100
4-acetamidobenzoic acid 0 glutaric acid 0
4-aminobenzoic acid 100 glycine 100
4-hydroxybenzoic acid 100 glycolic acid 100
theophylline 100 hesperetin 100
D-alanine 0 hippuric acid 100
D-glucuronic acid 100 hydrocinnamic acid 100
D-pantothenol 100 imidazole 100
EDTA 100 isonicotinamide 100
L-arginine 100 ketoglutaric acid 100
L-aspartic acid 100 lactobionic acid 0
L-aspartic acid z 0 lactose 100
L-glutamic acid 100 maleic acid 100
L-glutamic acid z 0 malic acid 100
L-glutamine 100 malonic acid 100
L-glutathione 100 maltitol 0
L-lactic acid 0 mannitol 0
L-leucine 100 methanesulfonic acid 0
L-mandelic acid 100 methylparaben 100
L-methionine 100 monobutyrin 100
L-phenylalanine 100 nicotinamide 100
L-proline 0 oxalic acid 100
L-serine 100 pamoic acid 0
L-tartaric acid 100 phthalamide 100
L-tryptophan 100 pimelic acid 0
L-tyrosine 100 piperazine 100
N-ethylacetamide 100 propylparaben 0
acesulfame 100 pyrazine 100
acetic acid 100 riboflavin 100
acetophenone oxime 100 saccharin 100
acetylenedicarboxylic acid 100 sorbic acid 0
adipic acid 0 suberic acid 0
alitame 0 succinic acid 100
apigenin 100 t-butylamine 0
azelaic acid 0 t-butylhydroxyanisole 0
benzoic acid 100 theophylline 100
biotin 100 thymidine 0
caprolactam 100 triphenylacetic acid 0
capsaicin 0 urea 100
cholic acid 0 valerolactam 100

xanthine 100
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Fig. 3.6: Full Interaction Map for (a) an isolated theophylline molecule and (b) the theophylline L-
malic acid co-crystal.

3.3.2 Hirshfeld surfaces and fingerprint plots

Different intermolecular interactions can be made visible through Hirshfeld sur-
faces [44] (Figure 3.7) and the analysis of 2D fingerprint plots [45] (Figure 3.8). In
addition, the properties of a Hirshfeld surface such as volume, surface area and pack-
ing index can be evaluated for a chosen molecule in the crystal structure. Here, a
description of how these methods can be used in co-crystal design is given.

Fig. 3.7: Hirshfeld surfaces of theophylline mapped with a) di, b) de, c) dnorm, d) shape index and e)
curvedness.
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Fig. 3.8: Fingerprint plots for co-crystals of 4-hydroxybenzoic acid with (a) temozolomide mono-
hydrate [33], (b) acid nicotinamide [34], (c) 4-(dimethylamino)pyridinium salicylate [46] and (d) 2-
(oxo-1-pyrrolidinyl)acetamide [47].

Distances between the surface and the nearest nucleus inside the surface (di) and the
one outside the surface (de) can be mapped (Figure 3.7a, b) and their combination
gives a fingerprint plot, which is unique for amolecule in that particular environment.

Taking into account the different sizes of the atoms, the values of di and de can be
can normalised to van derWaals radii. This gives the dnorm values (Figure 3.7c), which
are the most useful indicators of the percentage contributions of all intermolecular
contacts to the surface. The curvature functions, from which the shape index (Fig-
ure 3.7d) and curvedness (Figure 3.7e) can be computed are of particular interest for
crystal engineering. The shape index shows the close contact fragments, both posit-
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Fig. 3.9: Percentage contribution of each interaction to the total surface in co-crystals
of 4-hydroxybenzoic acid with (a) temozolomide monohydrate, (b) nicotinamide, (c) 4-
(dimethylamino)pyridinium salicylate and (d) 2-(oxo-1-pyrrolidinyl)acetamide.

ive and negative, between neighbouringmolecules. Curvedness helps in deducing the
planarity of the molecule in the context of potential stacking interactions. Fingerprint
plots give the possibility of comparing two or more co-crystal structures containing
a common target molecule in terms of the percentage of intermolecular interactions.
This feature could be useful in the design of newmaterial as it allows the prediction of
possible interactions based on similarities found in the plots. Figure 3.8 shows finger-
print plots calculated for 4-hydroxybenzoic acid in different chemical environments.
The percentage contributions of each interaction to the total surface are shown in Fig-
ure 3.9.

3.4 Crystal engineering via electron density (ED) studies

As already pointed out, the classification and recognition of chemical bonding in a
crystal and its role in molecular self-assembly is essential knowledge for the design
of materials with desired physical properties. However, a question arises, i.e. whether
classicalX-ray diffraction experiments are sufficient to gain full insight into the nature
of the intermolecular interactions responsible for the formation of three-dimensional
crystals and thus, the physical properties of the material. It should be emphasised
that the basis of conventional X-ray diffraction analysis assumes that the total ED of a
molecule (here called promolecule) is well described by a sum of spherically averaged
densities of individual neutral atoms at a position Rk:

ρIAM(r) = ∑
k
ρ0k(r − Rk)
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This definition (independent atom model, IAM) entails two important consequences:
it prevents the transfer of electrons between atoms and it denies the contraction and
expansion of the valence shell; thus any quantitative information on the deformation
of ED within a solid is lost. A schematic drawing of the difference between actual as-
pherical ED distribution and promolecule density is given in Figure 3.10.

Fig. 3.10: Illustration of the deformation of electron density (ED) due to formation of an O–H bond.

This simple illustration shows that in order to correctly reconstruct the ED of the inter-
acting atoms, more advanced models than IAM are necessary. Nowadays, there are a
number of approaches dealingwith this issue. However, since the main goal here is to
present somequantitative tools offeredbyEDstudies for crystal engineeringpurposes,
the reader is referred to high quality textbooks [5, 48–51] and review articles [53, 54].
A summary of concepts is given here, on how to determine ED either through exper-
imentation or from quantum mechanical calculations, and how this information can
be useful for crystal engineers.

In the field of experimental charge density analysis, the most adopted and widely
used method for modelling ED is the multipolar model by Hansen and Coppens [55],
in which atomic density is partitioned into three components, one defining spherical
core density ρc(r) and two describing spherical ρv(κr) and aspherical ρv(κr) valence
density:

ρatom(r) = Pcρc(r) + Pvκ3ρv (κr) +
lmax

∑
l=0

κ3Rl (κr)
lmax

∑
m=0

Plm±ylm± (θ, ϕ)

where the last summand defines ρv (κr). In the above equation, ylm± represents the
spherical harmonic angular functions (usually truncated at the hexadecapolar level),
Rl is the radial function, κ and κ, are the expansion/contraction parameters of spher-
ical and aspherical valence density and Pc, Pv Plm± represent the population para-
meters of both shells. The atomic density (pseudo-atom density) offers an accurate
model for describing molecular ED including bond formation, polarisation of atoms
and charge transfer between molecules within the crystalline state. However, it has
to be stressed that in order to correctly model ED with the multipolar approach, the
following requirements for X-ray diffraction experiments need to be fulfilled:
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– high resolution data – for accurate fixing atomic position and thermal parameters
(d < 0.5Å)

– high quality data – majority of reflections with I > 2σ(I)
– low temperature (at least 100K) – to ensure minimal thermal motion and better

deconvolution of the ED
– large redundancy (> 10) – for extensive and complete datasets, aswell as a proper

account for aspherical distribution of ED
– high quality crystals – accurate corrections of measured diffracted intensities

Although multipolar ED is not a quantummechanical function, it can be compared to
ED computed ab initio by the use of quantum chemical methods. This leads to an im-
portant outcome for crystal engineering purposes. In many cases, chemists face the
problem of growing good quality single crystals appropriate for measurements of a
certain physical property, such as refractive indices, optical activity or first and high-
order electric susceptibilities. Thus, before engaging inany experiments, it is desirable
to predict whether the magnitude of a given effect is sufficient to be applicable in ma-
terials science. The prediction canbe achieved by launching periodic boundary calcu-
lations that allow themimicking of ED in a crystal. One of the most common packages
used for this purpose is the CRYSTAL14package [56, 57], which enables the estimation
of the crystal orbital periodic Hartree–Fock or DFTwave functions. Many studies have
shown that by using the coupled perturbed Kohn–Sham approach [58], it is possible
to calculate reasonable values (comparable with those obtained from experiment) of
some physical properties of a material, such as refractive indices [59], dielectric con-
stant [60] and piezoelectricity [61]. Those examples prove that theoretical calculations
are powerful tools that allow more rapid screening of designed materials and help to
identify the most promising candidates for further experimental studies on a chosen
physical property. Examples will be given later in the chapter (Section 3.5).

Another advantage for crystal engineering purposes that comes from experiment-
ally or theoretically derived ED, is that the deformation of ED of a given functional
group is similar in different molecules and in different crystalline states. This means
that by exporting multipolar parameters from one system to another, it is possible to
reconstruct the ED of any molecule of choice. Based on this assumption, in the last
decade numerous databanks [62–69] have been developed and successfully applied
for building up the ED of major biologically active molecules such as amino acids,
drugs and proteins. Furthermore, since exportability of multipolar parameters holds
for functional groups, Hathwar with co-workers [70, 71] proposed a library scheme
(supramolecular synthon based fragments approach, SBFA) only for structural frag-
ments that represent supramolecular synthons commonlyused in crystal engineering.
This database provides information on how to design and fabricate new synthons in
order to form a given hydrogen bonded network within a crystal and thus, at least in
principle, enhance certain physical properties exhibited in that assembly.
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3.4.1 Quantitative descriptors for crystal engineering

3.4.1.1 Bond path, bond critical point and Laplacian of electron density (ED)
By far the most common and most powerful method to show how electronic charge
is distributed throughout real space and thus, how chemical bonding can be “visu-
alised” in the solid state, is Bader’s quantum theory of atoms in molecules (QTAIM)
[72]. This approach is based on the assumption that every molecule can be uniquely
partitioned into atomic basins that are bound by surfaces of local zero flux (S) in the
gradient field. Atoms defined in this way can exchange charge andmomentum across
their interatomic surfaces (IAS). The topology of ED, ρ(r), can be explored by the ana-
lysis of its gradient vector field defined in Cartesian coordinates, ̂i, ̂j, k̂ as follows:

∇ρ(r) = ̂i ∂ρ∂x + ̂j
∂ρ
∂y + k̂

∂ρ
∂z

∇ρ(r) is represented by so-called trajectories which indicate an increase of ED. Since
ED exhibits a maximumat the position of each nucleus, trajectories terminate at each
of them and must originate at the minima of ED. The same situation holds in case
of saddle points where, in at least one direction, minimum or maximum of ED is ob-
served. An example of the trajectories of the density gradient partitioning of the urea
molecule superimposed on the ED contours is given in Figure 3.11. The zero-flux sur-
faces forming the boundaries of atomic basins are indicated by thick purple lines
and the thin purple lines represent the gradient trajectories that terminate at the nuc-
lei (nuclear attractors). When two atoms are involved in chemical bonding, they are
linked by a bond path (BP, black solid lines in Figure 3.11), which is a unique line cor-
responding to maximum concentration of ED. It crosses the interatomic surface at a
bond critical point (BCP, black points) where the gradient of ED is equal to zero.

The existence of both a BCP and a BP between two atoms is a necessary and suffi-
cient condition for the existence of chemical bonding [73]. However, as pointed out by
Bader [74], not every BP represents a bonddefined in accordwith the Lewismodel (e.g.
covalent bond), and therefore, the presence of BPs and BCPs corresponds to all kinds
of interactions which can occur between two atoms in the solid state. In principle, the
length of a BP should coincide with the internuclear axis (bond length). Yet, in many
cases BPs are found to be curved or chemically strained and the BP length exceeds the
bond length. This is especially profound in the case of hydrogen bond formation and
within strongly strained cyclic molecules. Examples illustrating both cases are given
in Figure 3.12.

The position of the BCP on the BP depends on the electronegativity difference
between bonded atoms. More electronegative atom is characterised by a larger atomic
basin, thus the boundary surface and hence, BCP, shift towards the less electronegat-
ive atom. This is clearly seen in Figure 3.11, which gives a comparison of atomic basins
for carbon and oxygen atoms in a carbonyl group. Not only is the atomic basin of car-
bonyl-oxygen significantly larger, but the shift of BCP towards the less electronegative
carbon atom is also more profound.
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Fig. 3.11: The QTAIM partitioning of molecular urea from the theoretical wave function. The trajector-
ies of the gradient of the electron density (ED; thin purple lines) of the urea molecule are superim-
posed on the ED contours (blue lines). The zero-flux surfaces forming the boundaries of the atomic
basins are indicated by thick purple lines and the bond critical points are marked as black solid
points.

Fig. 3.12:Molecular graphs of (a) cyclobutane and (b) a fragment of the heteromer of urea and oxalic
acid in the co-crystal of urea and oxalic acid showing bond paths (black solid and dashed lines),
bond critical points (small green dots) and ring critical points (red dots). Notice the curved bond
paths due to strain in the case of cyclobutane and for the co-crystal of urea and oxalic acid due to
hydrogen bond formation (dashed lines).
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Due to the dominant character of core electrons in the total density, subtle changes in
the distribution of paired electrons, as well as lone-pairs, are better assessed with the
use of second-order derivatives of ED. One of the most useful and extremely import-
ant second-order electronic properties evaluated at the BCP is the Laplacian of ED,
∇2ρ(r). Its sign and magnitude provide convenient classification of any type of chem-
ical bonding. The Laplacian is a trace of diagonalised Hessian matrix and represents
the sum of three curvatures of the ED (λ1 < 0, λ2 < 0, λ3 > 0) at the BCP. The negative
eigenvalues measure the degree of ED contraction perpendicular to the BP towards
the BCP, and the positive eigenvalues indicate the contraction of ED from the BCP to-
wards neighbouring nuclei. Depending on the dominating contribution, negative or
positive, ED can be either locally concentrated in the region of BCP (∇2ρ(r) < 0) or
concentrated separately on each of the atomic basins (∇2ρ(r) > 0, depletion of ED at
BCP). The first case corresponds to shared shell interactions such as covalent bonds
(open shell, Figure 3.13a) and the latter corresponds to highly polarised bonds such as
ionic (Figure 3.13b) or closed shell interactions (Figure 3.13c).

Fig. 3.13: Contour plots of the Laplacian distribution in (a) the formic acid molecule with only cova-
lent bonds and (b) calcium fluoride with ionic bonds and (c) the acetic acid dimer where hydrogen
bonds are marked with dashed lines and represent closed shell interactions. Contours are given at
logarithmic intervals in −∇2ρ(r)eÅ−5.
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3.4.1.2 Energy densities
Espinosa et al. [75] developed another convenient way, based on electronic energy
densities introduced by Cremer and Kraka [76], to characterise weak interactions
present in the crystalline state. The relationship between kinetic G(rBCP) and poten-
tial V(rBCP) energy densities at the BCP affords the opportunity to visualise how ED
around the BCP is affected by the formation of a weak electrostatic interaction. Kraw-
czuk andMacchi [8] showed that the total energy density,H(rBCP ) (= G(rBCP)+V(rBCP)),
describes subtle borders of molecules approaching hydrogen bond formation, much
better than a Laplacian analysis.

By definition, energy densities require a full, first order density matrix to be com-
puted. Thus, they cannot be retrieved from an X-ray diffraction experiment, since ED
is only a trace of the densitymatrix. However, this difficulty canbe bypassed thanks to
Abramov’s functional [77],which allows an estimation of kinetic energy density based
only on the ED and its derivatives, and therefore, makes it available fromexperimental
determination. Kinetic energy density can be thus defined as:

G(rBCP) = 3
10 (3π

2)2/3 ρ5/3(rBCP) + 16∇
2ρ(rBCP)

and the potential energy density can be then obtained from the local virial theorem
following the equation:

V(rBCP) = ℏ
2

4m∇
2ρ(rBCP) − 2G(rBCP)

Once both energy densities are known, it is possible to differentiate shared and closed
shell interactions. If the local potential energy density is in excess of local kinetic en-
ergy density (which leads to negative values of H(rBCP)), the interaction can be classi-
fied as shared shell. Furthermore, the greater the absolute value of V(rBCP), the more
covalent is the interaction. On the other hand, H(rBCP) becomes positive for closed
shell interactions because the kinetic energy density is more dominant and increases,
relatively, per electron. For closed shell interactions, the ratio G(rBCP)/ρ(rBCP) is usu-
ally greater than 1 (in au). However, one must be careful with the interpretation of the
ratio, especially for complexes of 3d transition metal atoms, as this has been found
to be inadequate for the classification [78]. Instead, it is better to use the bond in-
dex, |V(rBCP)| /G(rBCP), which gives reliable results for a variety of bonded interactions
(closed shell, shared shell and those involving transition metals). Thus, a bonded in-
teraction is indicated as closed shell when the ratio |V(rBCP)| /G(rBCP) < 1, shared
shell when |V(rBCP)| /G(rBCP) > 2 and intermediate when the ratio falls in the range
between 1 and 2. In Table 3.3 the energy density criteria are summarised for chosen
shared shell, intermediate and closed shell interactions within synthons present in
co-crystal of urea and oxalic acid [79].

The potential energy density at the BCPhas further application in qualitative crys-
tal engineering, in particular in delineation of the characteristics of hydrogen bond
formation. It has been shown [75], that the energetic response of the hydrogen bond
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Tab. 3.3: Topological and energetic properties of ρ(r) calculated at bond critical points of several
interactions in the synthon present in the co-crystal of urea and oxalic acid. The electron density
(ED) is given in e/bohr3, the Laplacian is given in e/bohr3 and energy densities are given in Hartree.

Examples ρ (rBCP) ∇2ρ (rBCP) V (rBCP) G (rBCP) H (rBCP) |V (rBCP)| Type of
/G (rBCP) interaction

0.41 −0.67 −1.31 0.57 −0.74 2.3 Shared shell

0.07 0.16 −0.07 0.06 −0.01 1.3 Intermediate

0.02 0.07 −0.02 0.03 0.01 0.9 Closed shell

to the force applied on electrons in the area of BCPs can be expressed by V(rBCP)mul-
tiplied by a factor defined in volume atomic units:

EHB = 12V (rBCP)
Thus, the knowledge of the potential density energy can be used in designing mater-
ials based on hydrogen bond networks, especially when there is a tendency to form
different polymorphic forms. By knowing which hydrogen bond is energetically more
stable, thus preferable in molecular self-assembly, it would be possible, in principle,
to set the experimental crystallisation conditions to induce the formation of a certain
polymorph.

3.4.1.3 NCI index
To facilitate the discussion of the interatomic interactions in particular non-covalent
interactions, it is very useful to introduce the recently developedNCI (non-covalent in-
teraction) index [80, 81], which enables the visualisation of regions of space involved
in either attractive or repulsive non-covalent interactions. The NCI method uses the
reduced density gradient (RDG), s(r), defined in the following way:

s(r) =
∇ρ(r)

2 (3π)1/3 ρ(r)4/3
If a weak non-covalent interaction is present, characteristic spikes are observed on
the s(r) vs ρ (r) plots in the low density and low gradient regions. Augmenting this re-
lationship with the sign of a second eigenvalue λ2 of the Hessianmatrix, it is possible
not only to determine the strength of an interaction (ρ(r) value) but also to distin-
guish a stabilising chemical interaction (λ2 < 0, bonded interaction) from destabil-
ising ones (λ2 > 0, non-bonded interaction). Thus, when EDmultiplied by the sign of
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Fig. 3.14: RDG surfaces (left) and plots of the reduced density gradient versus the electron dens-
ity (ED) multiplied by the sign of the second Hessian eigenvalue (right) in the (a) heterodimer of
urea and oxalic acid connected via strong O–H···O (blue region) and moderate N–H···O hydrogen
bonds, (b) oxalic acid dimer showing the carbonyl···carbonyl interaction (broad green region) and
(c) sterically crowded bicyclo[2.2.1]heptane-2-carboxylic acid (red region). NCI surfaces correspond
to s = 0.4 au and a colour scale of −0.04 < ρ < 0.04 au.

λ2 is mapped onto the RDG surface, the nature and the strength of any non-covalent
interaction can be revealed (Figure 3.14).

The NCI scheme complements QTAIM.While the analysis of bond paths is usually
a localised and discontinuous description (non-covalent interactions are by nature
delocalised), theNCI index offers a description of the interactions in terms of extended
and flat RDG isosurfaces, with characteristic features present even if the ED at the
critical point is zero. The NCI characteristics are tied to critical points of the density
gradient field. Calculated isosurfaces are able to reveal i) the ways critical points are
connected in a real space and ii) the character of these relations. Non-covalent strong
interactions (e.g. strong hydrogen bonds) are represented by small disc shaped RDG
domains, whereas broad multi-form domains denote much weaker interactions (e.g.
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van der Waals, π. . .π and others). Furthermore, it has been shown by Saleh et al. [82]
thatRDGsurfaces canbeaccessed either throughquantummechanical calculationsor
based on data obtained directly from experiment. Thus, the NCI approach, supported
by QTAIM, provides quantitative insight into RDG surfaces, gives reliable chemical
descriptions of the nature of any intra- and intermolecular interactions and offers new
possibilities for self-assembled materials, especially in the field of biologically active
molecules.

3.4.1.4 Distributed atomic polarisabilities
The electric polarisability of a molecule has long been used to predict and under-
stand chemical reactivity, intermolecular interactions and some physical properties
ofmaterials. It has enteredmany quantitative expressions describing the physical and
chemical behaviour of matter, such as long range intermolecular induction and dis-
persion forces, reaction kinetics and linear optics. There were some attempts to as-
sociate polarisability with some characteristics of electronic structure such as global
softness [83], acidity and basicity [84, 85] or some properties such as electronegat-
ivity [86]. The prediction of reliable values of molecular polarisabilities by quantum
chemical methods has made significant contributions and added new vigour to some
fields like collision induced spectroscopy [87, 88], Raman scattering [89] or intensively
developing non-linear optics [91–93].

From a crystal engineering point of view, there is particular interest in the deform-
ation of atomic polarisabilities with respect to an isolated molecule and how this de-
formation influences macroscopic physical properties. Some of the properties origin-
ate from thepolarisability of either individual atoms (e.g. optical activity) or functional
groups (e.g. refractive indices). Some time ago, Krawczuk et al. [94, 95] developed a
program PolaBer, which calculates distributed atomic polarisabilities from electric
field perturbations of partitioned ED distribution. The software is based on QTAIM
space partitioning of the molecular ED in terms of atomic domains (Ω), already intro-
duced earlier in the chapter (Of course, other schemes would be equally suitable for
this purpose. However, QTAIM is preferable because it provides a consistent definition
of chemical bonding).

Atomic partitioning enables the extraction of atomic dipole moments, which are
constituted of two parts: the polarisation μp (Ω) inside the atomic basin and charge
translation μc(Ω)which originates from distributing atomic charge to all related bond
critical points (BCP):

μ(Ω) = μp(Ω) + μc(Ω) = −∫
Ω

[r − R0] ρ(r)dr +
NBCP(Ω)

∑
Ω
[RΩ − RBCP (Ω|Ω)]Q (Ω|Ω)

where Q (Ω|Ω) is the charge contributed to atom Ω by the bond to atom Ω, NBCP(Ω) is
thenumber of BCPs connected to theatomΩ, R0 is anarbitrary originof the coordinate
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system, RΩ is the position vector of atom Ω and RBCP (Ω|Ω) is the position vector of
the BCP between atom Ω and Ω.

The direction and magnitude of μc(Ω) depend on the type and number of groups
bonded to the selected atom. Whereas the polarisation component is accessible dir-
ectly from ED partitioning, the charge translation part requires that a set of equations
be solved while adopting certain constraints, first introduced by Keith [96] and fur-
ther developed by Krawczuk et al. [94]. Taking into account the characterisation of
chemical bonding within a given system, the most important constraint used within
PolaBer is the weighting scheme, which is inversely proportional to the bond strength
measured by the value of ED at the BCP between atoms Ω and Ω:

λ (Ω|Ω) = 1
ρ (Ω|Ω)

This method avoids drastic changes to the shape and values of atomic polarisabilities
caused by the presence ofweak electrostatic interactions.With noweight put on any of
the bonds, in particular in the presence of a ring, the formation of a weak bond creates
amassive discontinuity of the atomicmoments, hence creating polarisabilities, which
is in fact chemically unreasonable. Weak interactions have only a small impact on the
bond charge partitioning, but are not negligible.

The components of atomic polarisability tensor can be further calculated as de-
rivatives of the dipolar ED with respect to the applied field:

αij(Ω) = lim
E→0

μEji (Ω) − μ0i (Ω)
Ej

where μFji (Ω) is the atomic dipolar component along the i direction computedwithin a
given electric field (0 or ε) in direction j (ε is of course as small as possible, preferably
corresponding to optical frequencies).

Since atomic polarisabilities are described by symmetric second order positive
tensors, it is possible to visualise them as ellipsoids, in the same real space as mo-
lecules assuming that 1 Å (atomic coordinates unit) responds to 1Å3 (polarisability
unit); however, usually a scaling factor is applied for visualisation purposes (usu-
ally 0.4 Å−2, unless stated otherwise). The main axes of ellipsoids have dimensions
of volumes and indicate anisotropy of polarisability, whereas the size of the ellipsoids
is proportional to the total atomic polarisability.

The atomic polarisabilities are remarkably sensitive to the local chemical envir-
onment. For example, the atomic polarisability tensors can be analysed when a mo-
lecule is moved from the isolated state, through a dimer, to supramolecular assembly
(Figure 3.15). The analysis of atomic polarisabilities in isolated urea and oxalic acid
molecules (Figure 3.15a) reveals a number of characteristic features. In general, po-
larisability ellipsoids are strongly elongated towards stronger bonds (compare for ex-
ample C–O and C–N bonds). Furthermore, for more electronegative atoms the ellips-
oids are more elongated along the bonds (compare oxygen and nitrogen atoms with
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Fig. 3.15: Graphical representation of atomic polarisabilities of oxalic and urea molecules in the
(a) isolated state, (b) heterodimer and (c) supramolecular assembly. The scaling factor for atomic
polarisabilities is 0.4 Å−2. The dashed lines indicate hydrogen bonds betweenmolecules. For clarity
only labels of functional groups involved in hydrogen bond formation are given. Symmetry codes:
(a) −x, −y + 1, −z, (b) −x + 2, −y + 1, −z + 1, (c) −x + 1, y + 1/2, −z + 1/2, (d) x + 1, −y + 3/2, z + 1/2.

carbon atoms polarisabilities). The same behaviour holds for hydrogen atoms. How-
ever due to their small electronic population, the ellipsoids of the hydrogen atoms are
very small. Nonetheless, the largest component of the polarisability tensor is along
the H–X bond. When urea and oxalic acid molecules start to interact with each other
through O–H···O and N–H···O hydrogen bonds (Figure 3.15b), the polarisabilities of
donors and acceptors (O3, N6 and O2, O4 respectively) aremodified in orientation and
are stretched towards the directions of hydrogen bonds. Also, ellipsoids representing
polarisabilities of hydrogen change their orientation, with respect to isolated state, to-
wards acceptors of both hydrogen bonds. When a larger cluster is considered (taken
from co-crystal structure of urea and oxalic acid) where one of the molecules, e.g.
the central urea of Figure 3.15c, is involved in all possible interactions, the changes of
tensors are more pronounced. Thus, changes in the orientation of the atomic polaris-
ability ellipsoids depend not only on the number of possible interactions but also on
their geometry. For example, the polarisability ellipsoid of oxygen atom O2, which is
an acceptor of two hydrogen bonds (the angle between hydrogen bonds is ca 90°), ad-
opts disc-like shape. The same happens with nitrogen atoms of amino groups. The
behaviour of atomic polarisability ellipsoids is different, as in the case of the N3–
H5. . .O4d hydrogen bond. Hydrogen-H5 is oriented in an almost linear fashion with
respect to the O4d–C3d bond, which, in contrast to the O2, N3 N6 atoms, causes pro-
nounced elongation of oxygen and hydrogen atom polarisabilities.

The subtle changes in theorientationof atomic polarisabilities due to thepresence
of weak electrostatic interactions can be quantified using an indicator called bond
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polarisability [97]. Having precise values of atomic polarisabilities, it can be defined
as a projection of αΩ and αΩ tensors along the ΩΩ bond:

αΩ−Ω = rTΩΩ ⋅ (αΩ + αΩ) ⋅ rΩΩ
In other words, the bond polarisability measures how feasible the polarisation of the
ED along a bond is, upon any change within a given system, a strategy particularly
applicable to electric fields. Moreover, αΩ−Ω could be a quantum mechanical observ-
able; however it is not measured experimentally.

When the oxalic acid molecule is considered as well as its heteromer with urea,
the bond polarisabilities of the C3–O3 and C3=O4 bonds in an isolated molecule are
16.04 and 17.20 Bohr3 respectively, whereas in the heterodimer they are 14.59 and
16.72 Bohr3. The decrease of bond polarisabilities proves that the presence of any
weak interaction cannot be neglected, especially when a material needs to be de-
signed based on highly polarisable atoms, which influence macroscopic physical
properties such as electric susceptibility and thus, birefringence or optical activity.

Another important outcome from the distributed atomic polarisability approach
for crystal engineering purposes is the transferability of the functional group polaris-
abilities between different systems, which was first studied by Dos Santos et al. [98].
Based on the research of the series of amino acids and their aggregates, it has been
proven that the polarisabilities of the common functional groups (group polarisabilit-
ies) are very similar in different chemical environments. Accurate quantum mechan-
ical methods show that the polarisabilities of functional groups in small model mo-
lecules are sufficiently similar to those in larger and therefore, computationally more
expensive molecules. Furthermore, group transferability supports the identification
of functional groups that influence the enhancement of refractivity on the molecu-
lar level and thus, refractive indices on the macroscopic level. This enables material
design in the selection of appropriate molecules to fabricate effective optical devices
in terms of rapid screening of the best building block candidates.

3.4.1.5 Other quantitative indicators for chemical bonding
In the literature there are other sophisticated tools (in many cases available only
through the use of quantum mechanical methods) to reveal and characterise the
nature of chemical bonding. Here, only a brief summary of a few of these are given,
i.e. those that are suitable for quantitative crystal engineering and that could bemore
extensively used to predict the physical properties of a material in the future.
– Source function (SF) – first introduced by Bader and Gatti [99] and extensively dis-

cussed in the last decade by many authors [100–102]. According to this approach,
ED at any point in space can be determined by contributions of local source func-
tions (LS) to all other points in the same space:

ρ(r) = ∫ LS(r, r)dr
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Further integration of local source functions over all atomic basins (defined with
QTAIM) allows a representation of the ED as a sum of atomic source functions
S (r, Ω):

ρ(r) = S (r, Ω) + ∑
Ω≠Ω

S(r, Ω)

Such a decomposition gives ameasure of the contribution of other atoms or func-
tional groups to the density at any point. For example, when projected along a
BP, it gives information of which regions of the atoms involved in chemical bond-
ing are accumulating or removing electronic charge at the BCP. Based on this, a
source function could be further used for the understanding of mechanisms of
some chemical reactions. The chemical interpretation of the SF was carefully ex-
amined by Farrugia andMacchi [103]. In studies on acetamide, thiocoumarin and
carbonyl compounds, attention was drawn to the fact that while the source func-
tion may be helpful in the interpretation of chemical bonding, it should be used
with caution, since the interpretation is not always straight forward and the ob-
tained results might be over-interpreted (especially when only a single reference
point is considered such as BCP).

– Localisation λ(A) and delocalisation δ(A, B) indices [104, 105] – the localisation
index gives a measure of how many electrons are localised in the atomic basin
(defined with QTAIM), whereas the delocalisation index provides a quantitative
measure of the electron pairs actually shared between two atomic basins; this re-
quires a second density matrix. Both indices can be defined as follows:

λ(A) = ∫
A

∫
A

ρ2,xc (r1, r2) dr1dr2

δ(A, B) = 2∫
A

∫
B

ρ2,xc (r1, r2) dr1dr2

where ρ2,xc is the exchange-correlation density. The localisation and delocalisa-
tion indices always sum up to the total number of electrons in a given system.
Thus, they provide, following Matta & Arabi [7]: “a bookkeeping of the where-
abouts of electrons in a molecule.”. If two atoms A and B are bonded, in the
sense that there is a BCP, BP, and interatomic surface identified, then the deloc-
alisation index (two-electron property) measures the bond order and as Matta &
Hernandez–Trujillo [106] suggested, it is exponentially related to ED at the BCP.
Both indices find applications in predicting NMR J coupling [107], as a local aro-
maticity measure [108] and as an identifier of some halogen bonds, in particular
those with iodine [109].

– Interacting quantum atoms (IQA) [110–112] – this approach entails an energy par-
titioning scheme which follows the QTAIM formalism that a molecule can be par-
titioned into topological atoms. Every molecular IQA energy can be formulated
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as:
EIQA = ∑

A
EAIQA = ∑

A
EAintra + 12 ∑B ̸=A

VAB
inter

where EAIQA represents the atomic energy of atom A, EAintra is the intra-atomic or
self-energy of atom A, and VAB

inter describes the interatomic interaction energy
between two atoms, A and B. Since the self-energy part requires a non-diagonal
first order density matrix and the interatomic part is a two-electron property, they
are not experimentally accessible (experimentally determined ED is only a trace
of the first order density matrix). The intra-atomic component is further separated
into the kinetic energy of electrons TA, electron–electron repulsion potential en-
ergy VAA

ee and electron–nucleus attractive potential energy VAA
en within atom A. A

similar partitioning scheme is applied to the interatomic part, where energy is rep-
resented by a sum of the electron–nucleus, VAB

en , and the nucleus–electron, VAB
ne ,

attractive energies along with nucleus–nucleus, VAB
nn , and electron–electron,

VAB
ee , repulsive energies. The VAB

ee term is finally divided into Coulombic VAB
Coul

and exchange-correlation VAB
XC energies. All the energy terms have clear phys-

ical meanings and can be correlated with the nature and type of any chemical
bond present in the structure. Thus, the IQA energy decomposition scheme is
a powerful and chemically intuitive (however, computationally very expensive)
tool giving a consistent picture of the physical atomistic components in various
chemical bonds. It has been already tested and applied in various systems to
characterise for example hydrogen bonds [113] or halogen bonds [114] and many
other interactions.

– Electron localisability indicator (ELI) – introduced by Kohout [115, 116], and based
on ω-restricted space partitioning (ωRSP) [117] in which the volume is partitioned
into non-overlapping space filling regions (micro-cells when ω is sufficiently
small) that are assumed to contain the same portion of electron pairs (the prob-
ability of finding an electron pair is the same in all regions). ELI reflects the
discrete distribution of electron populations. In particular, ELI is ameasure of the
local pairing of same spin electrons (ELI-D, pair restricted). It can be further as-
sociated with the topology of ED, for instance the location of ELI-D critical points
and their signatures are related to the topological properties of ED. This interplay
is a bridge between one-electron properties and the properties derived from the
pair density (i.e. electron localisability and electron pairing), and thus supplies
another quantum mechanical tool for distinguishing and characterising various
types of chemical bonding. However, it has to be stressed that so far, this indicator
has been mainly applied to the characterisation of covalent bonds, rather than to
weak electrostatic interactions [118].
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3.5 Multi-functional co-crystals – examples

In theprevious sections,manyof the available indicators andmethodsused inmodern
qualitative and quantitative crystal engineering were summarised. These tools sup-
port the efficient engineering of materials exhibiting at least onemeaningful physical
property. In the literature there are only few examples of successfully designed multi-
functional co-crystals. The use of the know-how approach for the generation of new
functional materials requires a combination of multiple experimental and theoretical
techniques. The proposed approach can be considered innovative and at the same
time very challenging.

In this section examples of reverse crystal engineering [119] techniques are
presented to show that the described co-crystal phases could have been efficiently
predicted using the tools discussed in previous sections. An attempt to also correlate
the observed structural features with materials properties will be made as well as a
summary of their potential application in materials science. The starting components
(building blocks) are: urea (U), barbital (BB), melamine (MEL), L-malic acid (LMA), L-
tartaric acid (LTA), 4-hydroxybenzoic acid (PHBA) and benzotriazole (B) (Figure 3.16).
The first task will be dividing the molecules into functional groups to select best
co-formers.

Fig. 3.16:Molecular building blocks for crys-
tal engineering of multi-functional co-crystals:
barbital (BB), melamine (MEL), benzotriazole
(B), 4-hydroxybenzoic acid (PHBA), L-malic acid
(LMA), urea (U and L-tartaric acid (LTA). The pos-
sible donor and acceptor sites of molecules are
indicated with blue and red ellipses, respect-
ively.

To assess the probability of a particular interaction, a full interaction analysis for
the chosen target molecules has been performed: urea, melamine and 4-hydroxyben-
zoic acid (Figure 3.17). The distribution of donor and acceptor sites allowed the con-
firmation of the existence of the following co-crystals: urea with both L-malic [80,
120] and L-tartaric acids [121], 4-hydroxybenzoic acidwith benzotriazole [122–125] and
melaminewith barbital [126, 127]. Considering the acidmolecules, it is easily seen that
the carboxamide (from urea). . . carboxylic acid interaction statistically exceeds the
likelihood of the homomeric carboxylic acid···carboxylic acid formation (Section 3.1).
The results of the molecular complementarity tool and propensity calculations are
summarised in Table 3.4. Except for melamine and barbital, all other target co-former
pairs are similar in terms of shape or polarity (based on the 100% hit score for mo-
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Fig. 3.17: Full interaction maps for the selected target molecules and co-crystals: (a) from urea mo-
lecule to crystal structure of ULMA and ULTA; (b) from melamine to the crystal structure of MELBB;
(c) from 4-hydroxybenzoic acid to two polymorphs of BPHBA.

Tab. 3.4:Molecular complementarity and multi-component score for the selected target and co-
former molecules.

Co-crystal Molecular complementarity (%) MC Score

ULMA 100 −0.06
ULTA 100 −0.06
BPHBA 100 0.02
MELBB 0 0.00
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lecular complementarity). The MC score explains this effect very well. The probability
of AA and AB interactions in MEL-BB are exactly the same, whichmeans that the mo-
lecules are indeed complementary partners firmly joined (under specific experimental
conditions). ULMA and ULTA each have a slightly negative MC score, which is associ-
ated with a high predisposition for the formation of urea···urea interactions. However,
there are no such interactions in the examined co-crystals. This shows that statistical
tools should be used with caution and preferably combined with different methods to
reach consistent final conclusions.

The identified co-crystals are built of chemically and biologically important mo-
lecules, whichmake them attractive formultiple applications inmaterials science and
technology. First of all, theydisplay relevant (non-)linear optical properties and inpar-
ticular they have potential as second harmonic generation (SHG) materials. The data
in Table 3.5 indicates that the powder SHGof these co-crystals is at least comparable to
that of KDP. Moreover, since the co-crystals crystallise in noncentrosymmetric space
groups, they can be considered as potential pyroelectric, piezoelectric or ferroelec-
tric materials. For example, some studies of the piezoelectric properties of ULTA [128]
showed that although the effect is not as outstanding, as for example for Rochelle’s
salt, it is still comparable to that exhibited by triglycine sulphate (TGS) [23] and thus,
is not negligible. Furthermore, some of the discussed co-crystals are interesting from
a pharmaceutical point of view. The co-crystal of melamine and barbital contains a
pharmaceutically active ingredient (API), whereas one of the polymorphic forms of
BPHBA (Pna21 crystal phase) is known to exhibit anti-microbial properties [125].

In the following, the focus will be upon evaluating the structural features of indi-
vidual co-crystals and evaluating a QSPR analysis using the crystal engineering tools
described earlier.

Tab. 3.5: Selected linear and non-linear properties of selected co-crystals; nα, nβ nγ – refractive
indices, n – averaged refractive index, ∆n – linear birefringence.

Co-crystal nα nβ nγ n ∆n SHG efficiency (relative to KDP)

ULMA 1.44 1.52 1.53 1.50a 0.09 3.10
ULTA – – – 1.44b 0.074 3.10
BPHBAb – – – – – 1.02/3.07a

MELBBd 1.45 1.52 1.59 1.52 0.14 1.86

a measured at 532nm [131]
b calculated at 800nm using reflectance R; n = (−R + 1) ± 2 [(R)1/2/(R − 1)] [130]
c measurements performed for the Pna21 crystal phase, two values of relative SHG efficiency reported
in [124] and in [125] are for powdered samples. Themeasurement is thus dependent on many factors
including particle size and texture. The obtained results should be averaged from multiple measure-
ments. Unfortunately, the authors did not mention detailed information on sample preparation.
d measured at 589nm [126]
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The first material to be considered is the 1 : 1 co-crystal between urea and L-malic
acid (ULMA, Figure 3.18), which crystallises in the P21 polar space group. Molecules
of L-malic acid form infinite helices along 21 screw axis, due to O12-H12. . .O3 hydro-
gen bonds. The helices are interconnected along [001] via O3–H3O···O51 and N–H···O
bonds with ureamolecules. The urea molecules together with helical chains form lay-
ers parallel to [001] that are tied into a three-dimensional framework by weak C–H···O
interactions. This particular layout of hydrogen bonds can be directly correlated with
previously measured refractive indices [129].

Fig. 3.18: A view of the molecular packing in ULMA viewed along [010]. Hydrogen bonds of the type
O–H···O between acid molecules are indicated with dashed magenta lines with the remaining hydro-
gen bonds indicated with cyan dashed lines. The strongest hydrogen bonds are labelled.

For that purpose, some of the results of ED studies can be utilised along with a full
QTAIM topological analysis as reported by Krawczuk et al. [80]. There is special in-
terest in how the strength of an interaction influences the value of the refractive index
along a certain direction. The topological properties of the non-covalent interactions
together with energetic criteria are collected in Table 3.6, indicating that the strongest
hydrogen bonds are those building the helical chains along [010] (row 6 in Table 3.6)
and theO–H···Ohydrogenbonds connecting the chains along [001] via ureamolecules
(rows 5 and 8 in Table 3.6). These interactions are identified as intermediate between
closed and shared shell characters (1 < |V (rBCP)| /G (rBCP) < 2). In the directions of
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Tab. 3.6: Topological characteristics of intermolecular interactions in ULMA; the experimental values
are taken from [82]. ρ(rBCP)eÅ−3, ∇2ρ(rBCP)/eÅ−5, G(rBCP) and V(rBCP) are the local kinetic and local
potential energy density (eÅ−3), respectively, H(rBCP) is electronic local energy density (eÅ−3). Donor
atoms are given in brackets.

ρ (rBCP) ∇2ρ (rBCP) G (rBCP) V (rBCP) H (rBCP) |V (rBCP)| /G (rBCP)

1 (N–)H521.. .O11 0.09 1.27 0.07 −0.06 0.02 0.86
2 (N–)H511.. .O11 0.11 0.91 0.06 −0.06 0.00 1.00
3 (N–)H522.. .O41a 0.12 0.63 0.05 −0.06 −0.01 1.20
4 (N–)H521.. .O12b 0.06 0.94 0.05 −0.04 0.01 0.80
5 (O–)H42.. .O51c 0.37 5.35 0.40 −0.43 −0.03 1.08
6 (O–)H12.. .O3d 0.33 2.30 0.24 −0.31 −0.08 1.29
7 (N–)H512.. .O41c 0.07 2.06 0.11 −0.07 0.04 0.64
8 (O–)H3O···O51a 0.29 2.07 0.20 −0.26 −0.06 1.30
9 (C–)H2B···O42e 0.08 0.84 0.05 −0.04 0.01 0.80

Symmetry codes: (a) −x + 1, y + 1/2, −z; (b) −x + 1, y + 1/2, −z; (c) −x + 1, y − 1/2, −z + 1; (d) −x + 1,
y − 1/2, −z; (e) −x, y + 1/2, −z; (f) −x, y − 1/2, −z.

propagation of the above hydrogen bonds, the refractive indices have the highest val-
ues (Table 3.5), whereas along [100], the refractive index is the smallest due to the
formation of only very weak closed shell C-H···O interactions (row 9 in Table 3.6).
Moreover, the strength of the hydrogen bonds also determines the thermal proper-
ties of the co-crystal. It has been proven [131] that the value of thermal conductivity
is highest along [010] (along 21 screw axis) and that the high anisotropy of thermal
parameters correlates well with measured mechanical hardness anisotropy.

A related example of a co-crystal where weak non-covalent interactions are key
factors responsible for the anisotropy of optical properties is found in the co-crystal
of L-tartaric acid and urea (ULTA). Although L-tartaric acid is chemically comparable
to L-malic acid, the structure of ULTA is quite different (Figure 3.19).

ULTA crystallises in the orthorhombic and chiral space group P212121, in which
two structurally distinct helices are identified, whose mutual relationship creates a
third dimension in the crystal. One helix, along [100], is built of L-tartaric acid mo-
lecules connected by strong O–H···O bonds, whereas the second one extends along
[001] and is based on alternating urea and L-tartaric acid molecules linked via O–
H···O and N–H···O hydrogen bonds. The third-dimension is created by the interplay
of both helices. In order to quantify all hydrogen bonds present in the structure and
correlate them with the reported in the literature optical properties, a QTAIM analysis
was performed supported by the NCI approach (Figure 3.20). Both methods indicated
that the strongest hydrogen bond is the one between the carboxylic-O1–H1 group and
carbonyl-O2 of the urea molecule. The ρ(rBCP) and ∇2ρ(rBCP) values at the BCP are
0.03 and 0.12 e/Bohr5, respectively. The interaction is considered to be intermediate in
strength (see dark blue spikes in Figure 3.20) as the ratio of |V(rBCP)| /G(rBCP) is 1.07.
Hydrogen bonds between tartaric acid molecules as well as N–H···O interactions are
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Fig. 3.19:Molecular packing viewed along the a-direction in the co-crystal of L-tartaric acid and urea.
Hydrogen bonds of the type O–H···O between tartaric acid molecules are marked with green dashed
lines, between tartaric acid and urea with magenta dashed lines and hydrogen bonds of the type
N–H···O are marked with cyan dashed lines.

similar in strength and nature. They are characterised as pure closed shell since the
ratio between the magnitude of potential and kinetic energy densities is equal to 0.86
and 0.78, respectively (for N–H···O, the averaged value was taken sincemore than one
hydrogen bond was identified). Naturally, in the co-crystal of ULTA other interactions
are present (see green spikes in Figure 3.20). However, they are not crucial for themac-
roscopic properties of that material.

Although there are no experimental values for the refractive indices along the
main crystallographic directions in the literature (only the average value is given cal-

Fig. 3.20: Plots of the reduced density gradient versus the electron density (ED) multiplied by the
sign of the second Hessian eigenvalue for a fragment of the ULTA structure where the interactions of
tartaric acid molecules are taken into account.
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culated via reflectance [130]), it can be concluded with a relatively high probability
that the greatest refractive index will be along [001] due to the strongest interactions
in that direction. The remaining indices should fulfil the following relationship: n3 >
n1 > n2, where n1 ‖ [100], n2 ‖ [010], n3 ‖ [001].

The third example of a multi-functional material in this section is that of the
benzotriazole 4-hydroxybenzoic acid co-crystal (BPHBA). As discussed in Section 3.1,
4-hydroxybenzoic acid is considered an interesting target molecule for the design of
optical materials. PHBA can also be found in natural products, e.g. in the indigenous
cinnamon tree, and as such, its role in drug discovery and development has been
a subject of many studies [132, 133]. The crystal structure of its hydrate (Figure 3.3)
is centrosymmetric and thus not interesting from the viewpoint of non-linear op-
tical properties of even order. Co-crystallisation in this case is a means to modify the
properties of the target molecule in a way that will change the symmetry, to non-
centrosymmetric, and at the same time orient molecules in a way that will maximise
the desired optical effect.

In the literature there are two forms of the benzotriazole 4-hydroxybenzoic acid
co-crystal that differ in their stoichiometry (Figure 3.21). Both crystal phases crystal-
lise in polar space groups: (I) – Pn and (II) – Pna21. The second differentiating factor
in the two forms is in the relative orientation of the hydroxyl group with respect to
the carboxylic group of the acid. This causes variations in the utilisation of available
donor and acceptor sites. In (I), each acid molecule is connected via O–H···O hydro-
gen bonds with two neighbouring acidmolecules and via O–H···N bonds with one co-
former. In (II), the molecules are joined by pairs of PHBA:benzotriazole interactions.
To understand the formation of (I) and (II), a Hirshfeld surface analysis wasperformed
(Figure 3.22) along with a QTAIM analysis (Figure 3.23). Both Hirshfeld surfaces and
fingerprint plots highlight differences in the chemical environments of 4-hydroxyben-
zoic acid in the co-crystals. Among the studied weak interactions, the contribution of
O···H and N···H hydrogen bonds varies the most, 4.5% and 3.5%, respectively. For (II),

Fig. 3.21: Contents of the asymmetric units of the different co-crystals formed between benzotriazole
and p-hydroxybenzoic acid: (a) 2B-PHB (I) and (b) B-PHB (II).
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Fig. 3.22: (a) Fingerprint plots, (b) Hirshfeld surface for (I), (c) percentage contributions to the sur-
face and (d) Hirshfeld surface for (II).

Fig. 3.23:Molecular graph for (a) 2B-PHB (I) and (b) B-PHB (II), with bond (3,-1) and ring (3, +1) crit-
ical points as green and red spheres, respectively.

a much wider spread of points, especially at the higher values of di and de, than for
(I) is apparent. This could be attributed to π. . .π interactions present in (II).

The QTAIM analysis of BCPs and energetic criteria based on local potential and
kinetic energy density allowed a classification of the weak interactions. In Figure 3.22,
interactions involving 4-hydroxybenzoic acid in both co-crystals are compared. In
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both circumstances there are O–H···O and O–H···N hydrogen bonds, showing in-
termediate interactions between closed shell and shared shell. Both geometric and
energetic criteria indicate these interactions are stronger for (II), which could be cor-
related with its higher stability. Moreover, the structure of (II) is stabilised by π. . .π
interactions between the constituents from adjacent layers (Table 3.7). The rather
small SHG response of (II), despite the presence of NLO-attractive building blocks,
can be associated with molecular packing. The c whromophores are not preferen-
tially oriented and thus, the dipole moments are partially cancelled. To enhance the
observed properties a different molecular pair may need to be selected.

Tab. 3.7: Properties of the Bond Critical Points for (I) and (II): ρ(rBCP)/au, ∇2ρ(rBCP)/au, d – in-
ternuclear separations (Å), d1, d2 – distance between BCPs and atom 1, 2, respectively (Å),
V(rBCP)/a.u., G(rBCP)/a.u. local kinetic and local potential energy density, respectively, H(rBCP)/a.u.
– total energy density.

d d1 d2 ρ (rBCP) ∇2ρ (rBCP) V (rBCP) G (rBCP) H (rBCP) |V (rBCP)|
/G (rBCP)

(I)
H8.. .N1 1.73 0.55 1.18 0.05 0.11 −0.04 0.04 −0.01 1.23
H6...O2 1.74 0.59 1.15 0.04 0.13 −0.03 0.03 0.00 1.03

(II)
H6.. .O1 1.71 0.56 1.15 0.04 0.13 −0.04 0.04 0.00 1.05
H5...N2 1.68 0.52 1.16 0.05 0.09 −0.05 0.04 −0.01 1.35
H7...O3 2.35 0.92 1.43 0.01 0.04 −0.01 0.01 0.00 0.86
H11...O1 2.57 1.08 1.51 0.01 0.03 −0.01 0.01 0.00 0.85
H3...O1 2.64 1.12 1.54 0.01 0.03 −0.01 0.01 0.00 0.84
N3...O3 3.24 1.63 1.61 0.01 0.02 −0.01 0.01 0.00 0.84
C5.. .C9 3.43 1.82 1.81 0.01 0.01 −0.01 0.01 0.00 0.78
N2...C10 3.51 1.75 1.78 0.01 0.01 −0.02 0.01 0.00 0.77

The last example of a potentially multi-functional material is that of a melamine bar-
bital co-crystal – MELBB (Figure 3.24). This crystal phase was designed based on the
knowledge of multiple polar crystal structures containing each co-former. The elec-
tron density and topological properties were analysed to reveal the factors influencing
themutual recognitionof these twomolecules andpromoting crinkled tape formation.

The analysis confirmed that the formation of the co-crystal is guided by two
factors: displacement of ED prior to crystallisation towards a mesomeric form of the
barbital molecule and an energetic criterion resulting in a lock-key molecular recog-
nition. In order to obtain a co-crystal, it is necessary to overcome the tendency of
single component molecules to combine into a homomeric molecular crystal. The
displacement of ED differentiates the ability of barbital-O2A and -O4A atoms to form
hydrogen bonds. This is evident in the different values of net atomic charges obtained
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Fig. 3.24: The trimer motif in the melamine and barbital (MEL-BB) co-crystal.

from the topological analysis of ED for the isolated molecules (−1.12 for both O2A and
O4A) and for the co-crystal (−1.09 for O2A and −1.19 for O4A).

The barbital and melaminemolecules are interlocked by three moderately strong
hydrogen bonds, forming two fused R22(8) rings. The N1A-H1A···N3A interaction is
the strongest, showing intermediate character between closed and shared shell in-
teractions. This molecular recognition is reflected in the optical properties. The N1A-
H1A···N3A interaction is at the basis of the infinite tape motif running along [100],
which is also the direction with the highest refractive index.

In order to validate the electron density results and to correlate the structural fea-
tures of MELBB with its optical properties, the atomic and bond polarisabilities were
calculatedwith the PolaBer software. The atomic polarisabilities ofmelamine andbar-
bital, in the isolated state, were compared with those taken from the crystal structure

Fig. 3.25: Atomic polarisability ellipsoids for isolated molecules of melamine (MEL) and barbital
(BB), and within a fragment taken from the MELBB co-crystal. Dashed lines indicate hydrogen bond
formation. The scaling factor for atomic polarisabilities is 0.4Å−2. Polarisabilities are calculated at
the CAM-B3LYP/d-aug-cc-pVDZ level of theory. Symmetry codes: (a) 1 − x, y, z; (b) −x, y, z; (c) 1 + x,
y, z.

 EBSCOhost - printed on 2/13/2023 8:12 PM via . All use subject to https://www.ebsco.com/terms-of-use



3.6 Concluding remarks | 95

Tab. 3.8: Bond polarisabilities of hydrogen bonds in MELBB. For comparison, the values of the N-H
covalent bonds in the isolated state are given. Notice the increase of electron density (ED) polarisa-
tion of the covalent bond as the hydrogen bond is being formed.

Bond polarisability αΩ−Ω /Bohr3

Isolated molecule MEL-BB

H5...N3 – 16.4
H2.. .O7 – 14.1
H4.. .O6 – 12.7
N5–H5 10.0 14.0
N2–H2 10.7 13.2
N4–H4 10.7 12.9

(Figure 3.25). In the crystal, both molecules are involved in the formation of three hy-
drogen bonds: N5–H5. . .N3, N2–H2. . .O7 and N4–H4. . .O6, which causes significant
changes of the atomic polarisability ellipsoids. This is particularly dramatic for the N3
atom, which changes from an egg-like into a disc-like shape (the polarisability tensor
becomes less anisotropic in comparison to the isolated state). Such a strong transition
arises from the fact that the N3 atom is an acceptor of the strongest hydrogen bond. In
fact, the examination of bond polarisabilities in Table 3.8 confirms that the greatest
increase in ED polarisation occurs along the vector describing this interaction.

3.6 Concluding remarks

In this chapter, an introduction to the various tools and approaches that support mod-
ern crystal engineering of new multi-functional materials has been presented. It was
demonstrated that going beyond the standard determination of molecular geometry
and molecular packing via ED analysis improves the understanding of the structural
origins of macroscopic physical properties. However, it should be stressed that none
of the described methods are sufficient to successfully design a multi-functional co-
crystal. The statistical methods offered by the CSD may lead to wrong conclusions,
such as in the case of melamine and barbitalwhere the complementarity tool does not
predict co-crystal formation. On the other hand, the QTAIM approach may be blind
to some interactions crucial for three-dimensional packing and therefore, physical
properties, such as in the case of carbonyl···carbonyl interactions in the co-crystal
of oxalic acid and urea. Moreover, ab initio quantum chemical methods are sensitive
to the choice of functionals and basis sets; thus predicted physical properties need
to be critically analysed and should be verified experimentally. Nonetheless, reverse
crystal engineering of known multi-functional co-crystals demonstrated that by sim-
ultaneous use of various qualitative and quantitative descriptors, itmay be possible to
efficiently predict howmolecules will interconnect into three-dimensional structures.
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Further, such studies can provide insight into the relationship between the structure
and physical properties (QSPR) of a material.

Given recent progress in the development of crystal engineering tools and their
wide range of applications, it is anticipated these tools will lead to better modelling of
molecular co-crystals and will increase the probability of obtaining materials with at
least one relevant physical property.
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4 Control of photochromism in N-salicylideneaniline
by crystal engineering

4.1 Introduction

Chromism is a reversible colour change induced by an external stimulus. Chromism
in materials may be achieved by many methods, such as light irradiation (photo-
chromism) [1, 2], heating or cooling (thermochromism) [3, 4], changing solvent polar-
ity (solvatochromism) [5, 6], pressure application (piezochromism) [7, 8] and vapour
application (vapochromism) [9, 10]. Such transformations are important because they
can be utilised as sensors for various stimuli. Photochromic materials are expected
to serve as optical storage elements or colour display elements [1], photo induced
motors [11] and biological sensors [12], and many studies have been reported with
those applications as motivations. From the structural point of view, chromism in the
solid-state is a dynamic phenomenon in which the molecular structure/conformation
or arrangement of a molecule changes in the solid-state under external stimuli. Thus,
with the above in mind, chromism has garnered considerable attention in a variety of
fields.

In this chapter, the photochromism ofN-salicylideneaniline (SA, Figure 4.1) in the
crystalline state is described. Specifically, the relationship between themolecular con-
formation of SA and the chromism it exhibits is described. The control of the conform-
ation and properties using crystal engineering techniques is also emphasised.

Fig. 4.1: Photochromism reaction mechanism (tautomerisation and isomerisation) in SA.

4.2 Photochromism of SA and its reaction mechanism

N-Salicylideneaniline (SA, Figure 4.1) is one of the oldest known photochromic com-
pounds by UV irradiation, first reported by Alfred Senier in 1909 [13]. The chromism
of SA derivatives were reported in 1912 and found to be dependent on the molecular
structure and the crystalline form [14]. For example, when the hydroxyl group of SA

https://doi.org/10.1515/9783110464955-004
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was substituted with a methoxy group, the resulting molecule did not exhibit photo-
chromism,which clearly indicated that a proton transfer from the hydroxyl groupwas
critical to chromism [15, 16]. Many important studies were carried out by Cohen and
Schmidt in the 1960s. They summarised the photochromism of SA as follows [17]: i) SA
shows photo- or thermochromism exclusively; ii) SA takes the enol form in the crystal;
iii) in thermochromic crystals an intra-molecular proton transfer from the hydroxyl
group to the N-atom occurs, inducing the cis-keto form, which causes the coloura-
tion; and iv) the activation energy of the reverse reaction is higher in photochromism
than that in thermochromism, and therefore, the coloured species formed via photo-
chromism should be the trans-keto form. In solution, the coloured species is known to
be in the trans-keto form [18–20]. All SA derivatives have now been shown to exhibit
thermochromism [21] so the observed photochromism and thermochromism of SA are
no longer considered exclusive properties.

Fig. 4.2: The key dihedral angle in the twisted conformation
of SA.

A series of topochemical studies in 1964 revealed important structural details regard-
ing the molecular conformation of SA derivatives in their crystals, which affected their
photochromism and thermochromism [16, 17, 22–26]. When the SA molecule exhibits
a twisted conformation, where the dihedral angle between the two benzene rings is
significantly large (Figure 4.2), photochromism is observed. By contrast, when themo-
lecule exhibits a planar conformation, thermochromism is evident. Thus, both prop-
erties depend on themolecular conformation. In the 1960s, studies targeting the prac-
tical applications of photochromism were also performed, which revealed SA to have
very high durability and to exhibit minimal degradation even after 5000 cycles of col-
ouration and fading [27]. The durability was attributed to a small molecular change in
the structure owing to enol-keto tautomerisation (Figure 4.1).

Thus, based on previous studies, the coloured species was predicted to be the
trans-keto form. However, conclusive evidence to confirm the hypothesis was not
obtained. In 1985, Kawato et al. reported a new SA derivative, N-3,5-di-tert-butyl-
salicylidene-3-nitroaniline, SA (1), Figure 4.3 (1) [28], which showed photochromism
in the crystalline state with a very long lifetime (months). Harada observed the col-
oured species directly by crystallographic analysis for the first time in 1999 [29]. Such
an observation had been attempted but without success because of the very low con-
centration of coloured species in the crystal, which was too low for direct observation
by crystallography. Notably, under UV irradiation, it was found that only a thin layer
on the surface of single crystals was coloured, and that the large inner volume of the

 EBSCOhost - printed on 2/13/2023 8:12 PM via . All use subject to https://www.ebsco.com/terms-of-use
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Fig. 4.3: SA derivatives SA (1) and SA (2).

Fig. 4.4: Direct observation of trans-keto form (dark) with cis-enol form (light) [29].

crystal was unreacted. In order to overcome this problem, a two-photon excitation
technique was applied by short pulse laser irradiation. In this technique, the longer
wavelength pulse laser was utilised to penetrate the crystal without absorption, and
the photo-reaction proceeded in the centre of the crystal. Eventually, Harada suc-
ceeded in observing the trans-keto form as a part of disordered structure with the
initial enol form (Figure 4.4). It was concluded that photochromism occurs by the
formation of the trans-keto form via a proton transfer from the enol form.

4.3 Thermal stability of coloured species

The thermal stability of coloured species at different temperatures was reported by
Senior [14]. The temperature dependent activation energy barrier of the trans-keto and
cis-keto forms (fadingprocess)wasalso studied [17]. At–70°C, the trans-keto formofN-
3,5-di-tert-butyl-salicylidene-3-carboxyaniline, SA (2) (Figure 4.3) in the crystal ismore
stable than that at 20°C, as revealed by the IR observation of the N-H peak in the trans-
keto form. However, there was no report on the stabilities of coloured species (trans-
keto form) among different SA derivatives or different crystal forms. SA (2) forms three
polymorphic crystals, namely the α, β and γ forms (Figure 4.5) [30]. The α and β forms
exhibit photochromism and SA takes on a twisted conformation in which the dihedral
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Fig. 4.5: Three polymorphs of N-3,5-di-tert-butyl-salicylidene-3-carboxyaniline, SA (2), and the col-
our lifetime of each. Reprinted with permission from Ref. [30]. Copyright (2009) The Chemical Soci-
ety of Japan.

angles between the two benzene rings are 61° and 37° for the α and β forms, respect-
ively. The γ form does not exhibit photochromism and the molecular conformation is
nearly planar (the dihedral angle is 29°). Notably, even among polymorphic crystals,
the photochromism and stability of the coloured species (the colour lifetime during
fading) differ depending on the molecular conformation or crystalline environment
around the molecule (Figure 4.5).

Because the β form has a longer colour lifetime than the α form, the trans-keto
form is likely stabilised by the crystalline environment in the β form. When the trans-
keto form is assumed in the β crystal structure, the N–H group of the molecule forms
an intermolecular hydrogen bond with the adjacent hydroxyl group, Figure 4.6(b).
On the other hand, in the α form, there is no strong intermolecular interaction in-
volving the N–H group, Figure 4.6(a), indicating that the trans-keto form molecule
was not stabilised by its crystalline environment. The stabilisation of the trans-keto
species by hydrogen bonding was also observed for N-3,5-di-tert-butyl-salicylidene-
3-nitroaniline, SA (1), Figure 4.6(c), which displays the longest colour lifetime (trans-
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Fig. 4.6: The crystalline environments of trans-keto form of SA (1) and SA (2). (a) SA (2)-α, (b) SA (2)-
β, and (c) SA (1).
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Fig. 4.7: Direct observation of trans-keto form of N-3,5-di-tert-butylsalicylidene-3-carboxyaniline,
SA (2) [30].

keto form) amongmany SAderivatives [29]. Mikami calculated the stabilisation energy
of the trans-keto form of SA (1) as −39.4kJ/mol [31]. In this crystal structure, two sym-
metry-related trans-keto molecules formN–H···O(nitro) hydrogen bonds to generate a
stable dimeric aggregate, Figure 4.6 (c). Therefore, the stabilisation of the trans-keto
form in the coloured crystal is caused by the crystalline environment. It is also not-
able that in the α form, the trans-keto species was observed in the coloured crystal
as the similar disordered structure to SA (1), Figure 4.7 [30]. However, the UV irradi-
ation technique was employed instead of the two photon technique. This observation
confirmed that the trans-keto form caused the colouration of the crystal.

4.4 Relationship between molecular structure and
photochromism

In SA, the salicylimine group is planar due to the intramolecular hydrogen bond
between the OH group and N; thus, the only conformational variable is the free rota-
tion around the single bond between the N atom of the imine and the aniline moiety,
Figure 4.8. The most stable molecular structure has a dihedral angle of 44° between
the salicyl and aniline rings according to theoretical calculations [32]. This is because
of the steric repulsion between H atoms in the ortho-position of the aniline ring and
the azomethine group (Figure 4.8) [33]. However, in the crystal, the dihedral angle
spans from 0 to 90°, forming the planar or twisted conformations and the molecular
conformation is always affected by the intermolecular interactions in the crystal.
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Fig. 4.8: Intramolecular hydrogen bond and steric hindrance in
SA.

The molecular conformations found in SA derivatives are critical because only the
twisted conformation exhibits photochromism. In general for SA derivatives, photo-
chromism was observed when the dihedral angle was greater than 30°. When the
angle was less than 20°, the crystals were non-photochromic and in cases where the
dihedral angles were in the intermediate range, i.e. 20–30°, both photo- and non-
photochromic crystals existed [34]. A Cambridge Structure Database, (CSD, version
5.33, Feb. 2012) investigationwas carried out to reveal that 40 out of 559 SA derivatives
exhibited chromism. The photochromic SA derivatives and their dihedral angles are
plotted in Figure 4.9.

Fig. 4.9: Relationship between photochromism and dihedral angle of SA derivatives.

Most structures shown inFigure4.9 conform to theproposeddihedral angle thresholds
of 30° and 20° for photochromic and non-photochromic crystals, respectively. Two
apparently photochromic crystals with dihedral angles less than 20° seemed to be ex-
ceptions (refcodes: DUBNAQ [35] & AJITOD [36]). Upon further examination, DUBNAQ
was found to be non-photochromic and AJITOD containedmolecules in both the twis-
ted (dihedral angle of 49° and photochromic) and planar (15° and non-photochromic)
conformations. Also, there were five non-photochromic exceptions with dihedral
angles greater than 30°. Some had intermolecular steric hindrance around the hy-
droxy group, and the others had intramolecular steric hindrance owing to large sub-
stituents such as tert-Butyl (tBu) on the ortho-position of the aniline ring. Such steric
interactions preclude the molecular motion necessary for the isomerisation from the
cis-keto to trans-keto form (also known as “pedal motion” [37]). Thus, the proposed
thresholds of 30° and 20° were confirmed, with only a few exceptions.
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The reason for the relationship between planarity and photochromism has not
been completely elucidated. Kawato et al. explained it using the idea of loose pack-
ing [28]. When bulky tBu groups were introduced in SA derivatives, the packing effi-
ciency of the crystal became lower (loose packing), which induced the twisted con-
formation. However, the idea was not quantitatively confirmed upon examining free
volume or intermolecular distances around the molecule. Theoretical investigations
were performed by Zgierski and Grabowska for the intermediate structure during the
photochromic reaction [32]. From the calculations, the excited-state structure of the
cis-keto form adopts twisted conformation. So, if the molecular conformation is twis-
ted in both the trans-enol and cis-keto forms, isomerisation may be facilitated from
a twisted cis-keto to the trans-keto form via the twisted excited-state structure in the
course of the photochromic reaction.

4.5 Control of photochromism by manipulation of molecular
conformation

Asdescribed above, the photochromismof SAderivatives strongly depends on themo-
lecular conformation, which can be affected by the crystalline environment around
the molecule. Thus, several attempts to control the photochromism were carried out
usingdifferent crystal engineering techniques. Thefirst techniquewas chemicalmodi-
fication.When a bulky group such as tBu is introduced, the molecular arrangement or
molecular packing in the crystal and photochromism is altered [28, 38]. However, be-
cause this technique deals with different chemical species, other effects (electronic,
etc.) should also be considered. The second technique is to form an inclusion com-
pound with, e.g. cyclodextrin [39], deoxycholic acid [40–42] or a polymeric mater-
ial [43], in order to alter the crystalline environmentof theSAderivative. Notably, using
this technique, a photochromic inclusion compound was formed even though the ori-
ginal, pure SA crystal was non-photochromic. Unfortunately, the conformation of SA
could not be confirmed by crystallographic analysis due to severe disorder of the SA
molecule in the crystal. In inclusion compounds, the void space around the molecule
becomes rather large, which favours the twisted conformation of the molecule as in
solution or in a vacuum. The third technique is to include SA in aMOF (metal–organic
framework). When solvent molecules co-existing with SA were exchanged, the mo-
lecular conformation and photochromism also changed in order to adapt to the differ-
ent crystalline environment [44]. This method could be used to control both the mo-
lecular conformation and photochromism. However, the change in the conformation
was small due to the limited MOF pore space where the SA molecules were included.
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4.5.1 Control of photochromism by co-crystal formation

The flexible conformation of SAdepends on the surrounding environment, which sug-
gests that the energy difference between the twisted and planar conformations can
be governed by intermolecular interactions in the crystal. Therefore, the conforma-
tion and by implication photochromism can be controlled by altering the molecular
packing in the crystal. One realistic technique to control the conformation is to form
a co-crystal. A co-crystal is a multi-component crystal in which a SA derivative and
another component (co-formermolecule) are present in the same crystalline lattice in
stoichiometric amounts. This technique does not require any chemical modifications
and canproduce various crystal structures by using different components. In this way,
numerous molecular conformations can be achieved depending on the crystalline en-
vironment.

Previously, an acid-base type co-crystal formation method was reported [45].
Thus,N-salicylidene-3-carboxyaniline, SA (3) (3-1 in Figures 4.10 and 4.11), which con-
tains a carboxyl group, was co-crystallised with a co-former containing pyridine and
secondary amine functionalities (Figure 4.10) to yield seven co-crystals. The dihedral
angle in the original crystal of SA (3) was 27° (Figure 4.11). By forming the co-crystals,
crystal structure analysis revealed that the dihedral angles widely changed, spanning
a range from 6°(3-1a) to 50°(3-1g). Among the eight structures, four crystals with di-

Fig. 4.10: N-salycylidene-3-carboxyaniline, SA (3) (3,1), and basic co-formers (a)–(g).
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Fig. 4.11: Conformational changes in SA (3) by
co-crystallisation showing the dihedral angle.
Adapted with permission from Ref. [45]. Copy-
right (2012) American Chemical Society.

Fig. 4.12: Crystalline environment and hydrogen bonding in simulated trans-keto form of SA (3), 3-1,
3-1e, 3-1f, and 3-1g.
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hedral angles greater than 27° exhibited photochromism, illustrating the correlation
between the twisted conformation and photochromism.

This classification again followed the previously presented threshold of photo-
chromism of 30° to 20°. The colour lifetimes of the crystals were 4.85 × 104, 2.30 × 103,
5.49 × 103, and 4.67× 102 s for 3-1, 3-1e, 3-1f, and 3-1g, respectively (Figures 4.10 and 4.11).
It is noted that the structures with longer lifetimes (3-1, 3-1e, and 3-1f) contained in-
termolecular hydrogen bonds in their simulated trans-keto crystal structures (Fig-
ure 4.12). In this case, the molecular conformation (planar to twisted) could be con-
trolled by changing the crystalline environment, and the photochromism could be
regulated by altering the molecular conformation. Additionally, the lifetime of the
coloured crystal could be also modified by hydrogen bond formation.

4.5.2 Control of photochromism by mixed crystal formation

As described above, SA can adopt various conformations depending on the crystal
structure. However, it is not possible to know the conformation prior to crystal struc-
ture analysis. In order to overcome this issue and to control the molecular conform-
ation precisely, a mixed crystal technique has been employed. A mixed crystal is a
solid solution type crystal inwhichdifferent compoundsaremixeduniformly through-
out the crystal. When two compounds form a mixed crystal, the crystal structure is
often the same as that of the major component. This approach was utilised to con-
trol the photochromic properties of several SA derivatives. Cohen [46] mixed crys-
tals of photochromic N-salicylidene-4-bromoaniline, SA (4), and non-photochromic
N-salicylidene-4-chloroaniline, SA (5), to formmixed crystals.When themixed crystal
contained 65%of SA (4), the crystal exhibited photochromism. Unfortunately, crystal-
lographic analyses were not reported [46].

Fig. 4.13: Salicylideneaniline derivatives (SA (7), SAP (9)), and benzylideneaniline (BA (6), BA (8)).
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In order to obtain more extensive control of the molecular conformation and photo-
chromism, mixed crystals of N-benzylidene-4-carboxyaniline, BA (6), and N-salycyl-
idene-4-carboxyaniline, SA (7),were examined (Figure4.13). BA (6) lacks theOHgroup
present in SA and therefore, it does not exhibit photochromism.However, it adopts the
twisted conformation in the crystalline state; the dihedral angle is 54.7(1)°. By con-
trast, SA (7) exhibits the planar conformation in the crystal with the dihedral angle
being 5.1(1)°, and does not exhibit photochromism. Thus, on forming mixed crystals
of BA (6) and SA (7), BA (6) (major component) can act as a template and the conform-
ation of SA (7) (minor component)may befitted to that of BA (6). Therefore, the twisted
conformationwith a dihedral angle of about 55° could be produced. Themixed crystal
was obtained from a methanol solution of BA : SA = 95 : 5. Under UV irradiation, the
crystal turned red (Figure 4.14). Because BA (6) does not exhibit photochromism, the
observed colour change was attributed to the twisted conformation of SA (7). Crystal
structure analysis revealed a large residual electron density around H2 on the C2 atom

Fig. 4.14:Mixed crystals of BA (6) and SA (7). The ratios are 0 : 100, 5 : 95, 50 : 50, 95 : 5, and 100 : 0
from left to right. Only the fourth sample from the left exhibits photochromism under UV irradiation.

Fig. 4.15: Difference Fourier map of mixed crystal comprised of BA (6) and SA (7). The residual elec-
tron density (red nest) is more than 0.3 e/Å3 around C2 atom.
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of BA (6) (Figure 4.15), which was assigned to the OH group of SA (7) with 5.5% occu-
pancy. Therefore, this was modelled as a disordered structure of BA (6) and SA (7) at
the same site. In this mixed crystal, the precise control of the molecular conformation
of SA (7) was achieved using the BA (6) crystal structure as a template.

A similar mixed crystal strategy was also applied to N-salicylidene-2-aminopyri-
dine, SAP (9) (Figure4.13). SAP (9) lacks intramolecularH toHsteric repulsionbecause
it has a pyridinemoiety instead of a benzene ring, andusually exhibits the planar con-
formation in the crystal [46–48]. In order to force this molecule into the twisted con-
formation, it wasmixedwithN-benzylideneaniline, BA (8), which exhibits the twisted
conformation with a dihedral angle of 64.7(1)°. As expected, the BA (8)/SAP (9) mixed
crystal exhibited an isomorphic crystal structure to BA (8). However, SAP (9) could not
be observed experimentally owing to its low occupancy. This mixed crystal exhibited
photochromism (Figure 4.16), indicating that SAP (9) adopted the twisted conforma-
tion like BA (8) to induce photochromism. In these two cases, it is demonstrated that
themixed crystal formation strategy is effective to control themolecular conformation
precisely in order to give a specific property such as photochromism to the crystal.

Fig. 4.16: Photographs of the mixed crystal composed of BA (8) and SAP (9) before and after UV
irradiation.

4.5.3 Photochromism switching by phase transition

Co-crystal and mixed crystal formation are effective ways to change or precisely con-
trol the molecular conformation of a molecule, and have been utilised to control the
photochromic properties of several crystals, as described above. A disadvantage of
such approaches is that the photochromism cannot be altered after the crystal is
formed. Thus, one way to extend the functionality of these photochromic crystals
is to change the molecular conformation in the crystal via an external stimulus. To-
wards this end, an effective approach is to use dehydration/hydration of the crystal to
change the crystal structure. Yellow, non-photochromic monohydrate crystals were
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obtained from the co-crystals of SA (3) and N-(4-pyridyl)acetamide from a methyl
acetate solution (Figure 4.17). Upon heating to 40 °C, the crystal dehydrated to the
yellow, anhydrous phase, and it exhibited photochromismwhereby the colour turned
orange after UV irradiation. When the anhydrous crystal was rehydrated to form the
monohydrate under humidity (97% R.H.), the photochromism vanished. The crystal
structure analysis revealed that the crucial dihedral angle in the monohydrate phase
crystal was 27.1(1)°, and in the anhydrous phase this increased to 49.1(1)°, indicating
significant molecular twisting owing to the phase transition (Figure 4.18). The crystal
of the anhydrous phase was obtained by a recrystallisation from THF. The PXRD pat-
tern of the recrystallised sample was exactly the same as that of the anhydrous crystal
obtained by dehydration. A similar observation was reported by Kawato et al. for a
synthetic SA dimer [49]. In that case, the desolvation and solvation of the crystalline
methanol molecule altered the photochromism of the crystal, as confirmed by UV/Vis
spectroscopy. However, the crystal structures were not reported and therefore, the
mechanistic details are not clear. In this section, it has been demonstrated that the
photochromic properties of SA crystals could be altered by heating or by changing the
humidity. The reason is clearly explained by crystal structure analyses that showed
that the dehydration/hydration phase transition considerably altered the molecular
conformation.

Fig. 4.17: Acid-base co-crystal between SA (3) and N-(4-pyridyl)acetamide.

Fig. 4.18: The dynamic conformational
transformation of SA in (a) the co-
crystal hydrate of SA (3) with N-(4-
pyridyl)acetamide and (b) the anhyd-
rous form.

 EBSCOhost - printed on 2/13/2023 8:12 PM via . All use subject to https://www.ebsco.com/terms-of-use



Bibliography | 117

4.6 Conclusions

This chapter provides a brief overview of photochromism in SA derivatives. Photo-
chromism is an interesting phenomenon in crystals that can be controlled using vari-
ous crystal engineering approaches and by changing the molecular conformation, us-
ing, for example, co-crystal andmixed crystal techniques. Furthermore, this property
can be dynamically switched by changing the crystal structure through dehydration/
hydration. In SA derivatives, there is a strong correlation betweenmolecular conform-
ation and photochromism. Because of this feature, the photochromic properties can
be controlled by altering the molecular conformation, changing the crystalline envir-
onment via crystal engineering techniques. It is also clear that these property modi-
fications of SA crystals can be realised by utilising the flexible nature (softness) of
SA molecular conformation. Crystal engineering targeting to such softness of organic
crystal andmolecule is relatively unexplored. Further crystal engineering research for
various chromic organic crystals is expected to be fruitful.
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Jubaraj B. Baruah
5 Quinoline derivatives for multi-component
crystals: principles and applications

5.1 Introduction

Co-crystals are crystalline solid materials comprising two or more molecules in the
same crystal lattice. Hydrogen bonds between a set of partner molecules (co-formers)
are a prime factor for co-crystal formation. Generally, a minimum of two co-formers
is required to form a co-crystal. In the absence of a crystal structure of a co-crystal,
factors such as differences in spectroscopic or physical properties from the individual
parent co-formers are important indicators of co-crystal formation. For example, shifts
in infrared absorptions in the O-H stretching region, exchange or shift of labile hy-
drogen atoms reflected in fluorescence or NMR spectroscopy, colligative properties,
phase-related properties, and powder XRD patterns, are someways to affirm the form-
ation of co-crystals. To aid with the deliberate construction of co-crystals, Etter sug-
gested a few rules relating to the hierarchy of hydrogen bond formation that consti-
tute a useful starting point for building hydrogen bonded assemblies [1]. A key rule
suggests that a hydrogen bonded self-assembly utilises all good hydrogen-donors and
acceptors. The strengths and directional properties associated with hydrogen bonds
are important to provide stability to self-assemblies [2, 3]. Charge-assisted hydrogen
bonds may occur when one or both of the hydrogen bond acceptor/donor carries/
carry charge. In these circumstances, a linear geometry is conferred upon the hydro-
gen bond. The rationale of co-crystal design states that multiple hydrogen bonding
sites in a molecule increases the complexity. Other crystallisation outcomes have in-
creased demand for pre-designed approaches to constructing supramolecular assem-
blies, such as polymorphism and having non-equivalent molecules in the asymmet-
ric unit [4–7]. The identification of synthons [8] in crystals is important to extend the
range of possibilities of assemblingmolecules in a predictivemanner. Over and above
hydrogen bonding, combinations of different weak interactions often participate in
the formationof supramolecular architectures. Further, solute-solvent interactionsoc-
curring in a solution during crystallisation may influence the conformations of mo-
lecules. Such conformational adjustment can yield different polymorphic forms. In
addition, solvent molecules may become a part of the solid structure either as inclu-
sion in cavities formed by the self-assembly of parent molecules or self-assemblies
formed by the solvent with the host compound. Two component co-crystals are very
common but predictable design of the assembly of three or more complementary hy-
drogen bonding groups during co-crystallisation is difficult. Weak hydrogen bonds

https://doi.org/10.1515/9783110464955-005
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compete with conformational changes and such subtle effects influence the selectiv-
ity of hydrogen bond formation.

This chapter is dedicated to a discussion of non-covalently linked assemblies of
isomeric quinoline in co-crystals possessing two or more components. Quinoline is
a constituent of chincona alkaloids, and derivatives of quinoline are useful as drugs
and advancedmaterials. Quinoline was initially obtained from the distillation of coal
tar [9] and also extracted by the distillation of cinchonine, quinine and other alkal-
oids treated with caustic soda [10]. Although quinolines as individual compounds do
not have many applications, quinoline derivatives do, having various applications in
medicine [11–15], catalysis [16–18] and electronics [19]. The molecular structures of
quinolines resemble naphthalene in that one carbon atom of the ring is substituted
by nitrogen. There are two isomers of quinoline, having nitrogen in the 1-position of
the ring, i.e. quinoline, whereas isoquinoline contains a nitrogen atom at 2-position
(Figure 5.1).

Fig. 5.1: Chemical diagrams for quinoline (1) and
isoquinoline (2).

Froma supramolecular chemistry point of view, there are three importantpoints about
quinolines that require attention: (a) the nitrogen atom in thesemolecules confers the
properties of a base, which is amenable for adduct formation with various hydrogen
bond donors, (b) the molecules are planar, hence suitable for π-stacking interactions
and (c) the quinoline units are made up of two fused, non-equivalent rings, hence are
dipolar. These three aspects play amajor role in guiding the supramolecular aspects of
quinoline derivatives. From a CSD study [20], it was suggested that about 69% of the
8-functionalised quinoline compounds surveyed possess π–π stacking interactions.
Quinoline based structures having π–π stacking interactions also have additional C–
H···π interactions significantly contributing to their self-assembled structures. On the
other hand, simplequinolinederivatives suchas chloroquineprovide extensive supra-
molecular chemistry through self-assembly via N-H···N interactions [21].

5.2 Supramolecular aspects of Quinolines

Quinoline and isoquinoline are liquids, and may be used as solvents. To begin with,
the supramolecular chemistry of quinolines starts from solute-solvent interactions.
While the present discussion is focused on the development of multi-component
crystalline compounds based on quinolines, reference to similar chemistry of the
structurally related compound pyridine is essential. Due to close structural simil-
arities between quinoline (pKa = 4.9) and isoquinoline (pKa = 5.5) with pyridine
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(pKa = 5.2), they form hydrogen bond synthons in a similar fashion to pyridine [22].
However, the fused dipolar ring-system in quinoline molecules means additional
factors need to be taken into account to explain their supramolecular assemblies. For
example, the most common co-formers for quinoline are carboxylic acids. Co-crystals
formed between carboxylic acids and quinolines are analysed from two perspectives:
(a) the matching of pKa values to form hydrogen bonds between partner molecules
and (b) the ability of quinoline to disrupt self-assemblies of the parent carboxylic
acids. The expected carboxylic acid-quinoline hydrogen bond motifs are shown in
Figure 5.2. Among these three motifs, QA1-QA3, QA1 comprises a discrete N-H···O in-
teraction, QA2 comprises an eight-membered cyclic synthon having two donors and
two acceptors, andQA3 is a seven-membered synthon also comprising twodonors and
two hydrogen bond acceptors. According to graph-set notation, QA2 is representative
of the R22(8)motif whereas QA3 is the R22(7)motif [1].

Fig. 5.2: Different hydrogen bondedmotifs between quinolone/quinolinium and carboxylic acids.

The lowest-energy orientations of the different motifs of quinoline interacting with
formic acid [22] are shown in Figure 5.3. The order of stability between the hydrogen
bonded motifs is QA3 > QA2 > QA1. From the energy-optimised structures, the N···H
distances are in the order QA1 (1.79 Å) > QA2 (1.76 Å) > QA3 (1.74 Å). Over and above
these features, the QA2 and QA3 motifs have additional C-H···O interactions that are
absent in QA1. Formic acid projects outwards from the quinoline ring in motif QA1,

Fig. 5.3: Energy optimised structures of (a)–(c) quinoline: formic acid co-crystals and (d) the
quinolinium formate salt.
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while it is co-planar in QA2 and QA3. The optimised O-H···N bond angle of QA2 is ob-
served as 166.6° while the analogous bond in QA3 is 179.8°. This is consistent with the
stability of motif QA3 over QA2. Although motif QA1 has an O-H···N angle of 179.9°,
i.e. the most linear, it is the least stable motif owing to the lack of a complementary
C–H···O interaction. B3LYP/6-31+G** level calculations show the difference in energy
between the QA3 and QA2 motifs as −0.63kcal/mol. Motif QA4 is a salt, comprising a
quinolinium cation and formate anion. The energy difference between the QA3 and
QA4motifs is −14.87 kcal/mol. Hence, from an energetic point of view, QA4 is the most
favourablemotif. From the optimised structure of QA4, the two constituents are in the
same plane. The calculated N–H bond length was found to be 1.06Å, which is much
longer than a realistic value for an N–H bond; a typical N–H covalent bond length is
approximately 0.80Å. On this basis, the ionic structure suggested for QA4 in Figure 5.3
is considered unrealistic.

Conventionally, the pKa values of an acid can be used to predict whether co-
crystals or salts are formed with appropriate co-formers. A theoretical study on the
quinolinium formate salt suggests geometric requirements should be a guiding factor
when deciding to adopt a structure, rather than the energyminimumstructure. Exper-
iments carried out in solution readily provide evidence for the exchange of a proton
between an acid and a base. The question on exchange is not as relevant for a solid
state structure which is, to a first approximation is considered static in this context.
Under these circumstances, hydrogen bond parameters can be employed to distin-
guish between a co-crystal and a salt, with the coupling of experimental results with
those obtained by theory being highly desirable, especially in borderline cases. As
the majority of the crystallisation processes are performed in solution, the pKa’s of
quinoline and each co-former become important in determining the formation of a co-
crystal or a salt. Empirically, a salt formed between an acid and a base occurs if ∆pKa
(pKa base – pKa acid) is greater than 2–3. Although this relationship is conventionally
used to predict the formation of a co-crystal or a salt, it is not an absolute rule. This is
due to the fact that many crystallisations are from non-aqueous media whereas ∆pKa
is calculated from acid dissociation constants measured in water. Hence, the crystal-
lisation outcomes of the same system from different solvent systems can vary. On the
basis of comparing large numbers of structures of co-crystals and salts derived from
amines and carboxylic acids, a linear relationship between ∆pKa and the probability
of proton transfer in the pKa range of −1 to +4 is observed. There exists a crossover
point at ∆pKa = 1.3. There is a greater than 50% probability of salt formation bey-
ond ∆pKa = 1.3. For general applicability, when ∆pKa > 3, salts are formed and
co-crystals are formed when ∆pKa < 3 [23]. This background on acid-base reactivity
can be analysed by considering some examples of co-crystallisation experiments with
quinolines.
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5.3 Cocrystals of Quinolines

4-Chlorobenzoic acid forms co-crystal with quinoline [24], 3 in Figure 5.4. The struc-
ture of this co-crystal is guided by an O–H···N hydrogen bond. The dihedral angle
between the quinoline ring and the aromatic ring of the acid is 44.75 (4)°, as a res-
ult of which is there is no hydrogen bonded cyclic motif involving a C–H···O inter-
action. The same is true in the case of co-crystal 4 formed by fumaric acid and 2-
methylquinoline [25] (Figure 5.4).

Fig. 5.4: Co-crystals 3 and 4.

A series of salts of 2-methylquinoline with carboxylic acids such as 3,5-dinitrobenzoic
acid, 3-hydroxy-2-naphthoic acid, oxalic acid and citric acid highlighted the interplay
of different weak hydrogen bonds in the formation of the respective crystals [25].

The structure of isoquinoline 3-chloro-2-nitrobenzoic acid co-crystal 5 (Figure 5.5)
presents interesting features [26], such as the crystallographic disorder in the atoms
shared between the donor and acceptor atoms. The disordered hydrogen atoms have
unequal probability between two positionswith site occupancies at the NandOatoms
being 0.30 and 0.70, respectively. On the other hand, isoquinoline forms a salt with 4-
chloro-2-nitrobenzoic acid, 6 (Figure 5.5). Here, proton transfer occurs from OH to the
nitrogen atom so that the acidic-H atom is located at the N site. Thus, the formation
of cyclic or linear motifs comprising hydrogen bonds is dependent on the extent of
proton transfer between the donor-acceptor atoms.

Fig. 5.5: Partial sharing of protons in co-crystal 5 and salt 6.

These observations of different structural features occurring in a series of structurally
closely related molecules open possible avenues for the development of host-guest
chemistry of quinoline with functionalised carboxylic acids. Hence, there is room to
vary the carboxylic acid to generate new and diversemulti-component systems. Func-
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Fig. 5.6: Examples of co-crystals of quinoline with di- and tetra-carboxylic acids, 7 and 8.

tional groups on quinoline can also play a dominant role in the generation of differ-
ent assemblies with interesting properties in multi-component quinoline co-crystals,
such as in quinoline molecules with multiple functional groups.

Aromatic imides connected to another co-formerunit serve as polyfunctional host
units that are suitable for co-crystal formation with quinolines. Among the imides,
phthalimide or naphthalimides are dipolar having two carbonyl sites that are hydro-
gen bond acceptors. So, such a unit not only guides the self-assembly through dipole-
dipole interactions but also, via the carbonyl bonds, guides the directional properties
of such assemblies [27]. Co-crystal 7 (Figure 5.6) has two cyclic motifs mediated by
C–H···O andN–H···Ohydrogenbonds formedbetween each carboxylic acid group and
aquinolinemolecule. On theother hand, the co-crystal of quinolinewithnaphthalene-
1,4,5,8-tetracarboxylic acid, 8, has both isolated and R22(7) type hydrogen bond
motifs [22] (Figure 5.6). There are two different O–H···N interactions involving two
quinolinemolecules. The two carboxylic acid groups forming the R22(7) rings are diag-
onally disposed across the fused-ring system. The other carboxylic acids are present at
the ends of the other diagonal and each forms an O–H···N interaction. The molecular
packing pattern of co-crystal 8 has quinoline molecules interacting with each other
by C–H···π interactions, d(C···π) = 3.61Å. The QA2 pattern was not observed in 8,
possibly due to the presence of strong π–π and O-π interactions among the quinoline
molecules.

Naphthalenediimide, 9, and tethered carboxylic acids, 10 and 11 (Figure 5.7) are
effective hosts for a variety of co-crystals with quinolines [28]. For example, 10 forms
two types of co-crystalswith quinoline. One formhas onemolecule of 10 connected to

Fig. 5.7: Naphthalenediimide (9) and two positional isomers of naphthalenediimide carboxylic acid
(11 and 12).
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Fig. 5.8: A part of the hydrogen bonded assembly of the two pseudo-polymorphs 12 and 13, and
quinoline encapsulation in co-crystal 14.

three quinolinemolecules and the other has 10 connected to five quinolinemolecules.
The thermal stabilities of these co-crystals are different, as discussed below. They are
also two pseudo-polymorphs of quinoline with 9, i.e. 12 and 13 (Figure 5.8). In the 1 : 3
co-crystal, the two carboxylic acid groups holds two quinoline molecules by hydro-
gen bonds and the interstitial voids of the assemblies defined by these motifs are oc-
cupied by quinoline molecules, being connected through weak C–H···O interactions
with naphthalendiimide or through C–H···π interactions rather than conventional hy-
drogen bonds (Figure 5.8). For comparison, 13 has two pairs of hydrogen bonds form-
ing R22(7) rings between the quinoline molecules and carboxylic acids whereas in 12,
the quinoline molecules are associated with the carboxylic acid groups of the host
molecule via isolated as well as a R22(7) type of hydrogen bonding pattern.
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Thermogravimetry of co-crystal 12 shows the loss of three quinoline molecules in
a single step at 185 °C, whereas 13 loses five quinolinemolecules in two steps, i.e. loses
two molecules of quinoline at 160 °C and the remaining three molecules of quinoline
are lost at 190 °C. As 10 is a positional isomer of 11, co-crystal formation by both with
quinoline might be expected to follow a similar trend. However, only a 1 : 3 co-crystal,
14, was observed in the case of 11. Co-crystal 14 comprises an assembly of two host
molecules of 11 connected to four molecules of quinoline through N–H···O interac-
tions. This assembly incorporates a quinoline molecule as illustrated in Figure 5.8.
There are two symmetry independent quinoline molecules bound to carboxylic acid
groups throughO–H···NandC–H···O interactions tomakeR22 (7)arrangements around
each carboxylic acid. The co-crystal 14 loses three molecules of quinoline on heating
to 148 °C. The differences in the thermal stability of 12 and 14 arise from differences
in their packing patterns. The above three examples of quinoline co-crystals have es-
tablished that the hydrogen bonded patterns predicted from theoretical calculation,
namely QA1 [discrete], QA2 [cyclic R22(8)] and QA3 [cyclic R22(7)] motifs illustrated in
Figure 5.3 are observed in the examples 12–14.

Consistent with the small energy differences between motifs QA1-QA3, two solv-
ates are formed by pyridine with pyromellitic diimide, 15 (Figure 5.9). Compound 15
forms two different types of crystals, onewith a 1 : 2 host:guest ratio and the other with
a 1 : 3 ratio [29]. The crystallisation of 15 from neat pyridine provided 16a, whereas
crystallisation of 15 from toluene with a limited amount of pyridine provided 16b (Fig-
ure 5.10). Each co-crystal comprises two symmetry independent diimide co-formers in
their respective asymmetric units andhas two pyridinemolecules bound to carboxylic
acid groups. The mode of association between co-formers in 16a is guided by R22(7)
hydrogen bonds, whereas 16b has one symmetry independent diimide with the same
pattern but with an additional pyridine linked via a C–H···N interaction. The other
molecules of 16b have two isolated O–H···N interactions along with one pyridine mo-
lecule associated via a C–H···N interaction.

Fig. 5.9: A pyromelletic diimide based dicarboxylic acid
host, 15.

The thermal properties of the two pyridine co-crystals are different: co-crystal 16a
loses four pyridine molecules with respect to two host molecules in a single step at
160 °C, whereas co-crystal 16b loses six pyridine molecules per two host molecules at
110 °C. This difference is a reflection of the different supramolecular motifs present in
the co-crystals. The interplay among weak interactions guiding pyridine-carboxylic
acid association is crucial in the constructions of a wide range of supramolecular as-
semblies [30, 31].
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Fig. 5.10: Supramolecular association in two co-crystals, 16a and 16b.

Fig. 5.11: Co-crystal of quinoline withmeso-1,2-
diphenyl-1,2-ethanediol, 17.

Since quinolines form co-crystals with weak acids it is expected that they will also
form co-crystals with acidic, OH-containing compounds, and this is borne out by ex-
periment. Since the alcohol-O–H···N hydrogen bond is relatively weak with respect
to a carboxylic acid-O–H···N hydrogen bond, additional, supportive interactions are
essential to stabilise a co-crystal containing quinoline and an alcohol. For example,
in the co-crystal formed between quinoline and meso-1,2-diphenyl-1,2-ethanediol, 17
(Figure 5.11), besides N–H···O hydrogen bonds, the system gains extra stability via C–
H···π interactions [32].

Similar features, over and above O–H···N hydrogen bonds, are found in a 2 : 1
co-crystal formed between quinoline and 18 (Figure 5.12). The self-assembly of this
co-crystal is primarily guided by O–H···N hydrogen bonds but features several other
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Fig. 5.12: Pyromellitic diimide tethered dihydroxybenzene, 18.

supramolecular interactions. There ismarked difference in the host-guest interactions
for the independent quinoline molecules [33], with one quinoline molecule being in-
volved in η2-type C–H···π interactions and other participating in η1-type C–H···π in-
teractions, as illustrated in the packing pattern of the co-crystal shown in Figure 5.13.
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Fig. 5.13: Part of the molecular packing of 19 showing the weak interactions between the host and
quinoline molecules.

The combined contributions of hydroxy and carboxylic groups in the self-assembly
process of co-crystals of quinolinewithhydroxy-carboxylic acid-containingmolecules
result in the formation of interesting channel-like architectures [34]. For example, di-
hydroxy-dicarboxylic acid 20 (Figure 5.14) functions as the host in 21, a 1 : 6 co-crystal
with quinoline. The host defines a 3D supramolecular architecture that contains 2D
rectangular channels along the a-axis of approximate dimensions 11 × 11Å. The chan-
nels are formedby the layered arrangement of host connected to a set of quinolinemo-
lecules. With the aid of weak interactions, a set of quinoline molecules is sandwiched
inside these channels (Figure 5.15a). Another set of quinoline molecules participates
in the enhancement of the supramolecular architecture from 2D to 3D through weak
interactions (Figure 5.15b).
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Fig. 5.14: A naphthalenediimide tethered to hy-
droxycarboxylic acid, 20.

Fig. 5.15: (a) Host-guest interactions in a part of crystal structure of 21 and (b) 3D-assembly of 21
containing guests inside the channels.

The hydrogen-acceptor propensity of quinoline towards multiple functional groups
is demonstrated in the co-crystal of 5-nitroquinoline with indole 3-acetic acid [35]. In
this case, a 2 : 1 co-crystal, 22, was formed in which two quinoline nitrogen atoms of
two independent molecules hydrogen bond to the carboxylic acid and amine of the
indole (Figure 5.16a) to form a ternary aggregate. In this example, the rings of host
and guest are π-stacked. 5-Nitroquinoline and indole-2-carboxylic acid also form a 1 : 1
co-crystal, 23, in which there is a heterosynthon linking the co-formers and a homo-
synthon to self-assemble a pair of two-molecule aggregates (Figure 5.16b) to generate
a quaternary system. This example of different self-assembly patterns for two similar
co-crystals depicts a co-crystal system that expands the domain of sub-assemblies to
form a robust, larger assembly. Out of 22 and 23, domain expansion is specific to 23,
and suggests that an adequate choice/ratio of partner molecules can be useful for the
domain expansion of sub-assemblies.

Kemp’s acid, cyclohexyl 1,3,5-tricarboxylic acid, having a locked conformation,
generates tweezer-like structures [36]; the pure form forms a dimeric assembly, 24
(Figure 5.17a). This hydrogen bonded dimer functions as a template [37] to hold
8-aminoquinoline in the form of co-crystal, 25 (Figure 5.17b), or in the case of 8-
hydroxyquinoline, in the form of a hydrogen bonded salt, 26 (Figure 5.17c). In the
former case, the hydrogen bonds guide assembly formation, while in the latter, elec-
trostatic interactions play a key role.
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Fig. 5.16: Two different co-crystals of 5-nitroquinoline with indole-2-carboxylic acid: 22 (2 : 1) and 23
(1 : 1).

Fig. 5.17: (a) Dimeric assembly of Kemp’s triacid (24), (b) self-assembly in co-crystal of 8-amino-
quinoline with Kemp’s triacid (25) and salt derived 8-hydroxyquinoline and Kemp’s triacid (26).

5.4 Cocrystals with chiral compounds

Many optical induction processes involve co-crystallisation of chiral quinoline deriv-
atives with racemic mixtures of optically active hydrogen-containing compounds. A
vast literature of chiral quinoline derivatives exists [38–43], with and without isol-
ation of co-crystals. Nevertheless, the introduction of a functional group such as
amine or hydroxyl in quinolines significantly broadens the scope for generating vari-
ous supramolecular assemblies. Quinine (27) and quinidine (28) (Figure 5.18) are two
commonly available chiral compounds that are widely used in chiral separation [44].
Co-crystallisation of quinine with saccharin leads to a 2 : 1 salt co-crystal, 29 [45],
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Fig. 5.18: Quinine (27), quinidine (28) and the salt co-crystal derived from 2 : 1 quinidine saccharine
(29).

in which the tertiary amine on one of the quinine molecules is protonated and the
saccharin-nitrogen is connected to this via a hydrogen bond. The three-component
species sees the second, neutral quinine molecule connect via a hydroxyl-O–H···N
hydrogen bond, as illustrated in Figure 5.19. The assembly of the just mentioned ag-
gregates leads to zig-zag chain-like structure. The solubility of this salt co-crystal is
greater than the marketed drug, the salt quinine sulfate.

Structural aspects of various multi-component systems of quinine with bianthryl
[46] and binaphthyl (30) derivatives [47], e.g. the 1 : 2 salt of quinidine with binaph-
thyl (31) and the 2 : 1 salt derived from quinidine and bianthryl (32) (Figure 5.19), 4-

Fig. 5.19: Chemical diagrams for the binaphthyl anion (30), 1 : 2 salt of quinidine with binaphthyl
(31), 2 : 1 salt derived from quinidine and bianthryl (32) and Mefloquine (33).
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Fig. 5.20: Chemical diagrams for cholic acid (34) and cinchonine (35).

hydroxybenzoate [48], salicylic acid [49] and mandelic acid [50] are known. Meflo-
quine (33) (Figure 5.19) is another quinine host that readily forms salts. For example,
Mefloquine forms crystalline salts with three isomers namely ortho-, meta- and para-
nitrobenzoic acid [51]. In the respective packing patterns of the salt, the orientation of
the quinoline ring was found to be guided by the anion.

Different types of spiral, supramolecular architectures are observed in the co-
crystals of bile acidswith chincona alkaloids [52], e.g. cholic acid (34) and chinconine
(35) (Figure 5.20). Cholic acid has multiple numbers of hydrophobic, aliphatic rings
which guide the arrangement during self-assembly. In the crystal, cholic acid mo-

Fig. 5.21: A head-to-tail stacking of cholic acid molecules leading to a spiral assembly in 36 (hydro-
gen atoms are omitted).
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lecules are arranged inahead-to-tailmannerwith connectionsbetween the carboxylic
acid end (head) and the hydroxyl unit (end) to generate a spiral structure, 36 (Fig-
ure 5.21). Such arrangements can assemble molecules of chinconine to form different
columnar structures, where the separation between the head and tail of neighbouring
molecules can be moderated by changing the functional groups on the bile acid or in
the chinconine unit.

Some quinoline derivatives tethered to an amide group have the ability to form
gels [53]. The packing arrangements of such amides show different orientations
around the guest molecules depending on the substituent. As shown in Figure 5.22,
head-to-head or head-to-tail arrangements, encapsulating a water molecule, were
observed in two derivatives.

Fig. 5.22: Head-to-head and head-to-tail arrangements of water-assisted self-assemblies (red ball
represents a water molecule) for quinoline derivatives tethered with an amide group.

5.5 Self-assemblies of amide bound quinolines

The quinoline derivative 37, containing an amide group, has a hairpin-like struc-
ture. The self-assembly of the perchlorate salt of 37 has a channel-like structure, 38,
having a pore of diameter 7.36 Å (Figure 5.23) [54]. In this particular example, weak
interactions, such as C–H···π and C–H···O interactions, contribute significantly to
the stability of the channel-like structure. N-[2-(4-Methoxyphenyl)ethyl]-2-(quinoline-
8-yloxy)acetamide is a suitable host for aromatic diols such as, 1,4-benzenediol, 1,5-
naphthalenediol and 1,5-dihdroxynaphthalenediol [55, 56]; the latter formsahydrated
co-crystal.

The quinoline derivative, 39 (Figure 5.24) on reaction with tetrafluoroboric acid
gives rise to a multi-component assembly 40 (Figure 5.24) comprising a salt encapsu-
lating both water and dimethylformamide molecules [54]. The interesting feature of
this reaction is that, despite having two sites available for protonation in 39, only the
oxyquinolinate site is protonated by tetrafluoroboric acid. On the other hand, in the
diperchlorate salt, 41, 39 is doubly deprotonated (Figure 5.24).
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Fig. 5.23: Chemical diagram for 37 and the self-assembly in the perchlorate salt, 38 (for clarity, per-
chlorate anions not shown)

Fig. 5.24: Tetrafluoroborate (40) and perchlorate (41) salts derived from 39.

Proton transfer from 1-phenyl-3-(quinolin-5-yl)urea, 42 (Figure 5.25) helps to distin-
guish isomeric dicarboxylic acids, e.g. maleic acid and fumaric acid, from positional
isomers, e.g. terephthalic acid and phthalic acid [57, 58]. One isomer of each pair
shows distinct colour change upon interaction with 42. Co-crystal and salt formation
have been established by single crystal X-ray diffraction as well as by solid state 13C-
NMR. The solid state NMR spectra of salt 44 show differences in the chemical shifts of
the carboxylic acid quaternary carbons.
Perchlorate salts of 1-phenyl-3-(quinolin-5-yl) urea, 1-phenyl-3-(quinolin-8-yl) urea and
quinoline-8-yl phenylcarbamate form self-assemblies that contain multiple numbers
of symmetry non-equivalent molecules in the asymmetric units [54]. Solid state NMR
proved useful for the identification of various heterosynthons andproton transfer pro-
cesses in quinidine-carboxylic acid systems [59].

Quinoline derivatives 45 and 46 (Figure 5.26), are amide containing compounds
that have multiple binding sites and are capable of binding various carboxylic acids.
Compound 45 distinguishes hydroxy dicarboxylic acids from their non-hydroxy ana-
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Fig. 5.25: Chemical diagrams for 1-phenyl-3-(quinolin-5-yl)urea (42), the co-crystal of 42 with maleic
acid, 43, and the salt derived from the reaction of 42 with fumaric acid, 44.

Fig. 5.26: Chemical diagrams for bis-quinoline derivatives, 45 and 46, designed for dicarboxylic acid
binding, and 47 showing the interaction of 46with tartaric acid.

logues and also aliphatic dicarboxylic acids from aromatic diacids [60]. Compound45
shows a high affinity towards tartaric acid andwhile interactingwith tartaric acid, the
fluorescence emission of compound46drastically changes, therefore enabling the de-
tection of tartaric acid in the presence of various other acids. This recognition process
uses complementary hydrogen bonds that accommodate tartaric acid within its arms
in a scissor-like geometry [61], see 47 in Figure 5.26.

Inter-linking between 2,3-dihydroxynaphthalene appended quinoline derivat-
ives with boron atoms opens an avenue for the construction of host systems, such
as 48 (Figure 5.27). Host 48 is a good receptor for the biphosphate anion (49 in
Figure 5.27) and results in colour changes after selective assembly formation with
biphosphate [62].
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Fig. 5.27: Boron complex 48 and its host-guest complex with biphosphate anion 49.

5.6 Interactions of quinolines with biomolecules

The discovery of host-guest complexes of DNA and quinolines was early in the
19th century. Monitoring the changes in the absorption spectrum of a solution of
chloroquine and double-stranded DNA helped to ascertain the existence of such com-
plexes [63, 64]. Such host-guest bindings were thought to play a role in anti-malarial
action. However, a comparison of the dose dependence and binding ability of dif-
ferent quinoline derivatives with DNA suggests that DNA binding is independent of
anti-malarial action. On the other hand, chloroquine inhibits the polymerization of
toxic heme released during proteolysis of haemoglobin in the Plasmodium digestive
vacuole [65] (Figure 5.28).

Based on such studies, a model for chloroquine blocking the hemozoin polymer-
isation in the absence of a protein was suggested [66, 67]. A schematic representa-
tion showing the end-capping by inclusion of a quinoline derivative to inhibit such
polymerisation is shown in Figure 5.29. The proof obtained from suchmodels demon-
strated the complexation ability of quinolines with porphyrin complexes such as 50,
as shown in Figure 5.29. In this example, the quinoline compound form end-capped
dimers of gallium porphyrin complexes preventing oligomer formation [68].
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Fig. 5.28: A schematic representation of heme-quinoline interactions (five membered rings are
pyrrole units and dark balls are iron ions).

5.7 Self-assemblies of quinoline containing metal complexes

Over and above these examples, quinoline based complexes serve as a template for
aromatic guest inclusion through stacking interactions. For example, the thiocyanate
isoquinoline nickel complex, 51 (Figure 5.30) forms inclusion complexes [69] with
three positional isomers of xylene. In these examples, the xylene molecules occupy
the spaces formed between the host molecules, which have extensive regions capable
of forming π-interactions.

8-Aminoquinolines forms mixed ligand bi- or trinuclear complexes [70] with
manganese. Depending on whether the reaction is performed in solution or in the
solid state, mixed ligand binuclear (52) or trinuclear manganese(II) carboxylate (53)
2-nitrobenzoate complexes with 8-aminoquinolines are observed (Figure 5.31). In
these two complexes no guest inclusion takes place, when 3-methylbenzoate and
8-aminoquinoline are reacted with manganese acetate in the solid state, inclusion of
8-aminoquinoline in the interstices of the resulting trinuclear mixed ligand complex
is observed.
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Fig. 5.29: End-capped dimeric porphyrin based
complex, 50.

Fig. 5.30: Tetra(isolquinoline)bis(thiocayanato)nickel(II), 51.

The quinolinium nickel(II) 2,6-dipicolinate complexes shown in Figure 5.32 show
interesting reactivities and structural features in the solid state [71]. The self-assembled
quinolinium bis(2,6-dipicolinate)nickel(II) species exhibit π–π stacking among the
quinolinium cations, d(π–π) = 3.72 – 3.74Å, but no π–π interactions with the dipico-
linate residues of the cation are evident. The 8-aminoquinoline replaces the cations
of the quinolinium bis(2,6-dipicolinate)nickel(II) by being protonated during the ex-
change reaction.
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Fig. 5.31: (a) Binuclear (52) and trinuclear (53) mixed ligand complexes (Hydrogen atoms are omitted
for clarity of presentation).

Fig. 5.32: The self-assembled structures of (a) (HQ)2[NiL2].5 H2O and (b) (H5AQ)2[NiL2].4 H2O (L =
2,6-dipicolinate, HQ= quinolinium cation and H5AQ = 5-aminoquinolinium cation).

Conclusions

Various self-assemblies of quinoline based compounds have clearly shown the im-
portance of factors such as the (a) strength and directional properties associated with
hydrogen bonds, (b) interplay of weak interactions, (c) packing requirements and
(d) competitive energy of synthons. The resurgence of interest in multi-component
systems suggests that quinoline derivatives will play a role in providing different in-
teractions to connect multiple components. To assemble three chemical components
by weak interactions gives rise to multiple possibilities. Therefore, the above factors
can be employed to guide their formation as well as selection of partners. Especially
in multi-component synthesis, there will be multiple possibilities to form homodi-
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mers and heterodimers, whichmay prevent a third component from participating in a
hydrogen bonding scheme. To make a multi-component crystal, the choice of solvent
also becomes crucial, as all the components need to be soluble in the same solvent.
As the number of components increases, the solubility will decrease compared with
binary or single component systems; the reverse may be true in electrostatically
guided assemblies. For a sequential growth, the first two components must be more
tightly bound than the third component; then a sequential addition can occur. Fur-
ther, the strength of such synthons should not compete with the interaction of the
solvent. Quinoline-carboxylic acid synthons present in multi-component systems are
very sensitive to the substituent on the quinoline molecule, mode of preparation and
supramolecular environment. These points make quinolines suitable as probes for
the study of binding with different substrates for molecular recognition. Quinoline
derivatives have widespread properties spanning gel formation to optical materials
in which multi-component systems make a definite impact. The understanding of
how quinoline based drugs interact with biological systems require further study
as such drugs continue to evolve. Due to the analogous structural relationship of
quinoline rings with the naphthalene unit, the aggregation-induced optical proper-
ties of quinolines have attracted the attention of material scientists. Finally, a focus
upon nano-dimensional assemblies through quinoline based compounds will also
continue to generate attention in molecular imaging, imprinting, and nano-dimen-
sional assemblies such as optical and magnetic materials.
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6 N-oxides in multi-component crystals and
in bottom-up synthesis and applications

6.1 Introduction

Organic N-oxides are an interesting class of bipolar molecules that have formal N+–
O− bond/s. They are biologically important compounds [1], drugs [2] and find applic-
ations as ligands in coordination complexes [3]. N-oxides are also extensively used
as oxidants and in catalysis [4–7]. Due to their dipolar nature, N-oxides are soluble
in polar solvents, including water [8]. The dipolar nature of the N-oxide has been re-
vealed by the crystal structure analysis of pyridine N-oxide, which is a widely used
molecule in various spheres of the chemical sciences [9]. Due to the dipolar nature of
N-oxides, they can formhydrogen bondswith simple alcohols; these interactions have
been studied in solution. For example, the interactions betweenpyridineN-oxidewith
methanol is reflected in the blue shift of the first π–π* transition in spectra recorded in
methanol solution with respect to a spectra of a hydrocarbon solution of N-oxide [10].
The N–O bond can participate in linear or bifurcated hydrogen bonds, the latter by
the oxygen atom accepting hydrogen bonds from two hydrogen bond donors simul-
taneously, as illustrated in Figure 6.1 [11]. The hydrogen bond energies of N-oxide fall
in the range of 8 to 10 kcal/mol for each bifurcated hydrogen bond, and for a single,
linear O–H···O(N-oxide) hydrogen bond, it is about 20 kcal/mol. On the other hand,
the energy of heteronuclear N–H···O(N-oxide) interactions is about 4–5kcal/mol. N-
oxides canparticipate in inter- and intra-molecular hydrogenbonds. The intramolecu-
lar hydrogen bond found in picolinic acid N-oxide, shown in Figure 6.1c, shows a very
short O···O distance of 2.44Å, suggesting it to be a very strong hydrogen bond [12].
The co-crystal of pyridine N-oxide with trichloroacetic acid is hydrogen bonded with
a short O···O distance of 2.43Å, also consistent with a very strong hydrogen bond.
These observations generate interest in theoretical chemistry [13]. The correlations
between vibrational frequencies in different adducts of pyridine N-oxide with water
and acids are generally studied by FTIR and NMR spectroscopy, X-ray diffraction, and
quantum chemicalDFT calculations. PyridineN-oxideN→O stretching is observed at
1252 cm−1, which changes upon hydrogen bond formation. It is red-shifted by ∼18 cm−1

upon the interaction of the water with its co-crystal with hydrochloric acid. This band
appears at 1198 cm−1 in acetonitrile solutionandappears at 1196 cm−1 in the crystalline
phase. The hydrogen bond associated with the N-oxide group of pyridine N-oxide in
its co-crystals influences the π-electronic structures as revealed by FTIR and 13C-NMR
studies. This also explains the acidifying effect of N-oxide groups on neighbouring
protons [14].

https://doi.org/10.1515/9783110464955-006
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Fig. 6.1: Representations of (a) linear (b) bifurcated
(c) intramolecular hydrogen bonding in N-Oxides (D is
an electronegative atom such as N and O.).

It is also interesting to note that depending on the functional groups on quinoline
N-oxides, such as 8-hydroxyquinoline-N-oxide and 2-carboxyquinoline-N-oxide, dif-
ferent intramolecular hydrogen bonded cyclic motifs can be formed, as shown in
Figure 6.2 [15]. The O···O distance in the structure of 2-carboxyquinoline-N-oxide is
2.44Å and for 8-hydroxyquinoline-N-oxide is 2.54Å, which are suggestive of having
very strong intramolecular hydrogen bonds.

Fig. 6.2: Intramolecular hydrogen bonding in quinoline based
N-oxides.

The hydrogen bond forming ability of trimethyl-N-oxide with water affects the fold-
ing of proteins and the micellisation of surfactants in aqueousmedium. Near-infrared
spectroscopic studies on such interactions have revealed that trimethyl-N-oxide mod-
ifies the free energy associated with the structural reorganisation of water molecules
in these systems [16].

Herein, an overviewof the supramolecular chemistry of N-oxides is given, broadly
divided into organic and inorganic systems.

6.2 N-oxides in the organic solid state

TheN-oxide group acts as a proton acceptor tomanyhydrogen bond donormolecules.
Thus, the competition between different functional groups present in the co-former
when forming a co-crystal determines the overall architecture of its self-assembly. It is
generally found that hydrogen bonds significantly influence the N–O bond length and
its properties, including π-delocalisation. The study of competitive hydrogen bond-
ing [17] between functional groups such as hydroxyl and carboxyl groups present in
a co-former, suggests that carboxylic acid groups prefer the formation of acid dimers,
while hydroxyl groups have a tendency to form hydrogen bonds with the oxygen
atom of N-oxide. However, if a carboxylic acid compound is devoid of a hydroxyl
group, it interacts with N-oxide. Among carboxylic acid and amine groups, the former
prefers to be a hydrogen donor ahead of the amine donor. Thus, the co-crystal of
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4-nitropyridine-N-oxide with 2-hydroxybenzoic acid has O-H(acid)···O(N-oxide) inter-
actions, whereas the self-assembly of the co-crystal between 2,3,4-trihydroxybenzoic
acid and 4-nitropyridine-N-oxidehas O(N-oxide)-OH(phenolic) contacts. In co-crystal
of 4-nitropyridine-N-oxide with 4-aminobenzenosulfonamide, the N-oxide interacts
with the NH2 group as illustrated in Figure 6.3.

Fig. 6.3: Supramolecular association in the co-crystals of 4-nitropyridine-N-oxide with (a) 2-
hydroxybenzoic acid, (b) 3,4,5-benzenecarboxylic acid and (c) 4-aminobenzenesulfonamide.

Conventionally, in biological or synthetic oxidation of aldehydes to carboxylic acids,
hydrated aldehydes are proposed as intermediate species. Bifurcated hydrogen bonds
are able to stabilise aldehyde hydrates, which are otherwise highly unstable. For ex-
ample the hydrated form of trichloroacetaldehyde [18] forms cyclic as well as poly-
meric assemblies through bifurcated hydrogen bonds as illustrated in Figure 6.4.

Fig. 6.4: (a) Cyclic and (b) polymeric assembly of trichloroacetaldehyde with N-methylmorpholine
N-oxide.

Similarly, pyridine-N-oxide acts as a bridge to link phenylsulphonamidemolecules to
form a cyclic arrangement [19] as shown in Figure 6.5. In this case, the bifurcated hy-
drogen bonds involve two N-H donors of sulphonamides. Such cyclic assemblies have
extra stability owing to the ionic contribution to the hydrogen bonds. It may be also
noted that assemblies formedby bifurcated hydrogen bonds have unequal numbers of
donors and acceptors, hence a cyclicmotif mediated by the bifurcated hydrogen bond
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Fig. 6.5: A hydrogen bonded cyclic assembly of
pyridine-N-oxide with phenyl sulphonamide.

of N-oxide is usually formed, at least in instances where the molecule has no other
hydrogen bonding functionality.

In co-crystals formed between 2,2-dipyridyl-N,N-dioxide and different dicarb-
oxylic acids, C-H···O interactions form that provide orientation to bimolecular associ-
ation between the co-formers. When these interactions are systematic, isosteric syn-
thons are observed in these co-crystals [20]. In a similar vein, amides interact with
N-oxide and such interactions facilitate the formation of co-crystals of 4,4-bipyridine-
N,N-dioxide with barbiturate drugs [21].

Co-crystals of organicN-oxideshavedeep roots in thebasic sciences. For example,
trimethylamine-N-oxide belongs to a class of compounds called osmolytes which are
accumulated by many prokaryotes, fungi, plants and animals that live under osmotic
stress. These organisms accumulate N-oxides to avoid experiencing environmental
water stress [22]. Trimethylamine-N-oxide is also used as electron acceptors by some
bacteria under anaerobic conditions for the oxidation of organic substrates [23]. Be-
sides these examples, triethylamine-N-oxide is a risk factor for cardiovascular dis-
ease in humans [25]. Hence, there are extensive theoretical and experimental studies
on this molecule to understand its behaviour in the supramolecular context. Spec-
troscopic studies have revealed that trimethylamine-N-oxide together with urea de-
creases the number of defects in the hydrogen bonded structure of water. It has also
been suggested thatwatermediated interactions between trihydrated trimethylamine-
N-oxide and urea, as depicted in Figure 6.6, are responsible for the osmoprotectant
property of trimethylamine-N-oxide. The three hydrogen bond acceptor sites on the
oxygen atom of trimethylamine-N-oxide are provided by water molecules, which, in
essence, define a hydration shell. There is no evidence for direct urea and N-oxide

Fig. 6.6: A model showing water mediated assembly between
trimethyl-N-oxide with urea in solution.
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adduct formation in aqueous medium. Thus, supramolecular association of two com-
pounds balances the defects in the hydrogen bonded structure of water introduced by
the individual solutes. This factor is responsible for osmolytic behaviour in biological
systems [26].

A halogen bond is a highly directional, non-covalent interaction formed between
a polarised A–X bond (where X is halogen and A is more electropositive atom than X)
and a nucleophile. Such bonds have contributions from charge transfer and elec-
trostatic interactions [27, 28]. These interactions are commonly observed between
N-oxides and polyfluoroalkyl or polyfluorobenzene molecules [29]. Highly volatile li-
quids such as 1,2-diiodoperfluoroethane and 1,4-diiodoperfluorobutane are stabilised
by pyrazine 1-oxide and tetramethylpyrazine-bis-N-oxide through X···O bonds [30].
Such X···O interactions are also useful for the construction of supramolecular self-
assemblies of nitroxide free radicals. For example, 1,4-diiodotetrafluorobenzene can
assemble with the 4-phenyl-2,2,5,5-tetramethyl-3-imidazolin-1-yloxyl and 4-amino-
2,2,6,6-tetramethyl(piperidin-1-yloxyl) radicals [31]. The interactions between the N-
oxy radical with halogen in these molecules are functional group dependent. For ex-
ample, the 2 : 1 self-assembly between the 4-phenyl-2,2,5,5-tetramethyl-3-imidazolin-
1-yloxyl radical and 1,4-diiodotetrafluorobenzene occurs via major contributions
provided by N···I interactions (Figure 6.7a). In the case of the 4-amino-2,2,6,6-tetra-
methyl(piperidin-1-yloxyl) radical, the 1 : 1 assemblywith 1,4-diiodotetrafluorobenzene
results in a supramolecular polymer that features both N–H···I and O···I interactions,
as shown in Figure 6.7b [31].

Fig. 6.7: Self-assemblies found in the co-crystals of 1,4-diiodotetrafluorobenzene with (a) 4-phenyl-
2,2,5,5-tetramethyl-3-imidazolin-1-yloxyl radical and (b) 4-amino-2,2,6,6-tetramethyl(piperidin-1-
yloxyl) radical.

N-iodosuccinimide and N-iodosaccharin form co-crystals with various N-oxides, and
1H-NMR provides evidence for their association in solution. For example, in acetone-
d6 solution, N-iodosaccharin interacts with 2-methylpyridine N-oxide (Figure 6.8)
whereby there are definitive shifts in the resonances assigned to the pyridyl pro-
tons [32]; the ring protons of the N-iodosaccharin molecule are also affected. The
binding constant between 2-methylpyridine-N-oxide and N-iodosaccharin was de-
termined to be 2774M−1.
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Fig. 6.8: Supramolecular association in the co-crystal of N-
iodosaccharin and 2-methylpyridine-N-oxide.

BifurcatedX···O interactions ofN-oxide are electrostatic in nature, whichhas its origin
in the electropositive σ-hole in an electron pair of the halogen atom donor. Such inter-
actions are useful in building well-defined polygons in the solid state via bifurcated
X···O interactions (Figure 6.9a). For example, I···O interactions are utilised to prepare
various supramolecular polygons as shown in Figure 6.9b and c.

Fig. 6.9: (a) Bifurcated X···O bond. Assemblies through I···O interactions formed between N-oxides
and diiodo-tetrafluorobenzene derivatives to form (b) tetragonal and (c) hexagonal arrangements.

4,4-Bipyridine-N-oxide forms hydrogen bonded networks with 2,2,6,6-tetracarboxy-
biphenyl (Figure 6.10a) by forming bifurcated hydrogen bonds. The self-assembly util-
ises 2,2,6,6-tetracarboxybiphenyl as the central pivot to form architectures which re-
semble metal-organic frameworks (Figure 6.10b) [35].

Co-crystals of bent N-oxides provide space to form different architectures that
are guided by O(N-oxide)···H-O interactions supported by weak C-H···O interactions.
For example, two bent N-oxides, i.e. 4-(5-(pyridin-4-yl)furan-2-yl)pyridine 1-oxide and
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Fig. 6.10: (a) 2,2,6,6-Tetracarboxybiphenyl and (b) interactions of bipryridine-N,N-dioxide with the
carboxylic acid.

4,4-(furan-2,5-diyl)bis(pyridine 1-oxide) (Figure 6.11a and b) form co-crystals with
various dihydroxyaromatic, hydroxycarboxylic and aminocarboxylic acids [36]. The
positions of the donor atoms of themolecule playpivotal roles in the packingpatterns.
The supramolecular assemblies formed by these N-oxides with dihydroxyaromatics,
such as 1,3-dihydroxybenzene and 1,3,5-trihydroxybenzene, are two-dimensional. Ex-
amples of the variety in packing patterns due to the interplay of directional weak
interactions within hydrogen bonded motifs are depicted in Figure 6.11c and d.

Amides and aromatic-N-oxides can form complementary hydrogen bonds. For ex-
ample, carboxamide and pyridineN-oxide self-assemble to form ahelical architecture
(Figure 6.12a). In this case, complementary hydrogen bonds participate in the con-

Fig. 6.11: Examples of bent N-oxides (a) 4-(5-(pyridin-4-yl)furan-2-yl)pyridine 1-oxide and (b) 4,4-
(furan-2,5-diyl)bis(pyridine 1-oxide). Self-assembly in co-crystals of the bent N-oxide, 4,4-(furan-
2,5-diyl)bis(pyridine 1-oxide), with (c) 1,3-dihydroxybenzene and (f) 3-hydroxybenzoic acid.
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Fig. 6.12: Self-assembly of (a) carboxamide pyridine N-oxide and (b) 4,4-dipyridyl-N,N-dioxide with
pyrimidine-2,4,6(1H,3H,5H)-trione.

struction of cyclic motifs. Based on similar principles of N-oxide and amide binding
it is found that bipyridine-N-oxide is a suitable co-former for self-assembly; one such
example is shown in Figure 6.12b.

C2-2-Methylresorcin-4-arene (Figure 6.13) forms host-guest complexes with pyrid-
ine N-oxide and quinoline N-oxide [37]. In solution, 1 : 1 host-guest complexes are
formed, while in the solid state, dimeric, capsule-like assemblies with 2 : 3 and 2 : 2
host-guest stoichiometry are observed. 2-Methylpyridine-N-oxide or 4-methoxypyri-
dine-N-oxide are included by Cethyl-2-methylresorcinarene when it adopts a crown
conformation and so function as guests. 2-Iodopyridine-N-oxide is trapped by the
host through intermolecular N–O···I–C halogen bonds. The halogen bond interac-
tions in these co-crystals are found to be as strong as hydrogen bonds [38]. These
examples show that N-oxides, as guests, can guide the conformation of a host to
facilitate molecular recognition.

Fig. 6.13: C2-2-Methylresorcin-4-arene.
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Among boronic acids, 1,4-phenyldiboronic acid forms co-crystalswith a variety of aro-
matic N-oxides [39, 40]. The structures feature quite diverse hydrogen bondingmotifs.
Thus, examples of linear, bifurcated and trifurcated hydrogen bonding have been en-
countered. For instance, the diboronic acid co-crystalwith pyridine is guided by linear
O(N-oxide)···H-O interactions (Figure 6.14a). The contribution of C-H···O interactions
along with the O(N-oxide)···H-O(boronic acid) hydrogen bonding can generate cyclic
motifs. Hence, quinoline N-oxide forms trifurcated hydrogen bonds as shown in Fig-
ure 6.14b, whereas isoquinoline self-associates into a dimer to which one O-H group
of diboronic acid is hydrogen bonded in an oblique manner (Figure 6.14c). A close in-
spection of these structures reveals that there are two different geometries observed
in the packing patterns, i.e. type 1 and type 2, as shown in Figure 6.14d. In theory, type
2 has greater stability over type 1.

Fig. 6.14: Principal hydrogen bonded motifs in co-crystals of 1,4-phenyldiboronic acid with
(a) pyridine-N-oxide, (b) quinoline-N-oxide and (c) isoquinoline-N-oxide. Two types of O(N-oxide)···H-
O(boronic acid) interactions: (a) type 1 and (b) type 2 are shown.

A design principle to construct a rotaxane [41] through anN-oxide···amide interaction
is represented in Figure 6.15a. An example of a rotaxane suitable for anion binding is
shown in Figure 6.15b. The rotaxane has two, diagonally opposite amide functionalit-
ies. The thread through the rotaxane, i.e. the rod, is functionalised with N-oxide and
amide residues capable of complexing with an anion. As shown in Figure 6.15b, at a
given time, the N-oxide forms bifurcated O···HO(amide) hydrogen bonds to stabilise
the rotaxane arrangement and to enable the formation of anion···O(carbonyl) interac-
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Fig. 6.15: (a) Design principle to construct an anion sensor mediated by N-oxide···amide interactions
and (b) a rotaxane where N-oxide can exchange between two positions.

tions. Switching between the hydrogen bonding and complexing sites can be envis-
aged. To function as an efficient anion sensor, the anion must have complementary
geometry and size. Thus, a design principle allows high selectivity in anion binding
leading to the possibility of anion sensing applications.
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6.3 N-oxides in coordination and self-assembly of metal
complexes

The foregoing discussions have illustrated the utilities of N-oxides as partner mo-
lecules in the assemblies of multi-component organic molecules. From an inorganic
chemistry point of view, N-oxides have also been of great importance. Thus, N-oxides
form metal complexes giving rise to different supramolecular architectures by either
acting as a formal ligand for a metal or purely as a co-crystal partner, associated via
hydrogenbonds. The commonbindingmodesofN-oxides are illustrated inFigure 6.16.

Fig. 6.16: Some binding modes for N-oxides found
in metal complexes.

The electron donating ability of amine oxides was initially realised from the reaction
of trimethylamine oxide with Lewis acids [42]. Biologically related molecules such as
adenine 1N-oxide and adenosine 1N-oxide form complexes with transition metal ions
and have generated interest in supramolecular coordination chemistry [43]. Adenine-
1N-oxide and adenosine 1N-oxidemay chelate first-row transitionmetal ions as shown
in Figure 6.17. In the first example, (Figure 6.17a), the N-oxide group remains unco-
ordinated,whereas in the latter (Figure 6.17b), the chelate ring includes theN–Obond.

Fig. 6.17:Metal complex formation by
(a) adenine 1N-oxide and (b) adenosine
1N-oxide.

Pyridine N-oxide (PNO) binds metal ions either in a monodentate or a µ2-bridging
mode. The coordination ability of pyridine N-oxide can be compared with the co-
ordination ability of oxides such as triphenylphosphine oxide and dimethylsulphox-
ide [44]. Hence, PNO functions in a µ2-bridging mode in [(PNO)CuCl2]2 (Figure 6.18a),
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whereas both monodentate and µ2-bridging modes of PNO binding are observed in
[Cu(PNO)2Cl2]2 (Figure 6.18b) [45–47]. Thus, a change in stoichiometry in closely re-
lated complexes allowsmultiple bindingmodes of PNO. As an aside, these complexes
show interesting antiferromagnetic coupling between the copper(II) ions.

Fig. 6.18: Structures of (a) [(PNO)CuCl2]2 and
(b) [Cu(PNO)2C12]2.

Hexa-aquo cobalt(II) chloride or bromide forms co-crystals with 4,4-bipyridyl-N,N-
dioxide (4,4-BPNO). In these co-crystals, two [Co(H2O)6]2+ cations are bridged by
two 4,4-BPNO molecules through O(N-oxide)···H–O–Co hydrogen bonds. A similar
hexaaquo cobalt(II) complex of 4,4-BPNObut with 1,2,4,5-benzenetetracarboxylate is
also known [48]. Such co-crystals are often obtained in hydrated forms. Co-crystals of
hexaaqua manganese and zinc complexes with different carboxylates with N-oxides
are well known [49–52]; each of them are formed by hydrogen bonding interactions of
N-oxide with coordinated water molecules. The competition between coordination of
N-oxide or carboxylate ligands can be successfully utilised to prepare co-crystals or
coordination polymers. A one-dimensional coordination polymer with PNO bridges of
composition [Mn(RC6H4COO)2(PNO)]n (R = H, 2-NO2, 4-NO2, 4-OH, 4-Cl, etc.) can be
prepared under ambient conditions; an example, [Mn(C6H5COO)2(PNO)]n, is shown
in Figure 6.19. These polymers are antiferromagnetic [52].

2,2-Bipyridyl-N,N-dioxide (2,2-BPNO) can act either as a chelating or a bridging
ligand. This is possible because of free rotation around C–C single bond linking
the aromatic rings of 2,2-BPNO (Figure 6.20). Thus, 2,2-BPNO can coordinate to
metal centres either in a cis- or trans-geometry, as shown in Figure 6.21. However,
simultaneous µ2-bridging by both N-oxo groups is not common for this ligand, an
observation which may be due to steric factors. The [La(2,2-BPNO)4](ClO4)3 complex
has a cubic coordination geometry [53]; a copper(II) benzoate complex with 2,2-
bipyridyl-N,N-dioxide is a coordination polymer having spiral arrangements [49].
The 2,2-BPNO ligand forms a one-dimensional coordination polymer with compos-
ition [Cu2(C6H5COO)4(2, 2 − BPNO)]n (Figure 6.21). Each copper(II) centre adopts a
square pyramidal geometry, with 2,2-BPNO coordinated in the apical position. The
Cu–Cu distance within the paddle wheel unit is 2.64Å, while the shortest Cu···Cu
distance between paddle wheel units is 8.04Å.
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Fig. 6.19: A coordination polymer, [Mn(C6H5COO)2(PNO)]n , of pyridine-N-oxide.

Fig. 6.20: Two coordination geometries observed for 2,2-bipyridyl-N,N-dioxide.

Fig. 6.21: Part of the coordination polymer of [Cu2(C6H5COO)4(2, 2 − BPNO)]n .
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A three-dimensional coordinationpolymer, [Mn2(BDC)2(4, 4−BPNO)4 ⋅ (DMF)2]n [54]
features coordinating para-benzenedicarboxylate (BDC) and 2,2-BPNO ligands, the
latter through a η2–μ2 : μ2-bindingmode. The structure has channels in two different
directions, with sizes 13.24 and 17.71 Å, which are filled with DMF molecules (Fig-
ure 6.22a). These complexes are useful in the separation of benzene, toluene, ethyl-
benzene, etc. The intercalation of chlorobenzene molecules in the channels is shown
in Figure 6.22b.When the complexwas immersed in amixture of benzene and toluene
in a 1 : 1 volume ratio, only benzene was selectively adsorbed. There are also examples
of one-dimensional coordination polymers of N-oxides that are held in place through
hydrogen bonding to form a grid-like structure. Coordination polymers of 4,4-BPNO
containing different metal ions, {[M(H2O)4(4, 4-BPNO)][ClO4]2⋅2(4, 4-BPNO)}n (M
= Co, Ni, Cu or Zn), has two molecules of 4,4-BPNO included as solvates, connected
by hydrogen bonding with the water-hydrogen atoms (Figure 6.23).

Fig. 6.22: (a) Part of the coordination polymer [Mn2(BDC)2(4, 4−BPNO)4 ⋅ (DMF)2]n and (b) intercal-
ation of chlorobenzene molecules in the channels.
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Fig. 6.23: Channel-like structure of {[Mn(H2O)4(4, 4−BPNO)][ClO4]2⋅2(4, 4−BPNO)}n, showing the
inclusion of bipyridine-N-oxide.

A poly-oxometalate based framework, {[Ho4(4,4-BPNO)8(H2O)16BW12O40]·2 H2O}
(BW12O40)2·(Hpz)2·(H2O)11, was obtained from multiple ligands such as 4,4-BPNO
and hexahydropyrazine (Hpz) [55], and formnanocages. FourHo3+ ions are connected
by four bridging 4,4-BPNO ligands in an alternate manner to form the main skeleton
of the nanocage. Adjacent cages are linked by bridging 4,4-BPNO ligands to gener-
ate a one-dimensional ribbon comprising nanocages (Figure 6.24). Adjacent ribbons
are linked through hydrogen bonds and π···π stacking interactions. The (BW12O40)5–

anions and solvent water molecules fill the pores of the crystals.

Fig. 6.24: Poly-oxometalate based lanthanide-organic framework.
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6.4 Conclusions

Thenon-covalent assembly of organic and inorganicmoleculeswithN-oxidesprovides
a range of architectures. Selective guest binding is possible in these assemblies. The
formation of bifurcated hydrogen bonds in the non-covalent synthesis of N-oxides as
hosts or guests play amajor contribution in well-defined self-assemblies. On the other
hand, the ability of N-oxides to form bridges between metal ions provides room to as-
semble multi-component systems to form coordination polymers or metal-organic
frameworks. Halogen bonds between N-oxides with halogenated organic compounds
open up additional avenues for the construction of new pre-designed assemblies.
Being polar, N-Oxide molecules are capable of forming strong hydrogen bonds to sta-
bilise self-assemblies through electrostatic contributions andprovide usefulmaterials
for crystal engineering endeavours.

Bibliography

[1] Monge A, Palop JA, De Cerain AL, Sebador V, Martinez FJ, Sainz Y, Narro S, Garcia E, de Miguel
C. Hypoxia-selective agents derived from quinoxaline 1,4-di-N-oxides. J. Med. Chem. 1995, 38,
1786–1792.

[2] Chopra S, Koolpe GA, Tamboong AA, Matsuyamat KN, Ryan KJ, Tran TB, Doppalapudit RS, Ric-
cio ES, Iyer LV, Green CE, Wan B, Franzblau SG, Madrid PB. Discovery and optimization of ben-
zotriazine di-N-oxides targeting replicating and nonreplicating mycobacterium tuberculosis. J.
Med. Chem. 2012, 55, 6047–6060.

[3] Roesky HW, AndruhM. The interplay of coordinative, hydrogen bonding and π–π stacking
interactions in sustaining supramolecular solid-state architectures. A study case of bis(4-
pyridyl)- and bis(4-pyridyl-N-oxide) tectons. Coord. Chem. Rev. 2003, 236, 91–119.

[4] Albini A, Alpegiani M. The photochemistry of the N-oxide function. Chem. Rev. 1984, 84, 43–
71.

[5] Gnanamani E, Someshwar N, Sanjeevi J, Ramanathan CR. Conformationally rigid chiral bicyclic
skeleton-tethered bipyridine N,N-dioxide as organocatalyst: asymmetric ring opening of
meso-Epoxides. Adv. Synth. Catal. 2014, 356, 2219–2223.

[6] N. Takenaka, R. S. Sarangthem, B. Captain. Helical chiral pyridine N-oxides: a new family of
asymmetric catalysts. Angew. Chem. Int. Ed. 2008, 47, 9708–9710.

[7] Tao B, Lo MMC, Fu GC. Planar-chiral pyridine N-oxides, a new family of asymmetric catalysts:
exploiting an η5-C5Ar5 ligand to achieve high enantioselectivity. J. Am. Chem. Soc. 2001, 123,
353–354.

[8] Verdejo B, Gil-Ramirez G, Ballester P. Molecular recognition of pyridine N-oxides in water us-
ing calix[4]pyrrole receptors. J. Am. Chem. Soc. 2009, 131, 3178–3179.

[9] Ulku D, Huddle BP, Morrow JC. The crystal structure of pyridine 1-oxide. Acta Crystallogr. B
1971, 27, 432–436.

[10] Trombetti A. Hydrogen bonding in pyridine N-oxides. J. Chem. Soc. B 1968, 1578–1580.
[11] Taylor R, Kennard O, Versichel W. Geometry of the nitrogen-hydrogen···oxygen-carbon(N–

H···O : C) hydrogen bond. Three-center (bifurcated) and four-center (trifurcated) bonds. J. Am.
Chem. Soc. 1984, 106, 244–248.

 EBSCOhost - printed on 2/13/2023 8:12 PM via . All use subject to https://www.ebsco.com/terms-of-use



Bibliography | 161

[12] Steiner T, Schreurs AMM, Kroon J. Strong intramolecular O–H···O hydrogen bonds in quinaldic
acid N-oxide and picolinic acid N-oxide. Acta Crystallogr. C 2000, 56, 577–579.

[13] Stare J, Hart M, Daemen L, Eckert J. The very short hydrogen bond in the pyridine N-oxide-
trichloroacetic acid complex: an inelastic neutron scattering and computational study. Acta
Chim. Slov. 2011, 58, 521–527.

[14] Balevicius V, Aidas K, Svoboda I, Fuess H. Hydrogen bonding in pyridine N-oxide/acid sys-
tems: proton transfer and fine details revealed by FTIR, NMR, and X-ray diffraction. J. Phys.
Chem. A 2012, 116, 8753–8761.

[15] Desiderato R, Terry JC, Freeman GR, Levy HA. The molecular and crystal structure of 8-
hydroxyqunoline N-oxide. Acta Crystallogr. 1971, 27, 2443–2447.

[16] Michele AD, FredaM, Onori G, Santucci A. Hydrogen bonding of water in aqueous solutions
of trimethylamine-N-oxide and tert-butyl alcohol: a near-infrared spectroscopy study. J. Phys.
Chem. A 2004, 108, 6145–6150.

[17] Rybarczyk-Pirek AJ, Lukomska-Rogala M, Wojtulewski S, Palusiak M. N-Oxide as a pro-
ton accepting group in multicomponent crystals: X-ray and theoretical studies on new p-
nitropyridine-N-oxide cocrystals. Cryst. Growth Des. 2015, 15, 5802–5815.

[18] Roth AJK, Tretbar M, Stark CBW. Mimicking the active site of aldehyde dehydrogenases: stabil-
ization of carbonylhydrates through hydrogen bonds. Chem. Commun. 2015, 51, 14175–14178.

[19] Goud NR, Babu NJ, Nangia A. Sulfonamide-pyridine-N-oxide cocrystals. Cryst. Growth Des.
2011, 11, 1930–1939.

[20] Baures PW, Wiznycia A, Beatty AM. Hydrogen bonding isosteres: bimolecular carboxylic acid
and amine-N-oxide interactions mediated via C–H···O hydrogen bonds. Bioorg. Med. Chem.
2000, 8, 1599–1605.

[21] Babu NJ, Nangia A. Carboxamide–pyridine N-oxide heterosynthon for crystal engineering and
pharmaceutical cocrystals. Chem. Commun. 2006, 1369–1371.

[22] Lin T-Y, Timasheff SN. Why do some organisms use a urea-methylamine mixture as osmolyte?
Thermodynamic compensation of urea and trimethylamine N-oxide interactions with protein.
Biochemistry 1994, 33, 12695–12701.

[23] Hille R. The mononuclear molybdenum enzymes. Chem. Rev. 1996, 96, 2757–2816.
[24] Richardson DJ, Bacterial respiration: a flexible process for a changing environment. Microbio-

logy 2000, 146, 551–571.
[25] Morello JP, Petäjä-Repo UE, Bichet DG, Bouvier M. Pharmacological chaperones: a new twist

on receptor folding. Trends Pharmacol. Sci. 2000, 21, 466–469.
[26] Hunger J, Ottosson N, Mazur K, Bonn M, Baker HJ. Water-mediated interactions between

trimethylamine-N-oxide and urea. Phys. Chem. Chem. Phys. 2015, 17, 298–306.
[27] Desiraju GR, Ho PS, Kloo L, Legon, AC, Marquardt R, Metrangolo P, Politzer P, Resnati G, Ris-

sanen K. Definition of the halogen bond (IUPAC Recommendations 2013). Pure Appl. Chem.
2013, 85, 1711–1713.

[28] Metrangolo P, Resnati G. (Eds) Halogen Bonding: Fundamentals and Applications, Springer,
2008.

[29] Messina MT, Metrangolo P, Panzeri W, Pilati T, Resnati G. Intermolecular recognition between
hydrocarbon oxygen-donors and perfluorocarbon iodine-acceptors: the shortest O···I non-
covalent bond. Tetrahedron 2001, 57, 8543–8550.

[30] Aakeroy CB, Wijethunga TK, Benton J, Desper J. Stabilizing volatile liquid chemicals using co-
crystallization. Chem. Commun. 2015, 51, 2425–2428.

[31] Boubekeur K, Syssa-Magale J-L, Palvadeauc P, Schöllhorn B. Self-assembly of nitroxide rad-
icals via halogen bonding-directional NO···I interactions. Tetrahedron Lett. 2006, 47, 1249–
1252.

 EBSCOhost - printed on 2/13/2023 8:12 PM via . All use subject to https://www.ebsco.com/terms-of-use



162 | 6 N-oxides in multi-component crystals and in bottom-up synthesis and applications

[32] Puttreddy R, Jurček O, Bhowmik S, Mäkelä T, Rissanen K. Very strong −N–X+···−O–N+ halogen
bonds. Chem. Commun. 2016, 52, 2338–2341.

[33] Aakeroy CB, Wijethunga TK, Desper J. Constructing molecular polygons using halogen bonding
and bifurcated N-oxides. CrystEngComm 2014, 16, 28–31.

[34] Raffo PA, Cukiernika FD, Baggio RF. The three-component cocrystal 1,3,5- trifluoro-2,4,6-
triiodobenzene–pyridine N-oxide–water (1/2/1) built up by halogen bonds, hydrogen bonds
and π–π interactions. Acta Crystallogr. C 2015, 71, 84–88.

[35] Roy S, Biradha K. Exploration of salts and cocrystals of with acetic acid, monobasic and di-
basic N-heterocycles, and N-oxides. Cryst. Growth Des. 2013, 13, 3232–3241.

[36] Hou G-G, Ma J-P, Wang L, Wang P, Dong Y-B, Huang R-Q. Co-crystallization of oxadiazole-
bridged pyridyl-N-oxide building modules with R-aromatics (R = –OH, –NH2 and –COOH).
CrystEngComm 2010, 12, 4287–4303.

[37] Beyeh NK, Puttreddy R, Rissanen K. Aromatic N-oxide templates open inclusion and dimeric
capsular assemblies with methylresorcinarene. RSC Adv. 2015, 5, 30222–30226.

[38] Puttreddy R, Beyeh NK, Rissanen K. Inclusion complexes of Cethyl-2-methylresorcinarene and
pyridine N-oxides: breaking the C–I···−O–N+ halogen bond by host–guest complexation.
CrystEngComm 2016, 18, 793–799.

[39] Sarma R, Baruah JB. B-π-aromatic and C–H···B interactions in cocrystals of aromatic amine
N-oxides with p-phenylenediboronic acid. J. Mol. Struct. 2009, 920, 350–354.

[40] Sarma R, Bhattacharyya PK, Baruah JB. Short range interactions in molecular complexes of
1,4-benzenediboronic acid with aromatic N-oxides Comput. Theo. Chem. 2011, 963, 141–147.

[41] Mercurio JM, Tyrrell F, Cookson J, Beer DP. Neutral [2]rotaxane host systems that recognise
halide anions in aqueous solvent mixtures. Chem. Commun. 2013, 49, 10793–10795.

[42] Burg AB, Bickerton JH. Trimethylamine oxide boron fluoride. J. Am. Chem Soc. 1945, 67, 2261.
[43] Perrin DD. Metal complexes with adenine 1-N-oxide and adenosine 1-N-oxide. J. Am. Chem Soc.

1960, 83, 5642–5645.
[44] Carlin RL. Transition metal complexes of pyridine N-oxide, J. Am. Chem Soc. 1961, 83, 3773–

3775.
[45] Quagliano JV, Fujita J, Franz G, Phillips DJ, Walmsley JA, Tyree SS. The donor properties of

pyridine N-oxide. J. Am. Chem Soc. 1961, 83, 3770–3773.
[46] Sager RS, Williams RJ, Watson WH. Structure of the oxyhyponitrite ion. Inorg. Chem. 1969, 8,

693–694.
[47] Estes ED, Hodgson DJ. Structural characterization of bis[dichloroaquo(pyridine N-oxide)cop-

per(II)]. Inorg.Chem. 1976, 15, 348–352.
[48] Fabelo O, Pasan J, Lioret F, Julve M, Ruiz-Perez C. Structural versatility in cobalt(II) complexes

with 1,2,4,5-benzenetetracarboxylic acid (H4bta) and 4,4-bipyridine-N,N-dioxide (dpo).
CrystEngComm 2007, 9, 815–827.

[49] Sarma R, Boudalis AK, Baruah JB. Aromatic N-oxide bridged copper(II) coordination polymers:
synthesis, characterization and magnetic properties, Inorg. Chim. Acta 2010, 363, 2279–
2286.

[50] Sarma R, Karmakar A, Baruah JB. Synthesis and characterization of pyridine N-oxide com-
plexes of manganese, copper and zinc. Inorg. Chim. Acta 2008, 361, 2081–2086.

[51] Sarma R, Karmakar A, Baruah JB. N-oxides in metal containing multi components molecular
complexes, Inorg. Chem. 2008, 47, 763–765.

[52] Sarma R, Perumal A, Baruah JB. Some aspects of N-oxide bridged manganese (II) co-
ordination polymers, J. Coord. Chem. 2009, 62, 1513–1524.

[53] Karaghouli ARAl, Day R, Wood JS. Crystal structure of tetrakis(2,2-bipyridine dioxide)
lanthanum perchlorate: an example of cubic eight-coordination, Inorg. Chem. 1978, 17, 3702–
3706.

 EBSCOhost - printed on 2/13/2023 8:12 PM via . All use subject to https://www.ebsco.com/terms-of-use



Bibliography | 163

[54] Xu G, Zhang X, Guo P, Pan C, Zhang H, Wang C. MnII-basedMIL-53 analogues: Synthesis using
neutral bridging μ2-ligands and application in liquid-phase adsorption and separation of C6-
C8 aromatics. J. Am. Chem Soc. 2010, 132, 3656–3657.

[55] Dang D, Bai Y, He C, Wang J, Duan C, Niu J. Structural and catalytic performance of a polyox-
ometalate-basedmetal-organic framework having a lanthanide nanocage as a secondary
building block, Inorg. Chem. 2010, 49, 1280–1282.

 EBSCOhost - printed on 2/13/2023 8:12 PM via . All use subject to https://www.ebsco.com/terms-of-use



Elena V. Boldyreva
7 Multi-component crystals
and non-ambient conditions

7.1 Introduction

In the last decade ever more research in the field of organic solid-state chemistry is
dedicated to crystals, which include several chemical species, in particular, salts, co-
crystals and their solvates [1, 2]. Multi-component crystals are of great interest for
basic understanding of the factors that influence the formation of crystal structures
from fluid phases under different experimental conditions and for their response to
variations in temperature and pressure [1–3]. This is the next level in crystal engin-
eering, since one has different fragments to self-assemble and one must control not
only the formation of a certain polymorph, but also of a multi-component crystal vs
several separate mono-component phases. Many of these systems are of practical im-
portance, for example in the pharmaceutical industry [4–7], as ferroelectrics [8, 9],
non-linear optical materials [10–12] and as energetic materials [13–17].

Non-ambient conditions are widely used when studying multi-component crys-
tals in several contexts: for their synthesis as well as for probing different types of
intermolecular interactions by varying temperature and/or pressure. Aspects ofmulti-
component crystals under non-ambient conditions, specifically variable pressure con-
ditions, form the focus of this chapter.

7.2 Synthesis of multi-component crystals at non-ambient
conditions

Sometimes, it is thermodynamically preferable to form a multi-component crystal
instead of the separate phases of individual components. Alternatively, a multi-
component crystal can be formed as ametastable phase only. Non-ambient conditions
can be required in both cases, but probably more often in the latter. Fast precipitation
can result in multi-component crystals, salts or co-crystals, whereas longer crys-
tallisation times under equilibrium conditions would produce phases of individual
components separately. Spray-drying, freeze-drying, anti-solvent crystallisation, crys-
tallisation from super-critical fluids as well as dry or liquid-assisted co-grinding can
give the same or different multi-component crystalline phases, which are often meta-
stable, but can be preserved indefinitely [7, 18–38]. When predicting experimental
conditions under which a solid phase or multiple solid phases will be formed, it
is equally important to consider the thermodynamic phase diagrams and the kin-
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etics of the transformations [7, 18, 35, 39–41]. In many cases, desired phases form
only when nuclei form very fast, i.e. on quick precipitation using anti-solvent tech-
niques, high-temperature spray drying, cryogenic freeze drying and co-grinding [7].
This may be a manifestation of Ostwald’s rule according to which the most stable
equilibrium form does not precipitate on fast crystallisation, but rather the form that
nucleates faster [42, 43]. A comparison of the phases formed when using different
techniques, all of which are related to fast precipitation, can give a better insight into
the mechanisms of crystallisation. Sometimes, different phases are formed, depend-
ing on whether the solution has been mixed on precipitation or not. For example, a
bis-glycinium oxalate methanol di-solvate precipitates from a 2 : 1 glycine:oxalic acid
solution on anti-solvent precipitation by methanol left to crystallise without stirring,
whereas a bis-glycinium oxalate crystallises if methanol is added to the same solution
and then mixed actively [44].

Co-grinding of powder mixtures is increasingly often used to produce multi-
component crystals [7, 19, 22–26, 28, 35]. Grinding processes can now be monitored
both ex situ at different stages of the transformation, as well as in situ using either X-
raydiffraction, Ramanspectroscopy, or both techniques simultaneously [7, 24, 26, 45–
59]. Despite these developments, little is known about the mechanisms of these
transformations or the temperatures and pressures generated at the contact between
particles at the moment of collision. Further uncertainty surrounds the role of fluid
phases, mixing and temperature, or how the type and exact protocol of mechanical
action may affect the process. In some situations, a solid–solid reaction may not re-
quire mechanical treatment. Instead, one simply needs to ensure particle–particle
contacts are formed between reactive species [7, 24]. In fact, it is sometimes pos-
sible to separate components by a membrane, through which a volatile component
can penetrate in the gas phase, reacting on the surface of a second particle. In such
cases, co-grinding simply ensures efficient reactant particle contacts through mixing
or removing product layers, thereby refreshing the accessible, reactive surface of the
starting material. In other cases, continuous grinding is not required at all. Here, it
may suffice to mix a multi-component powder and leave it, as the transformation will
start (possibly after some induction period) and proceed to completion [7, 24]. The
presence of liquid (for example, even traces of water in air) can facilitate the process
enormously [7, 24–26, 28, 54]. By contrast, if the mixture is kept in a dry box, for ex-
ample under dry N2, no transformation occurs. This suggests that the transformation
does not, in fact, occur in the solid state, but in a fluid, be it a concentrated solution
at the interface between solid particles, a mono-layer of liquid on the surface or even
a vapour formed under hydrothermal conditions during particle-particle (or particle-
milling body) collisions generating pulses of temperature and pressure [24, 60]. A
water molecule can form a bridge between the reactive centres and act as a catalyst
for the completion of the reaction. Polymeric excipients added to the mixture can also
promote the reaction between its components, and one of the reasons for this may
be that these polymers influence the water content in the mixture via its release and
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absorption [61–63]. An alternative is that the polymer acts as a template, a “binding
site”, at which the two components can be more easily brought into contact and re-
act. Polymers can also increase the lifetime of higher-energy metastable states of the
components and facilitate the reaction between the components in this way. Finally,
polymeric additives can modify the rheology of the mixture and therefore assist in
achieving the multiple inter-particle contacts required for an efficient reaction.

The origin of the fluid may vary. In some cases, samples may absorb moisture
from the air. This is a particularly important phenomenon when mixtures of compon-
ents are hygroscopic, even though their individual components are not. This has been
termed contact-assisted hygroscopicity [7]. For systems containing crystal hydrates
(or other solvated species), fluid may be formed on decomposition of these fluid-con-
taining phases (also often assisted by the presence of another solid component). The
molar content of water in a crystal hydrate is comparable with that of the compound
itself. Thus, the presence of water as a potential reactant cannot be neglected. Local
concentrations in solution at the interface will be high, a factor that may account for
the fact that a single drop of liquid added to the solid mixture can be sufficient for
a transformation (liquid-assisted grinding, LAG). In the presence of different liquids,
different phases can form [64]. The amount of liquid and the form inwhich it has been
introduced into the system can determine the stoichiometry and the crystal structure
of the product [35]. Quite often, the samephases are formed ongrinding as on fast anti-
solvent crystallisation or spray-drying [24, 35]. Visually, the involvement of liquid in
the mechanochemical synthesis can manifest itself as caking: a hard, concrete-like
solid is formed from loose, free-flowing starting powder after mechanical treatment.
Caking can be prevented by adding a water-absorbing polymer, such as PVP, to the
mixture. In this way, the addition of such an “unreactive additive” can make a syn-
thesis possible. A fluid phase can also be formed at the interface of the colliding solid
particles, due to eutectic melting [7, 24, 66]. This phenomenon also manifests itself as
caking, or a powder may become sticky. Sometimes, one can also detect that a mix-
ture becomes warm to the touch upon grinding. Using thermo-couples, it is possible
to follow the temperature at different sites of the milling jar, and this can give a rough
estimate of the lower temperature limit that can arise on treatment. It is important to
keep in mind that this value is likely significantly lower than the actual temperature
at the contact interface between the particles. Estimates given in the literature range
from 50 to 1000 °C at these interfaces. Obviously, this value depends on thematerials,
reactions and the treatment itself [24]. It is even more difficult to estimate the local
pressures that can arise at the inter-particle contacts at the moment of collision. The
presence of high pressure phases among the reaction productsmay indirectly indicate
that such pressure has been reached during treatment. One must also consider coup-
ling between pressure and heating. However, it is quite often found that the products
of mechanical treatment in a mill differ qualitatively from those formed under hydro-
static pressures. Uponmilling or grinding, high temperature phases tend to formmore
frequently than their high pressure counterparts [7, 24, 67].
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The presence of fluid phases can also influence a mechanochemical synthesis by
affecting mixing. Increasing humidity favours inter-particle bonding and the forma-
tion of ordered mixtures with less segregation of the ordered units. When mixed in
fluidised beds (liquid–solid, gas–liquid–solids), cohesive powders cannot be fluid-
ised homogeneously because of the tendency to channel. In cases where a reaction
does not proceed on grinding of a dry mixture, but becomes possible when a fluid
(one that does not dissolve the components) is added, one should consider the pos-
sibility that the fluid affects the rheology of the powder. In doing so, the fluid therefore
affects mixing.

Mechanical action in an apparatus is not continuous, but comprises multiple
short pulses [24, 68]. Each pulse impacts different particles and so even at high fre-
quencies, it is difficult to approximate the mechanochemical reaction (even from the
view of a single particle) as being continuous. A consequence is that for mechano-
chemical reactions the total time that a sample is being ground in amill is not a kinetic
parameter. Significantly different physical processes occur (i) during a mechanical
pulse and (ii) between pulses. In the first case, pulses of temperature and pressure
are generated. In the second case a relaxation process takes place. One should there-
fore consider two unique regimes in a mechanochemical process: the time during a
mechanical pulse itself (t1) and the time between pulses (t2). By changing the pulse
frequency, one can affect the ratio t1 to t2, and also in this way, the reaction. Quite
often, infrequent pulses are more efficient for synthesis, since it is the time between
pulses during which a chemical reaction takes place [65, 68, 69]. Another important
issue to be considered is that mechanical action can be of different types, ranging
from free or restricted impact to pure shear, with intermediate combinations also pos-
sible. The efficiency of impact or shear can vary for different reactions. For example,
the treatment of a mixture of piroxicam with succinic acid by a series of restricted
impacts produces a piroxicam-succinic acid co-crystal. Instead, shear action on the
same mixture does not generate any new phases. Moreover, if a piroxicam-succinic
acid co-crystal is prepared by co-crystallisation from solution and subsequently sub-
jected to shear, it decomposes into two phases, piroxicam and succinic acid [70]. In
a mill, where both shear and impact are possible, a transformation can be incom-
plete. Since the shear to impact ratios at different sites of a jar are different, different
reaction products can form at different sites of the vessel during the ball-milling pro-
cess [26, 65], and also at different moments in time – first the easily flowing powder
sample experiences significant shear, whereas after a compact tablet is formed, the ef-
fect of impact becomes dominating [65]. It is also possible to change the impact-shear
ratio by changing the type of instrument (using different types of mills, extruders), or
by varying the frequency of vibrations using the same mill [65, 68–71].
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7.3 Low temperature and high pressure studies
of multi-component crystals

Variable-temperature and variable-pressure studies can be very helpful in order to
study intermolecular interactions and structure-property relationships in crystals. An
analysis of the anisotropy of lattice strain on variations of temperature has been used
as a tool of probing the relative strength of different types of hydrogen bonds as shown
by the work of Ubbelohde et al. [72–74] in the beginning of this century. During the last
decade, studies of the anisotropy of strain on increasing pressure became a very im-
portant method for probing various types of intermolecular interactions [75–78].

Multi-component crystals can be studied under variable conditions either in
the stable range of the same phase or over polymorphic transitions or solvation/
desolvation processes [3]. In the first case, the main idea is to compare the bulk com-
pressibilities and the anisotropy of strain of a multi-component crystal with those
of the phases of individual components. This is especially interesting if some of the
structure-forming motifs are the same (or similar) in a salt/co-crystal and the indi-
vidual component structure [12, 79–83]: one can compare the properties of similar
motifs in different crystalline environments.

Another research direction is related to modifying the stability of crystal struc-
tures with respect to structural rearrangements. Adding second and third compon-
ents, one can modify or even radically change the crystal structure and, in this way,
also the physical properties of a solid in a controlled way. In particular, a structure
can become more robust, more elastic, more stable with respect to variations of tem-
perature, pressure, humidity, more soluble or more compressible. The cases when the
crystal structures of individual components have the same or similar structuralmotifs
as those of salts/co-crystals, but the presence of another component has a significant
effect on the structural stability are of special interest.

7.3.1 Structure stabilisation by a second component

Examples where pressure induced phase transitions are observed for crystals of pure
amino acids, but not for their salts, have been provided by cysteinium oxalates. In the
crystals of L- andDL-cysteine, the side chains –CH2SH can formweak hydrogen bonds
either with the side chains of the neighbouringmolecules (SH···S) orwith the terminal
carboxy- groups (SH···O) [84–87]. The crystals of the orthorhombic polymorph of L-
cysteine show several phase transitions at pressures between 1GPa and at 3.9GPa.
These transitions are related to the rotation of the side chains and the formation of
new types of hydrogen bonds [88, 89]. The monoclinic polymorph of L-cysteine also
undergoes a series of phase transitions with increasing pressure, which are related
to the switching over of the hydrogen bonds within the –SH···SH···O– structural mo-
tif [89]. The crystal structure of DL-cysteine is even less stable with respect to increas-
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ing pressure and transforms to another polymorph at about 0.1 GPa (an unusually low
pressure for a crystalline amino acid) [90].

In a subsequent study, it was hypothesised that crystal structures of cysteine de-
rivatives could be stabilisedwith respect to phase transitions by reducing the mobility
of the side chain. This was achieved by enhancing the role of the –SH group of the side
chain by encouraging the formation of intermolecular hydrogen bonds. The methods
employed were (i) by N-acetylation (to remove the strong –NH3

+ donor and negating
the influence of strong charge-assisted interactions) and (ii) by co-crystallisationwith
an acid, e.g. oxalic acid, (to convert the amino acid to a cation to make it a strong
anion hydrogen bond acceptor to enhance the importance of potential –SH donors).
The crystal structures of three compounds N-acetyl-L-cysteine, DL-cysteinium semi-
oxalate, and bis-(DL-cysteinium) oxalate were investigated under conditions of vary-
ing of temperature and pressure. Increasing pressure to at least 9.5 GPa did not result
in phase transitions for either N-acetyl-L-cysteine or bis-(DL-cysteinium) oxalate.
However, in the case of DL-cysteinium semi-oxalate, at 6 GPa, a phase transition
occurred cf. to pressure induced phase transitions observed earlier for both mono-
clinic and orthorhombic L-cysteine at 2.5–3.9GPa and 1.1–2.5GPa, respectively, and
DL-cysteine at 0.1–5GPa. The phase transition for DL-cysteinium semi-oxalate was
accompanied by a large hysteresis so that the reverse transformation induced decom-
pression was observed at 3.7 GPa only. These changes were correlated with changes
in molecular conformations and reorganisation in the N–H···O hydrogen bonds in the
crystal [91].

7.3.2 Structure destabilisation by a second component

Anopposite effect to that described in Section 7.3.1 is also possible. Amulti-component
crystal canundergo a structural rearrangement undermilder conditions than the crys-
tals of the pure components. Examples include the salts and co-crystals of glycine.
Glycine is the simplest amino acidwith no side chain. The glycine zwitterions are held
together in the crystalline state by N–H···O hydrogen bonds between the terminal
amino- and carboxy- groups. Three polymorphs are known under ambient conditions
(α-glycine [92, 93], β-glycine [94], γ-glycine [95]), depending on the way the zwit-
terions are connected. Upon increasing pressure, the crystal structure can undergo
a reversible phase transition without destroying the single crystal at low pressure
(β-polymorph, 0.76 GPa [96–98]) or a reconstructive phase transition from a single
crystal to powder at a higher pressure (γ-polymorph, 3.5 GPa [97, 99–101]), or can
remain incredibly robust (α-polymorph, at least up to 23GPa [102]). It was assumed
that the remarkable stability of the α-polymorph is provided by the centrosymmetric
double layers linked by N–H···O hydrogen bonds. So, if this motif is destroyed by
introducing a second component, one can expect that the new crystal structure will
be less stable with respect to pressure than α-glycine.
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In fact, phase transitions have been reported for severalmulti-component crystals
containing glycine. Bis-glycinium oxalate undergoes two phase transitions, one at 1.7
and the other at 5 GPa. These are accompanied by the significant rearrangement of
hydrogen bonds in the crystal and violent crystal fragmentation, as evidenced by IR-
spectroscopy and X-ray powder diffraction [103–105]. Based on the IR-spectroscopic
data, it was supposed that the whole hydrogen bond network is radically rearranged
so that someN–H. . .Ohydrogenbonds are brokenwhile other, weakerN–H. . .Ohydro-
gen bonds are formed, resulting in two non-identical glycine molecules in the asym-
metric unit. At 5GPa, another reorganisation of N–H···O hydrogen bonds takes place
[103–105]. Another salt, 1 : 1 glycinium oxalate, does not undergo structural phase
transitions upon increasing pressure, though symmetrisation of the O–H···O hydro-
gen bonds occurs at 8 GPa [106]. No phase transitions have been observed in either
of the salts during cooling. A co-crystal of glycine with glutaric acid, GGa, undergoes
a single-crystal to single-crystal polymorphic transition at pressures below 0.1 GPa,
which is a much lower transition pressure than has been observed for any of the indi-
vidual amino acids [107]. The same polymorph is formed also upon cooling [107, 108].
The polymorphic transformations upon cooling and with increasing pressure are re-
lated to the conformational changes in the flexible glutaric acid: every second glutaric
acid molecule in the structure changes its shape. The topology of the hydrogen bon-
dedmotifs remains almost the sameandhydrogenbonds donot switch to other atoms,
although the hydrogen bond lengths do change and some of the bonds become non-
equivalent [107, 108]. Co-crystals of glycine with other co-formers, -DL-tartaric and
phthalic acids (GTa andGPh, respectively), behave differently than those with glutaric
acid.Upon cooling, no phase transitionswere observed in GTa or GPh, contrasting the
situationwith GGa. On hydrostatic compression, both GTa andGPhunderwent revers-
ible phase transformations accompanied by fracture. In the high pressure phases, the
main structural framework is preserved but the number of crystallographically inde-
pendent molecules increases. In GTa, dimers are squeezed together so that some hy-
drogen bonds acquire three-centred character and the interactions of one of the two
glycine molecules changes dramatically [109].

High-pressure behaviour was studied also for another multi-component crystal
based on glycine, namely, for glycine lithium sulphate [110]. Raman studies and DFT
calculations suggested the formation of an intramolecular hydrogen bond at higher
pressures. Subsequent to a structural transformation to a new high pressure phase
at 9 GPa, the observed spectral changes in the Raman spectra above 14GPa indicated
possible conformational change of glycine from a zwitterionic to a neutral form. At
pressures above 18GPa, the characteristic features in the Raman spectra and the X-ray
diffraction patterns suggested transformation to a hydrogen bond assisted polymeric
phase with intermediate range order [110].

Another example of making a structure more prone to a high-pressure phase
transformation is by adding a second co-former, and in this way an oxalic salt of DL-
alaninium, namely DL-alaninium semi-oxalate monohydrate allows for the breaking
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of homosynthons and radical change to thewhole crystal structure [111]. DL-alanine it-
self does not show anyphase transitionswith increasing pressure [112]. Themolecules
in the salt are linked via N–H···O hydrogen bonds into a three-dimensional frame-
work [113, 114]. Similar to the structure of L-alanine [115–118], the CH3– side chains
do not form any hydrogen bonds, and their rotation does not result in any phase
transitions either in L- [119–121] or in DL-alanine [112]. In contrast, DL-alaninium
semi-oxalate monohydrate, in which the framework found in the pure amino acid
is broken, undergoes a single-crystal to single-crystal phase transition at a pressure
between 1.5 and 2.4 GPa [111]. Selected hydrogen bonds involving alaninium cations
and crystal water molecules switch over and become bifurcated, whereas others are
compressed continuously. The transition is accompanied by pronounced discontinu-
ities in the cell parameters and volume versus pressure, although no radical changes
in the molecular packing are induced. Remarkably, the rigid homosynthon chain mo-
tifs of alaninum cations and of oxalate anions are preserved with increasing pressure,
and no proton transfer is observed [111].

7.3.3 A change in the transformation mechanism in the presence of a second
component in a similar pressure range

It is also possible that a structural phase transition in a multi-component crystal is
observed in the same pressure range as for the crystals of the primary basic com-
ponent, but the structural mechanism changes. An example of this is provided by
a comparison of the effect of pressure on L- and DL-serine [109–115], L-serine mono-
hydrate [116, 117], bis-DL-seriniumoxalate dihydrate [118], L-seriniummaleate and the
L-ascorbic acid–L-serine co-crystal [119].

L-serine has a framework crystal structure [120] similar to those of L-alanine [121],
DL-alanine [122] and the orthorhombic polymorph of L-cysteine [84, 85], and its side
chain, –CH2OH, is involved in the formation of intermolecular O–H···O hydrogen
bonds which are stronger than S–H···O or S–H···S hydrogen bonds. At ambient pres-
sure, O–H···O hydrogen bonds are formed between the –CH2OH groups of neigh-
bouring chains of molecules. As pressure increases, a cooperative rotation of the side
chains results in a structural phase transition at about 5GPa, so that new O–H···O hy-
drogen bonds between the side chains and the terminal carboxy- groups are formed.
As pressure increases further, the side chains rotate at about 8GPa, to once again
form a new phase with additional bifurcated hydrogen bonds [109, 110, 112–115]. The
two reversible phase transitions preserve the integrity of the single crystals, and the
interface propagates rapidly through the crystal along one of the crystallographic
directions. This is possible since the main structure is held by highly elastic N–H···O
hydrogen bonds between the terminal amino- and carboxy- groups, which are pre-
served, while the side chains rotate. The layered structure of DL-serine in which the
–CH2OH side chains form O–H···O bonds to the carboxy- groups at ambient pres-
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sure [111] does not undergo any structural phase transition with increasing pressure
at least up to 8.6GPa [111], though non-monotonic distortion of selected hydrogen
bonds in the pressure range below 1–2GPa, a change in the compression mechanism
at 2–3GPa and evidence of the formation of bifurcated N–H···O hydrogen bonds at
3–4GPa were reported [115].

The crystal structure of L-serine monohydrate (L-serine monohydrate-I) at am-
bient pressure contains hydrogen bonded layers of zwitterionic serine molecules
linked by hydrogen bonds to water molecules [116, 117]. The water molecules act as
donors to oxygen atoms on carboxylate- and alcohol-groups in separate layers. This
phase remains stable from ambient pressure to 4.5 GPa; the most prominent struc-
tural change in this range is a reduction in the interlayer distance. On increasing the
pressure to 5.2 GPa, the structure transforms to a high pressure polymorph, termed
L-serine monohydrate-II. During the transition, the serine interlayer distances reduce
further and the water molecules rotate so that both donor interactions are made to
the same serine layer. The serine ammonium group adopts an eclipsed conforma-
tion, reconfiguring the hydrogen bonding within the serine layers. The disruption of
hydrogen bonding as water is pushed into the serine layers suggests that a similar
process may occur as a first step in the pressure denaturation of proteins. Though the
water molecules become coordinatively saturated with respect to hydrogen bonding,
and the interlayer serine-serine Coulombic interactions are strengthened, model cal-
culations suggest that overall, the intermolecular interactions are weaker in phase-II
than phase-I. According to the authors of the work, the lattice enthalpy becomesmore
negative through the transition as a result of the smaller PV term applying to the more
efficiently packed phase-II structure [117].

Another multi-component crystal containing serine, namely bis-(DL-serinium)
oxalate dihydrate, with a three-dimensional network of hydrogen bonds linking oxal-
ate anions, seriniumcations andwatermolecules, shows a reversible phase transition
also at about 4–5GPa, resulting in the formation of multiple disordered domains be-
cause of the reorientation of molecules andmolecular fragments, which are no longer
hold together as robustly as the homosynthon hydrogen bonds hold molecules in L-
or DL-serine [118].

7.3.4 Charge (proton) transfer between the components

Pressure is a well-known influence on proton transfer between molecules in mono-
component molecular crystals. Both the symmetrisation and, the reverse, an increase
of ionicity of the hydrogenbonds (O–H···O orN–H···N) has been reported in the literat-
ure [3, 106, 123–128]. An increase in the ionicity of the intermolecular N–H···O hydro-
gen bonds between the terminal amino- and carboxy- groupswith increasing pressure
has been reported for L-alanine [129, 130]. A prominent example of a complete inter-
molecular proton transfer, given to a salt starting as a molecular hydrate was repor-
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ted for oxalic acid dihydrate [131–133]. Interestingly, this transfer takes place only if
the α-polymorph is compressed, but it was not observed for the β-polymorph [132].
Other examples of systems for which the interplay between structural transforma-
tions and solid state acid-base (proton transfer) reactions at high pressure that have
been studied in relation to paraelectric and ferroelectric properties, are the co-crystals
of phenazine with chloranilic, bromanilic and fluoranilic acids [8] and co-crystals of
anilic acids and 2,3-di(2-pyridinyl)pyrazine [9], where hydrogen bonds are polarised
andneutralmolecules are converted into ionised speciesupon cooling orwith increas-
ing pressure.

7.4 Conclusions

Non-ambient conditions arewidely used to prepare salts, solvates and co-crystals and
to study their properties. As one can see from the examples discussed above, the vari-
ety of phenomena that have been observed for a very limited number of systems is
enormous. In order to not get lost in the ocean of facts that will only increase as more
systems are studied, research could be conducted in the following main-streamdirec-
tions [3]:
– Use series of co-crystals with the same primary component and variable co-

formers to follow themain trends of the response of these structures to increasing
pressure. In particular, this approach can be useful for polymorph screening of
drugs and for predicting the mechanical robustness of non-linear optical mo-
lecular materials as well as for finding ways to stabilise a crystal structure by a
carefully chosen co-former;

– Explore the phase diagrams in multi-component systems in order to understand
under which conditions a multi-phase crystal is formed at high pressure, at low
temperature, and when it decomposes into the separate phases of the pure com-
ponents. This research would be important for crystal engineering: in particular,
for crystal engineering of co-crystals and for understanding the mechanisms of
the non-thermal synthesis of multi-component systems, including pharmaceut-
ical co-crystals with and without fluid phases added to the system;

– One can especially consider “multiple Z crystals” with chemically identical but
symmetrically non-equivalent molecules in a unit cell as a particular case of
multi-component crystals and follow the evolution of the Z with increasing and
decreasing pressure.
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8 Co-crystals for solid-state reactivity and thermal
expansion

8.1 Introduction

Supramolecular chemistry, as defined by Nobel laureate Jean-Marie Lehn [1], is “the
association of two or more chemical species held together by intermolecular forces”.
The field of supramolecular chemistry focuses not only on how tomake specific target
molecules, but also encompasses how molecules interact with each other, includ-
ing interactions between identical and different chemical species. The term “super-
molecule” [1, 2] describes assemblies of molecules held together by non-covalent
interactions, e.g. hydrogen bonds, and relies on molecular recognition, molecular
complementarity or self-assembly between molecules [3, 4]. Although the field found
its roots in ion recognition [1], host–guest chemistry [5, 6] and coordination chem-
istry [7, 8], it quickly expanded to include other reversible, non-covalent interactions
such as hydrogen bonds, halogen bonds, van der Waals interactions and π–π inter-
actions [9–13]. A multitude of non-covalent interactions have been utilised in supra-
molecular chemistry, but control over crystal packing remains a significant challenge.

Although initially believed to be a highly rigid and unreactive environment [14], it
has become increasingly clear, particularly in the last decade, that the crystalline state
can be appreciably flexible so that it can support significant atomic and molecular
movements. Crystalline environments have been demonstrated to accommodate reac-
tions including proton transfer, cis-trans isomerisation, pedal motion and bimolecu-
lar reactions that result in the formation of covalent bonds. For chemical reactions
to occur in the crystalline state, reactant molecules often need to conform to specific
geometries, being separated at certain distances to react [15]. If molecules in a crystal
do notmeet geometric and/or distance requirements, a common approach is to screen
for other crystal forms, e.g. polymorphs, solvates. A second approach involves modi-
fying the reactants with auxiliary groups that guide crystal packing into favourable
arrangements.

In this regard, co-crystallisation has emerged as a promising approach to modify
crystal packing such that targeted properties can be achieved, e.g. reactivity and mo-
tion (Figure 8.1) [16]. The process involves combining two or more neutral molecu-
lar species to form a crystalline lattice [17]. In the case of reactivity, one component,
namely the co-crystal former (CCF), directs a secondmolecule, i.e. the reactant, into a
geometry suitable to react, e.g. promoted by UV radiation. The molecules are usually
designed to interact via strong and directional noncovalent forces, e.g. hydrogen and

https://doi.org/10.1515/9783110464955-008
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Fig. 8.1: Co-crystallisation approach to solid-state reactivity and motion.

halogen bonds. The CCFmay, for example, serve as a template to direct the formation
of covalent bonds. The CCF may also furnish crystalline environments that support
dynamic movements of the components. A molecule with a functional group known
to exhibit motion may be combined with the CCF to form a co-crystal that supports
the programmed motion. The ultimate aim is to form solids that exhibit controllable
and tuneable thermal expansion (TE) properties. Depending on the magnitude of the
TE, the temperature range over which the expansion occurs and/or the direction of ex-
pansion, such materials can be of interest for volumetric or linear TE behaviour [18].

In this chapter, we present our efforts to develop co-crystals to control chemical
reactivity and TE in molecular solids. Specifically, we provide an account to employ
co-crystals based on small-molecule templates to direct intermolecular [2+2] photodi-
merisations. Crystal packing effects involving olefins have largely prevented chemists
fromdesigning solidswith controllable reactivity [19, 20]. Here, it is shownhow the co-
crystal approach can be utilised to synthesise molecules in the solid state by design.
We also demonstrate how a similar co-crystalmethod based on resorcinol can be used
to alter crystal packing environments such that molecular motion and TE properties
are enabled.

8.2 Co-crystals to control [2+2] photodimerisations

The best studied solid-state reaction is the [2+2] photodimerisation of olefins that
affords a cyclobutane ring [21]. Classic examples are based on intermolecular [2+2]
photodimerisations of α-trans-cinnamic acid to produce α-truxillic acid and β-trans-
cinnamic acid to produce β-truxinic acid [22, 23]. The observation wherein two poly-
morphs (α and β) produce different stereoisomers upon exposure to light served as an
early model of crystal structure–chemical reactivity relationships. Ultimately, crystal
structure elucidations of trans-cinnamic acid (Figure 8.2) [24, 25], and derivatives led
Schmidt [15, 19, 20] to develop the topochemical postulate, which dictates general
geometry requirements for a [2+2] photocycloaddition to occur in a solid. The postu-
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Fig. 8.2: X-ray crystal structures of α-trans-cinnamic acid and α-truxillic acid, highlighting the use of
the solid state to facilitate a [2+2] photodimerisation.

late states that two olefinic (C=C) bonds should be arranged parallel and separated
on the order of ≤4.2Å to undergo the cycloaddition reaction.

Since the pioneering work of Schmidt, significant advances have been made to
overcomechallenges associatedwith crystal packing todirect the [2+2] photodimerisa-
tion in the solid state, with reasonable degrees of success. Intermolecular interactions
in supramolecular chemistry and crystal engineering have been exploited to guide
olefins into preferred geometries for the photoreaction [26]. The method has involved
covalently attaching functional groups that participate in forces such as π–π stack-
ing, charge transfer and hydrogen bonding to control the packing. For example, an
olefin can be covalently decorated with Cl– atoms that support Cl···Cl and C–H···Cl
contacts. A related approach has involved the formation of face-to-face π–π stacking
interactions by introducing favourable electronic attraction between electron-poor
and electron-rich rings. Examples include the substitution of aromatic rings with
groups that have complementary electronic effects, such as perfluorophenyl–phenyl
forces [27, 28] or electron withdrawing, e.g. –NO2, and donating, e.g. –OMe, abilit-
ies [29].

8.2.1 Template approach based on resorcinol for [2+2] photodimerisation

In 2000, our group introduced a method using a template molecule based on resor-
cinol (res) to assemble and pre-organise olefins into a suitable geometry to undergo
photodimerisation in the solid state [16]. The template was equipped with two func-
tional groups capable of assembling two olefins into close proximity via hydrogen
bonds (Figure 8.3). Themethodwas inspired by earlierworks byAoyama, Ito and Feld-
man. In the early 1990s, Aoyama et al. [30] employed a res-decorated anthracene for
direct stacking of quinoneswith rings separated on the order of 3.8 Å. The components
of the co-crystal were sustained by strong and directional O–H···N hydrogen bonds.
In the 1990s, Ito et al. [31] achieved stacking of cinnamates utilising diammonium
salts, whereas Feldman and Campbell described a J-shaped hydrogen-bonded dimer
of naphthalene dicarboxylic acid that stacked two C=C bonds [32]. Based on the re-
ports, we described a template approach that serves to decouple solid-state reactivity
from the effects of long-range molecular packing.
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Fig. 8.3: Co-crystallisation applied to 4,4-bpe to yield photoreactive co-crystal 2(4,4-bpe) · 2(res)
and photoproduct (4,4-tpcb) · 2(res). Yellow dashed lines indicate hydrogen bonds.

Specifically, a small-molecule template based on res was developed wherein the two
–OH groups act as hydrogen bond donors. Co-crystallisation of res with trans-1,2-bis-
(4-pyridyl)ethylene (4,4-bpe) formed a discrete four-component supramolecular as-
sembly in the co-crystal 2(4,4-bpe) · 2(res) sustained by O–H···N hydrogen bonds [16].
The olefins were arranged in a face-to-face manner in close proximity within the as-
sembly, and were separated on the order of 3.70Å. The olefins were thus positioned
to conform to the topochemical postulate. Upon UV irradiation, the bipyridine under-
went intermolecular [2+2] photodimerisation stereo-selectively andwitha quantitative
yield to generate rctt-tetrakis-1,2,3,4-(4-pyridyl)cyclobutane (4,4-tpcb). The reactivity
was therefore borne out of the localised geometry of rationally designed supramolecu-
lar assemblies. A covalent modification of the olefinic substrate was not necessary,
and the isolation of the photoproduct was facile.

The modularity of the template approach was subsequently addressed. Over the
last 15 years, efforts have been made to apply the template method to solid-state pho-
todimerisations of additional symmetrical and unsymmetrical bipyridines n,m-bpe,
where: n,m = 2, 3 or 4 [33]. For each reactant, a suitable res-based template may be
identified and the corresponding photoproducts, n,m-tpcb, can be generated (Fig-
ure 8.4). The goal is to develop the template approach as a tool for reliable and pre-
dictable organic synthesis in solids.

Fig. 8.4:Modularity in solid-state synthesis: (a) olefinic bipyridines n,m-bpe, (b) res templates and
(c) photoproducts n,m-tpcb.

 EBSCOhost - printed on 2/13/2023 8:12 PM via . All use subject to https://www.ebsco.com/terms-of-use



8.2 Co-crystals to control [2+2] photodimerisations | 185

Fig. 8.5: Three-component hydrogen-bonded assemblies in photoactive 2(4-Cl-sbz) · (res) and 2(4-Cl-
sbz) · (4-Et-res) that generate 4-Cl-dpcb.

In addition to bipyridines, monopyridines were studied as reactants in co-crystals
with res-based templates. Co-crystallisation of 4-chlorostilbazole (4-Cl-sbz) with
either res or 4-ethylresorcinol (4-Et-res), for example, afforded discrete three-com-
ponent assemblies sustained by O–H···N hydrogen bonds, namely 2(4-Cl-sbz) · (res)
and 2(4-Cl-sbz) · (4-Et-res) (Figure 8.5) [34]. The unsymmetrical olefin adopted head-
to-head geometry and participated in Cl···Cl forces. The C=C bonds, crossed in 2(4-Cl-
sbz) · (res) andparallel in 2(4-Cl-sbz) · (4-Et-res), reacted inboth solids to give thehead-
to-head cyclobutane product, namely rctt-1,2-bis-(4-pyridyl)-3,4-bis(p-chlorophenyl)
cyclobutane (4-Cl-dpcb), in near-quantitative yield.

A res-based template was also used to achieve photodimerisation of amonopyrid-
ine based on a styrylthiophene (Figure 8.6) [35]. Co-crystallisation of trans-1-(4-
pyridyl)-2-(3-thienyl)ethylene (β-pte) with 4,6-diiodoresorcinol (4,6-diI res) afforded
discrete three-component assemblies sustained by two O–H···N hydrogen bonds in
2(β-pte) · (4,6-diI res). The olefins in the assemblies were separated at approximately
4.2Å. Upon UV irradiation, intermolecular [2+2] photodimerisation occurred in up to

Fig. 8.6: Three-component hydrogen-bonded assemblies in photoactive 2(β-pte) · (4,6-diI res) that
generate 4p3tcb. Yellow dashed lines indicate hydrogen bonds.
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90% yield to afford the head-to-head product rctt-1,2-bis(4-pyridyl)-3,4-bis(3-thienyl)
cyclobutane (4p3tcb).

The template approach has also been used to achieve rare cross-photoreac-
tions. In particular, a novel co-crystal solid solution was prepared using res and
two structurally similar, yet chemically different, monopyridines, namely 4-Cl-sbz
and 4-methylstilbazole (4-Me-sbz) [36]. A co-crystal solid solution was then formed
based on (res) ⋅ (4−Cl−sbz)x ⋅ (4−Me−sbz)2−x where x ≈ 1. Upon UV irradiation, the
[2+2] photocycloaddition proceeded in near quantitative conversion to give a mix-
ture of cross-products and homodimers, namely heterodimer rctt-1-(4-chlorophenyl)-
2-(4-methylphenyl)-3,4-bis(4-pyridyl)cyclobutane (4-Cl,Me-dpcb) and homodimers
4-Cl-dpcband rctt-1,2-bis-(4-pyridyl)-3,4-bis(4-methylphenyl)cyclobutane (4-Me-dpcb)
(Figure 8.7).

Fig. 8.7: Cross photodimerisation in co-crystal solid solution (res) ⋅ (4−Cl−sbz)x ⋅ (4−Me−sbz)2−x to
yield cyclobutane products. Yellow dashed lines indicate hydrogen bonds.

Further examples that demonstrate general applicability of the template approach in-
volved the syntheses of synthetically-demanding molecules such as [n]-ladderanes
and [2.2]paracyclophanes. Both families of molecules require multiple C=C bonds to
be assembled and react. In particular, 5-methoxyresorcinol (5-OMe-res) was shown to
organise both trans-1,4-(4-pyridyl)-1,3-butadiene (4-py-but) and trans-1,6-(4-pyridyl)-
1,3,5-hexatriene (4-py-hex) into co-crystals based on discrete four-component assem-
blies wherein the C=C bonds lie parallel and separated by <4.2 Å [37]. Upon UV irra-
diation, each co-crystal produced the corresponding [3]- and [5]-ladderanes stereo-
selectively and in quantitative yield (Figure 8.8a). A multi-step preparation of a nat-
urally-occurring ladderane in solution had been reported in low overall yield [38].
Moreover, a particularly demanding step in the total synthesis was the preparation
of ladderane backbone.

The preparation of a [2.2]paracyclophane, which required photodimerisation
of two sets of C=C bonds separated by a phenyl spacer, was achieved using 4-
benzylresorcinol (4-Bn-res) [39, 40]. Co-crystallisation of 4-Bn-res with 1,4-bis[2-(4-
pyridyl)ethenyl]benzene (1,4-bpeb) afforded a co-crystal wherein two sets of C=C
bonds were organised for double photodimerisation (Figure 8.8b). Analogous to the
case of the ladderanes, the solid-state synthesis afforded the [2.2]paracyclophane
stereo-selectively and in quantitative yield.
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Fig. 8.8: Co-crystallisation and solid-state syntheses: (a) [5]-ladderane in 2(4-py-hex) · 2(5-OMe-
res) and (b) [2.2]paracyclophane in 2(1,4-bpeb) · 2(4-Bn-res). Yellow dashed lines indicate hydrogen
bonds.

In a related work, Santra and Biradha [41] used a tritopic CCF based on phloroglu-
cinol as a template to assemble the diene 1,5-bis(4-pyridyl)-1,4-pentadiene-3-one (1,5-
bppo) in 2(1,5-bppo) · 2(phloroglucinol) · 2(CH3CN). The co-crystallisation yielded a 1D
ladder-like network sustained by O–H···N hydrogen bonds, with nearest C=C bonds
parallel and separated by 3.60 and 3.85Å. UV irradiation afforded tricyclo[6.2.0.0]-
decane in a stepwise double dimerisation (Figure 8.9).

In more recent work, 5-OMe-res was utilised to assemble the diene (1E,3E)-1,4-
di(1H-imidazol-1-yl)buta-1,3-diene (dibd) in 2(dibd) · 2(5-OMe-res). UV irradiation pro-
duced a dimerwith a single cyclobutane ring. A photoproduct that possesses a double
unsaturated eight-membered ring was also obtained (Figure 8.10) [42].

Fig. 8.9: Directed synthesis of tricyclo[6.2.0.0]-decane in 2(1,5-bppo) · 2(phloroglucinol) · 2(CH3CN)
co-crystal. Yellow dashed lines indicate hydrogen bonds.

Fig. 8.10:Wavelength-dependent photoreactivity of dibd within 2(dibd) · 2(5-OMe-res).
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8.2.2 Expansion of the template approach

Following initial successes involving res templates, MacGillivray’s group demon-
strated that dicarboxylic acids can serve as templates [43]. Co-crystallisation of
1,8-naphthalenedicarboxylic acid (1,8-nda) with either 4,4-bpe or 2,2-bpe yielded
co-crystals based on discrete four-component hydrogen-bonded assemblies (Fig-
ure 8.11a). Parallel orientations and close proximities of the C=C bonds rendered both
co-crystals photoactive. Upon UV irradiation, each solid generated 4,4- or 2,2-tpcb
in quantitative yield. Succinic acid was later utilised in a similar way to achieve pho-
todimerisation of a thiophene [44].

In related work, the Jones group demonstrated the ability of a triacid to act as a
template. Co-crystallisation of tricarballylic acid (tca) with 4,4-bpe afforded an infin-
ite 1D hydrogen-bonded tape, which contrasts with the discrete assemblies realised
with 1,8-nda (Figure 8.11b) [45]. The C=C bonds of 4,4-bpe were aligned parallel and
separated by 3.8 Å. Upon UV irradiation, the cyclobutane 4,4-tpcb was obtained in
90% yield.

A calix[4]arene tetrabenzoic acid was also shown to direct photodimerisation of
4,4-bpe within a co-crystal based on a tubular 1D assembly sustained by hydrogen
bonds [46]. The tetrabenzoic acid assembled two molecules of 4,4-bpe into a parallel
geometry, separated by 3.8 Å. Upon UV irradiation, 4,4-tpcb formed in approximately
80% yield [46].

Templates based on res and the di- and polycarboxylic acids relied on identical
functional groups to assemble olefins into reactive geometries. To develop unsymmet-
rical templates, MacGillivray’s group demonstrated that heteroditopic Rebek’s imide
can form both O–H···N and N–H···N hydrogen bonds with 4,4-bpe (Figure 8.12) [47].
Co-crystallisation of Rebek’s imide with 4,4-bpe yielded a discrete four-component
assembly with olefins aligned in a parallel manner and separated by 3.78Å. Upon UV
irradiation, the olefins reacted to give 4,4-tpcb stereo-selectively and in quantitative

Fig. 8.11: Carboxylic acids as templates in: (a) 2(2,2-bpe) · 2(1,8-nda), which generates (2,2-
tpcb) · 2(1,8-nda) and (b) 3(4,4-bpe) · 2(tca). Yellow dashed lines indicate hydrogen bonds.
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Fig. 8.12: Rebek’s imide directs photodimerisation of 4,4-bpe to 4,4-tpcb in a partial single-
crystal-to-single-crystal transformation. Yellow dashed lines indicate hydrogen bonds.

yield. By tuning the UV light, a partial single-crystal-to-single-crystal (SCSC) trans-
formation was also realised. Crystals typically crack during the course of a photoreac-
tion owing to build-ups of stress that result from atomic andmolecularmovements. In
a SCSC transformation, crystallinity is retained, which allows for single-crystal X-ray
diffraction data to be collected on a reacted single crystal. Therefore, SCSC reactions
offer a direct observation of atomic rearrangements during a cycloaddition.

Our group also demonstrated that templates and reactants serve as hydrogen
bond acceptors and donors, respectively. Therefore, 2,3-bis(4-methylenethiopyri-
dyl)naphthalene (2,3-nap) was a template used to direct photodimerisation of fu-
maric acid (fum). The co-crystal 2(2,3-nap) · 2(fum) was sustained by O–H···N hy-
drogen bonds, with the olefins aligned in an approximately parallel manner, with a
C=C separation of 3.84Å (Figure 8.13) [48]. The photodimerisation proceeded in SCSC
fashion to give rctt-1,2,3,4-cyclobutanetetracarboxylic acid (cbta) stereo-selectively
and in up to 70% yield. A similar approach was described by Mei et al. to direct a
cycloaddition of fum using 1,8-bis(4-pyridyl)naphthalene (1,8-dpn) to generate cbta
in quantitative yield [49].

The ability of “excess” copies of ditopic catechol (cat) – a regioisomer of res – to
direct an intermolecular [2+2] photodimerisation was subsequently reported
(Figure 8.14) [50]. The idea that cat could stack two olefins to react seemed unlikely

Fig. 8.13: Photodimerisation of 2(2,3-nap) · 2(fum) to yield cbta. Yellow dashed lines indicate hydro-
gen bonds.
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Fig. 8.14: Photodimerisation of 2,2-bpe in 2(2,2-bpe) · 4(cat) to afford 2,2-tpcb. Yellow dashed
lines indicate hydrogen bonds.

given the close proximity of the two hydroxyl groups of cat. However, cat and 2,2-
bpe yielded a co-crystal, namely 2(2,2-bpe) · 4(cat), based on a novel, discrete six-
component assembly sustained by a total of eight O–H···N and O–H···O hydrogen
bonds. The cat molecules self-assembled into dimers that interact with 2,2-bpe to
support face-to-face π stacking. Each cat adopted a different conformation within a
dimer, with one cat adopting a syn-anti conformation and second adopting a syn-
gauche conformation. The cat dimers assembled 2,2-bpe such that the C=C bonds lie
parallel and separated at 3.71 Å. A partial SCSC photodimerisation reaction confirmed
that the cyclobutane ring forms within the discrete hydrogen-bonded structure.

Although ditopic templates assembled olefins into stacked pairs, indolo[2,3-a]
carbazole (ic)was shownbyus to assembleup to four olefins intoquadruple stacks [51].
The ic framework exhibits a rigid backbone with two –NH groups separated on the
order of 3.10Å. Initially, a co-crystal based on a cyclic array of four NH···N bonds
was expected to direct a photodimerisation of 4,4-bpe. An included acetonitrile
solvent molecule (CH3CN) was present in the co-crystal 2(ic) · 2(4,4-bpe) · 2(CH3CN)
(Figure 8.15a). However, modifications to the co-crystallisation conditions yielded
unexpected triple and quadruple stacks within 2(ic) · 3(4,4-bpe) and 2(ic) · 4(4,4-
bpe) respectively (Figure 8.15b, c). The triple and quadruple stacks were supported
by weaker C–H···N forces. In all three solids, the face-to-face stacking of 4,4-bpe and
proximities of the C=C bonds conformed to the topochemical postulate. Prolonged
UV irradiation showed the quadruple stack in 2(ic) · 4(4,4-bpe) to undergo photodi-

Fig. 8.15: Discrete aromatic stacks: (a) double-stacked 2(ic) · 2(4,4-bpe) · 2(CH3CN), (b) triple-
stacked 2(ic) · 3(4,4-bpe) and (c) quadruple-stacked 2(ic) · 4(4,4-bpe). CH3CN molecules omitted
for clarity. Yellow dashed lines indicate hydrogen bonds. Black dashed lines indicate C–H···N forces.
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merisation to generate 4,4-tpcb. In the case of double-stacked 2(ic) · 2(4,4-bpe),
the reactivity was likely suppressed by the included solvent, whereas triple-stacked
2(ic) · 3(4,4-bpe) may have lacked sufficient free space for a dimerisation to occur.

A template that operates via halogen bonds had been reported to direct a [2+2]
photodimerisation in the solid state. Halogen bonds are defined by D–X···A, involving
donor (D) and acceptor (A) atoms, with the donor and acceptor sharing a halogen
(X) atom [12, 52, 53]. The halogen atom acts as an electron density acceptor (Lewis
acid) owing to the presence of a region of positive electrostatic potential (σ-hole) [54].
Specifically, Caronna et al. [55] reported a template based on N···I halogen bonds. A
tetratopic halogen bond donor, namely pentaerythritol-tetrakis(2,3,5,6-tetrafluoro-4-
iodophenyl)ether (tfipe), pre-organised 4,4-bpe into a face-to-face stacked geometry
within 1D ribbons sustained byN···I halogenbonds in 2(4,4-bpe) · (tfipe) (Figure 8.16).
The stacked C=C bonds were disordered and separated by less than 4.5 Å. Upon UV ir-
radiation, 4,4-tpcb was generated stereo-selectively and in quantitative yield.

Halogen bonding was also applied to sustain [2+2] photodimerisation of vitamin
K3 (menadione). UV irradiation of pure crystals of vitamin K3 produced a mixture of
syn- and anti-dimers. However, co-crystallisation with ditopic halogen bond donors,
namely 1,4-dibromotetrafluorobenzene (btfb) and 1,4-diiodotetrafluorobenzene (itfb),
afforded co-crystals wherein the C=C bonds were parallel and separated less than
4.2Å. UV irradiation of the solids primarily produced the syn-photodimer of vitamin
K3 in near quantitative yields (Figure 8.17) [56].

In later work, MacGillivray’s group reported a ditopic template that assembled
a halogenated olefin into reactive geometry via halogen bonds. Co-crystallisation of
1,8-dpn with trans-1,2-bis(4-iodotetra-fluorophenyl)ethene (ifpe) generated a discrete

Fig. 8.16: Tetratopic halogen bond template tfipe in 2(4,4-bpe) · (tfipe). Yellow dashed lines indicate
halogen bonds.

Fig. 8.17: Pre-organisation of vitamin K3 achieved using co-crystallisation with halogen bond-based
templates: (a) btfb and (b) itfb. Yellow dashed lines indicate halogen bonds.
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Fig. 8.18: Templated photodimerisation of ifpe in 2(ifpe) · 2(1,8-dpn) to generate ifpcb. Yellow
dashed lines indicate halogen bonds.

four-component assembly sustained by four N···I halogen bonds in 2(ifpe) · 2(1,8-
dpn) (Figure 8.18) [57]. Upon UV irradiation, the halogenated photoproduct rctt-
1,2,3,4-tetrakis(4-iodo-2,3,5,6-tetrafluorophenyl)cyclobutane (ifpcb) formed stereo-
selectively and in quantitative yield. The photoproduct was therefore functionalised
with four I atoms and sixteen F atoms. The photoproduct was also shown to assemble
to exhibit a rare form of self-inclusion based on 1D channels that were occupied by
either solvent molecules or the host itself.

The transfer of molecular information through sequential reactions is crucial
in both chemical synthesis and biological processes. Nucleic acids, for example,
are products of templated reactions that subsequently function as templates in se-
quential reactions. The molecules are regarded as reciprocal templates and provide
a high-order means of controlling reactivity in complex biological processes, e.g.
replication [58].

The feasibility of reciprocal templates to direct reactivity in the solid state was
originally demonstrated via successive templated [2+2] photodimerisations. In partic-
ular, Saha and MacGillivray [59] showed that the product of a templated photodimer-
isation can be used as a template in a second photoreaction. Fum had been repor-
ted to undergo templated [2+2] photodimerisation to give cbta using either 2,3-nap or

Fig. 8.19: Product of template photoreaction in first reaction, cbta, is subsequently used as a tem-
plate to direct the formation of 4,4-tpcb. Yellow dashed lines indicate hydrogen bonds.
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1,8-dpn [48, 49]. Moreover, Saha and MacGillivray [59] showed that cbta can be sub-
sequently used as a template to assemble 4,4-bpe for photodimerisation in 2(4,4-
bpe) · (cbta) that afforded 4,4-tpcb in quantitative yield (Figure 8.19). In the first re-
action, the template was a hydrogen bond acceptor, whereas in the second reaction
the code was reversed and the template was a hydrogen bond donor. A photoactive
polymorph of 2(4,4-bpe) · (cbta) was also reported [59].

8.3 Co-crystals for thermal expansion

Materials typically respond to temperature changes by undergoing TE. When heated,
most materials usually expand, i.e. positive thermal expansion (PTE), but in rarer in-
stances, contraction with applied heat, i.e. negative thermal expansion (NTE), or no
effective expansion, i.e. zero thermal expansion (ZTE), have been observed. Materials
that exhibit TE properties, including linear (anisotropic) and volumetric (isotropic)
expansions that range from large to zero, have experienced significant applications
in industry, cookware and technology [60–67]. In recent years, discussions of TE be-
haviour have attributed reasons for anomalous expansion to be found the molecu-
lar level [68]. In this regard, studies of inorganic and metal-organic compounds are
numerous [69–72], whereas purely organic systems have been much less frequently
explored [60, 73, 74]. Organic systems offer a wide range of functionalities, interac-
tions and crystal packing, which may afford unique TE properties. Moreover, it has
been documented that stronger and weaker interactions are less and more affected
by changes in temperature, which can give rise to smaller and larger expansions, re-
spectively [75–77]. Gaining an understanding of the types of intermolecular interac-
tions that give rise to and control TE in materials aids in designing materials with the
desired TE properties.

In this context, recent work by Saha’s group [68] reported a hydrogen-bonded
co-crystal involving benzene-1,3,5tricarboxylic acid (bta), 4,4-methylenebis(2,6-di-
methylaniline) (mbda) and methanol (MeOH) to form two polymorphs based on a 1D
assembly or 3Dnetwork (Figure8.20). The 3Dnetwork featured stronghydrogenbonds
in all three directions, whereas the 1D assembly exhibited strong hydrogen bonds in
only one direction. Owing to the presence of the weaker intermolecular interactions in
the 1D form, the anisotropic TE was expected to be larger than the 3D form. However,
the 3D form underwent greater structural deformations and was shown to exhibit
weaker packing of guest molecules (MeOH) that collectively manifested as a larger
anisotropic TE. The two polymorphs exhibited similar volumetric expansions, which
was attributed to the greater crystal packing efficacy of the 1D form. The study illus-
trated the importance of examining crystal structures and intermolecular interactions
as a means of understanding TE properties.
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Fig. 8.20: Hydrogen-bonded co-crystals (bta) · (mbda) · (MeOH): (a) 1D form and (b) 3D form (one half
of mbda molecule shown for clarity). Yellow dashed lines indicate hydrogen bonds. Colour coding:
bta (pink), mbda (blue) and MeOH (green).

8.3.1 Thermal expansion involving co-crystals based on resorcinol

The work of Saha et al. [78–80] suggested to us that modifying the non-covalent in-
teractions and components that comprise a co-crystal might provide a method of sys-
tematically altering TE properties. Co-crystallisations [81, 82] offer opportunities to
modify properties of materials, even when the property may be absent from one of
the components, e.g. photoreactivity [83–85]. Moreover, systematically changing one
component in a two-component solid can result in different properties manifesting
within a series [86, 87]. The use of co-crystals to enable systematic modification of
molecular solids as related to TE was therefore expected to provide an opportunity to
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control TE properties by making subtle changes [79] to one component [88] and de-
termining the resulting structure/property relationships [89–93].

As control of TE properties in molecular solids was at a nascent stage, we hypo-
thesised that incorporation of a functional group known to undergo molecular move-
ment when exposed to an external stimulus, e.g. temperature change, might provide
an opportunity to achieve movement and, possibly, TE in a co-crystal. The azo moi-
ety was known to exhibit molecular pedal motion in the crystalline state [94–96]. The
process is analogous to the pedallingmotion of a bicycle (Figure 8.21) [88], where two
aromatic rings serve as the pedals that rotate around the azo core, the azo group un-
dergoing molecular rotation.

Our successes in using res as a template to direct solid-state reactivity led us to fur-
ther hypothesise that we might be able to utilise res-based CCFs to achieve molecular
motionandexpansionproperties in co-crystals.Wecould then incorporate ahydrogen
bond acceptor molecule that comprised a functional group capable of molecular mo-
tion. A series of co-crystals based on hydrogen bonding could be synthesised bymodi-
fying the CCF. The resulting differences in crystal packing and intermolecular inter-
actions would provide an insight into structural effects on TE properties. Azo groups

Fig. 8.21: Pedal motion of azo groups (azobenzene shown as an example).

Fig. 8.22: Co-crystallisation approach for thermal expansion (TE) involving res-based co-crystal
formers (CCFs) and azo-based compounds: (a) unsymmetrical 4-pap and (b) symmetrical 4,4-ap.
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in unsymmetrical and symmetrical 4-phenylazopyridine (4-pap) and 4,4-azopyridine
(4,4-ap) respectively were targeted (Figure 8.22). A series of isosteric [97] res-based
CCFs that act as ditopic hydrogen bond donors were employed.

It was determined that 4-pap and 4,4-ap, as pure components, do not undergo
molecular pedal motion and exhibit minimal TE in the solid state. Therefore, a co-
crystallisation strategy was applied to afford hydrogen-bonded architectures able to
support molecular motion [33, 85, 98].

In our initial work, co-crystallisation of unsymmetrical 4-pap with either 4,6-
dichlororesorcinol (4,6-diCl res) or 4,6-dibromoresorcinol (4,6-diBr res) yielded iso-
structural co-crystals, namely 2(4-pap) · (4,6-diCl res) and 2(4-pap) · (4,6-diBr res) [99].
Both co-crystals were defined by three-component assemblies sustained by two O–
H···N hydrogen bonds (Figure 8.23a, b), and the extended packings were based on
tongue-and-groove structures [100, 101]. Upon cooling, molecular pedalmotion in the
azo groups of 4-pap occurred in both 2(4-pap) · (4,6-diCl res) and 2(4-pap) · (4,6-diBr
res). Twisting of the aromatic rings of 4-papwas accompanied by pedalmotion during

Fig. 8.23: Structural changes during TE: (a) 2(4-pap) · (4,6-diCl res) assembly, (b) 2(4-pap) · (4,6-
diBr res) assembly and (c) tongue-and-groove of 2(4-pap) · (4,6-diCl res) (blue = azo group). Yellow
dashed lines indicate hydrogen bonds.
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cooling, which resulted in dramatic and widespread interconversion of face-to-face
and edge-to-face aromatic stacking in the tongue-and-groove structure (Figure 8.23c).

Significant changes (approximately 3–18%) to all three crystallographic axes
occurred as a result of the motion and twisting within the co-crystals. Both solids
2(4-pap) · (4,6-diCl res) and 2(4-pap) · (4,6-diBr res) experienced “colossal” [62] neg-
ative and positive expansions [99], commensurate with the largest reported TE coef-
ficients [102] for organic compounds [60, 78, 79, 93, 103–106]. The TE coefficients
for 2(4-pap) · (4,6-diCl res) were larger than 2(4-pap) · (4,6-diBr res), which was at-
tributed to the presence of Br···Br interactions [107, 108] that inhibit full aromatic
ring twisting [99]. Analogous halogen···halogen interactions were not present in 2(4-
pap) · (4,6-diCl res).

Co-crystallisation of 4-pap [97] with 4,6-diiodoresorcinol (4,6-diI res) afforded
2(4-pap) · (4,6-diI res) (Figure 8.24). Upon cooling, molecular pedal motion in the azo
groups occurred [88], but dramatic changes in unit cell dimensionswere not observed.
When the CCF was switched to 4,6-diI res, the packing was altered to such an extent
that aromatic ring twisting was not favoured.

Fig. 8.24:Moderate structural changes within the asymmetric unit of 2(4-pap) · (4,6-diI res) during
TE. Yellow dashed lines indicate hydrogen bonds.

The symmetrical azo derivative 4,4-ap (Figure 8.22), was studied in follow-up work.
Co-crystallisation of 4,4-ap with isosteric 4,6-diCl res, 4,6-diBr res and 4,6-diI res af-
forded three isostructural co-crystals [109]. Each co-crystal was dominated by four-
component assemblies in 2(4,4-ap) · 2(4,6-diX res) (where X = Cl, Br, or I) sustained by
four O–H···N hydrogen bonds (Figure 8.25a–c). Extended crystal packingwas defined
by layers held together by a combination of O···X and C–H···X halogen bonds and C–
H···π forces (Figure 8.25d, e) [109].

In contrast to the cases involving 4-pap,molecular pedalmotion of the azo groups
and twistingwere not observed upon cooling 2(4,4-ap) · 2(4,6-diX res) [109]. However,
each solid exhibited “colossal” [80, 110] TE in a direction approximately orthogonal to
the stacked 2D layers (Figure 8.25e). The hydrogen and halogen bonds served to limit
expansion of the 2D layers, whereas the weaker interlayer interactions, which can be
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Fig. 8.25: Hydrogen-bonded assemblies of 4,4-ap with (a) 4,6-diCl res, (b) 4,6-diBr res and (c) 4,6-
diI res. Representative structures highlighting: (d) O···X halogen bonds in 2(4,4-ap) · 2(4,6-diBr res)
and (e) layered assemblies in 2(4,4-ap) · 2(4,6-diCl res). Yellow dashed lines indicate hydrogen and
halogen bonds.

considered to be more sensitive to temperature [106], supported the colossal TE. The
TE properties were only achieved using the co-crystal approach.

8.4 Conclusions

Applications of co-crystals have been presented to direct [2+2] photodimerisations
and to affect TE properties in the organic solid state. It has been demonstrated how
co-crystals based on small-molecule templates can effectively enforce chemical re-
activity to construct molecular targets in the solid state that are otherwise difficult
to obtain in solution. Small-molecule CCFs were also used to furnish environments
that support molecular motion and corresponding TE. Developments are envisaged
in supramolecular chemistry and crystal engineering that will further enable co-
crystallisation strategies to address increasingly complex challenges in synthetic and
materials chemistry and therefore allow the effects of crystal packing to be confronted
with appreciable success.
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9 Solution co-crystallisation and its applications

9.1 Introduction

Even though the term co-crystal remains a topic of debate [1, 2], general consensus is
evolving towards defining co-crystals as crystalline compounds constructed of two or
more neutral components, which are, in their pure form, solid at room temperature
when under atmospheric pressure. Inmost cases, this definition clearly distinguishes
co-crystals from salts or solvates. For solvates one of the components in its pure form,
i.e. the solvent, is a liquid. A co-crystal is different from a salt as it is constructed from
twodistinct neutral componentswithout any charge transfer takingplace between the
components. Co-crystals can therefore be formed of components that lack ionisable
functional groups. Figure 9.1 shows the structure of the 1 : 1 carbamazepine–saccharin
co-crystal constructed from neutral carbamazepine and saccharinmolecules. The co-
formers carbamazepine and saccharin are solids at room temperature.

Co-crystals have become increasingly popular in the pharmaceutical industry as
they can improve physicochemical properties of active pharmaceutical ingredients
(APIs) [4] by enhancing drug bioavailability [5, 6], stability [7, 8] and even processab-
ility [9]. A pharmaceutical co-crystal is obtained when an API is combined with phar-
maceutically acceptable co-formers, e.g. generally recognised as safe (GRAS) materi-
als, amino acids, nutriments or even other drugmolecules. To prepare a co-crystalline
material, either a mechanochemical or solution crystallisation approach can be used.
In the mechanochemical approach, the compound of interest is ground together with
a potential co-former using amounts reflecting the expected co-crystal stoichiometry.
In the solution crystallisation approach, a solution containing the correct amount of
co-crystal components is supersaturated and co-crystallisation rather than pure com-
ponent crystallisation occurs.

Fig. 9.1: A 1 : 1 co-crystal of carbamazepine and
saccharin [3] showing a typical amide–amide
hydrogen bond.

https://doi.org/10.1515/9783110464955-009
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Both approaches have their advantages and disadvantages. The mechanochem-
ical approach often requires less material and rapid screening is easy to implement.
After grinding two components in amortar or ballmill, the resulting powder can easily
be analysed, e.g. X-ray powder diffraction, Raman and infrared (IR), to identify solid-
state changes. Themechanochemical approach is often facilitated by the addition of a
catalytic amount of solvent to the mixed solids (liquid assisted grinding; LAG) [10, 11].
The downside is that this approach can lead to polymorphic transformations, degrad-
ation of the compound, amorphous materials and lack of control over the homogen-
eity of the sample and process conditions, i.e. temperature and pressure.

Solution crystallisation, on the other hand, offers good control over process para-
meters and solution homogeneity, and is long proven as an industrial production
technique [12]. In the discovery phase, novel forms such as co-crystal solvates, stoi-
chiometrically diverse co-crystals [13] and co-crystal polymorphs [14] can furthermore
be more easily identified, there is the advantage of crystallising under various condi-
tions, for instance, changing the temperature profile, solvent composition and crys-
tallisation technique. In addition, such small-scale solution co-crystallisations yield
initial data for the future development of a large-scale industrial co-crystallisation
process. Finally, solution co-crystallisation can lead to the formation of single crys-
tals, which can give a definite confirmation of co-crystal formation through structural
resolution.

The limited use of solution co-crystallisation compared with mechanochemistry
can in part be ascribed to the increased complexity of the crystallising system, as
the introduction of a solvent brings additional degrees of freedom to an already
multi-component system. For instance, the solution composition required for co-
crystallisation to occur does not have to coincide with the co-crystal composition:
a 1 : 1 solution composition might result in the crystallisation of a pure component
crystalline product rather than a 1 : 1 co-crystal. In this chapter, an attempt is made
to alleviate the apparent complexity of solution co-crystallisation and convince the
reader of its importance and relevance in co-crystal research and applications. The
chapter therefore starts by giving an overview of solution co-crystallisation ther-
modynamics and kinetics and shows their importance for the different solution
co-crystallisation methods. The second part illustrates the importance of solution
co-crystallisation for enhanced drug product properties, but also highlights the op-
portunities co-crystallisation offers in the development of separation processes.

9.2 Solution co-crystallisation

Like all crystalline materials, co-crystals can be obtained from a supersaturated solu-
tion through the fundamental processes of nucleation and crystal growth. For co-
crystallisation to be feasible, consistent and reliable, conditions must be established
under which the suspension of co-crystalline material becomes the thermodynamic-
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ally stable state. These conditions are graphically illustrated in phase diagrams that
show, under equilibrium conditions, the stable phases and their compositions for
a given set of conditions, such as temperature, pressure and overall composition.
Phase diagrams thus allow the identification of the final suitable conditions for a
robust co-crystallisation process. After discussing the thermodynamics of solution
co-crystallisation, the discussion focuses upon solution co-crystallisation kinetics,
as these define the route towards the final conditions of thermodynamic equilibrium.
They are therefore of high importance in achieving full control over the solution
co-crystallisation process.

9.2.1 Co-crystal solution thermodynamics

A phase diagram represents the thermodynamically stable phases for a given overall
composition at a specific temperature and pressure. A binary melting temperature–
composition diagram of a co-crystal system is shown in Figure 9.2 (left). Within this
diagram, the three solid phases of pure components, A andB, and co-crystal, AB, each
characterised by itsmelting temperature, and amelt, L, can be identified. For A, B and
AB, the melting temperatures correspond respectively to Tm(A), Tm(B) and Tm(AB) at
mole fractions of A of 1, 0 and0.5. Far below themelting temperature, any other overall
composition corresponds to a physical bi-phasic mixture of either A and AB or B and
AB. When temperatures are high enough to allow complete melting, a single liquid
phase, L, is obtained. At intermediate temperatures, three bi-phasic situations occur
(A + L; AB + L; B + L), which are separated by a liquidus line from the complete liquid
phase and by the solidus line from the complete solid phase. The liquidus line indic-

Fig. 9.2: Left: temperature–composition binary phase diagram of the AB co-crystal-forming compon-
ents A and B. Tm(A), Tm(B) and Tm(AB) represent the melting temperature of A and B and co-crystal
AB respectively.Middle: ternary phase diagram at constant pressure and temperature of compon-
ents A and B in solvent S. Right: an orthogonal ternary phase diagram of components A and B in a
solvent. The mole fractions x∗A and x

∗
B represent the solubility of components A and B respectively.
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ates the melting temperature of a specific composition and the solidus line indicates
the eutectic temperature.

Within the binary phase diagram, two specific invariant points (eutectic points)
correspond to the situation atwhich three phases co-exist in equilibrium, i.e. A+AB+L
or B+AB+L. The eutectic point corresponds to the intercept point of two liquidus lines.
A solid sample with an overall eutectic composition fully melts upon heating at the
eutectic temperature. Any mixed sample showing an overall composition different
from the eutectic composition partially melts upon reaching the eutectic temperature.
Heating from the eutectic temperature to the liquidus line, more crystalline material
is melted and enriched in the other component. At the liquidus line, the sample melts
fully.

When performing co-crystallisation from solution, an additional degree of free-
dom is introduced, as not only the amount of both components, but also the amount
of solvent can be varied. For the sake of clarity, and to remain with a 2D representa-
tion, phase diagrams are often given at constant temperature and pressure, limiting
the variables to the relative amounts of all components. This typically leads to ternary
phase diagrams, as presented in Figure 9.2 (middle and right) [15, 16]. To investigate
temperature effects, multiple ternary diagrams can be easily superimposed. Using the
representation in Figure 9.2 (middle), common practice is to place the solvent at the
top of the triangle with the base representing the relative amounts of A and B. Adding
solvent to a stoichiometric amount of A and B implies following a line leading from
the middle of the base line to the top of the triangle. The orthogonal representation
(Figure 9.2, right) is an alternative view of this diagram. Instead of representing the
amounts of all components, the solvent is implicitly included by the concentration of
components A and B on the horizontal and vertical axes respectively. Both phase dia-
gram representations are thermodynamically identical and the choice of one or the
other usually depends on personal preference.

The ternary phase diagrams (Figure 9.2) show one mono-phasic region (liquid L),
three bi-phasic regions (A + L; B + L; AB + L) and two tri-phasic regions (A + AB + L;
B + AB + L). The three bi-phasic regions, in which the solution and a solid are in equi-
librium, are separated from the liquid regionby solubility curves. The solubility curves
of A (red line) and B (blue line) separate the bi-phasic regions A + L and B + L, re-
spectively, from the liquid phase. As a co-crystal AnBm is a binary crystallinematerial;
its solubility can be mathematically described through a solubility product K (Equa-
tion 9.1), with the solution mole fractions xA and xB of components A and B and the ∗,
indicating that the solution has a composition for which the co-crystal material is in
equilibriumwith the solution [17, 18]:

(AnBm)solid  nAsolution + mBsolution → K = (xnA.xmB )∗ (9.1)

This solubility product K is a function of temperature, but also depends on the stoi-
chiometry in the solution; for instance, if solute complexation changes relative to the
concentration of components A and B [19, 20].
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In the bi-phasic regions, the equilibrium composition of the solution is given by
the intersection between the solubility curve and the tie line, with the straight line
starting at the pure solid composition with which the solution is in equilibrium and
passing through the overallmixture composition. The composition of the liquid phase
therefore varies along the solubility curves, according to the relative amounts of A
and B present in the overall mixture and according to the solid phase, which is stable
in suspension. The proportion of liquid versus solid phase can be determined using
the lever rule. In the tri-phasic regions, A + AB + L and B + AB + L, the solution is in
equilibriumwith two solidphases. The solution composition in this region is indicated
by the point at which the two solubility curves cross the eutectic point. This eutectic
point is an invariant point and does not depend on the amount of solids present, as
long as the overall composition lies in the three-phasic region. Two distinct eutectic
points appear that correspond to the crossing of the co-crystal solubility curve with
the solubility curve of A or B respectively.

Components A andB are different in nature and they showdifferent pure compon-
ent solubilities. These differences have an impact on the overall aspect of the ternary
phase diagram. Generally, when both components show comparable solubility in a
given solvent, a more symmetrical phase diagram is obtained (Figure 9.3, middle).
Such diagrams often show a large bi-phasic region in which the co-crystal is stable
in suspension. When the pure components show a significant difference in solubility,
an asymmetrical ternary phase diagram usually results in the co-crystal bi-phasic re-
gion being skewed towards themore soluble compound (Figure 9.3, right and left). The
greater thedifference in solubility between the two components, themore pronounced
this asymmetry becomes. According to the extent of the asymmetry, two cases are dis-
tinguished by evaluating at the stoichiometric line, the line showing all overall com-
positions having the same stoichiometric ratio as the co-crystal. In the first case, the
1 : 1 stoichiometric line in an AB co-crystal system, or the n : m stoichiometric line in
an AnBm co-crystal system crosses the co-crystal bi-phasic region. Then, the system is

Fig. 9.3: The skewedness of the co-crystal region in the ternary phase diagram is determined by
the pure component solubilities. The dashed line indicates the 1 : 1 stoichiometric line in this 1 : 1
co-crystal system.
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said to behave congruently (Figure 9.3, middle): adding solvent to a co-crystal sample
partially dissolves the co-crystals, creating a suspension of co-crystals without trans-
formation to other solid phases. In this case, a robust co-crystallisation process can
be developed starting from a stoichiometric component ratio. On the other hand, in a
phase diagramwith a highly skewed co-crystal bi-phasic region, the 1 : 1 stoichiomet-
ric line crosses the bi-phasic region of the less soluble component, region L+B in Fig-
ure 9.3 (left) or regionL+A inFigure 9.3 (right), and the tri-phasic region. This tri-phasic
region contains the co-crystal in addition to component A and B, in equilibrium with
the solution which has the corresponding eutectic composition. Then, the system is
said to behave incongruently: adding solvent to a co-crystal sample causes a (partial)
transformation of the co-crystal phase to one of the pure component crystals. In this
case, starting froma stoichiometric ratio of components to develop a co-crystallisation
process is not the ideal choice. A system can behave incongruently in a given solvent,
but does not necessarily do so in another solvent. The choice of solvent is therefore
crucial when developing a co-crystallisation process, as it has a direct impact on the
overall aspect of the phase diagram.

9.2.2 Solution co-crystallisation methods

To prepare co-crystals by solution crystallisation, supersaturation must be created
for the co-crystalline material throughout the entire process. The method of super-
saturation creation defines the crystallisation technique used. In addition to the con-
ventional crystallisation techniques such as cooling and evaporative crystallisation,
other techniques, such as precipitation and solvent-mediated phase transformations
can be applied. As for single component systems, understanding the underlying ther-
modynamics is crucial. The various crystallisation techniques lead to different routes
through the ternary phase diagrams shown in Figure 9.4, which are explained in the
next subsections.

9.2.2.1 Evaporative co-crystallisation
During evaporative co-crystallisation, the supersaturation is created by evaporating
the solvent, which increases the concentrations of the co-crystal-forming components
in the solution. Usually, solvent evaporation takes place at a constant temperature and
pressure. Industrially, the evaporation takes place at the boiling temperature of the
solution,which is a functionof thepressure.Highevaporation rates canbeachievedat
the boiling point owing to good vapour removal. An increased evaporation rate leads
to an increased rate of supersaturationgeneration,which speedsup the crystallisation
process, but may also increase the chance of metastable formation.

The phase diagram in Figure 9.4a exemplifies evaporative co-crystallisation. Ini-
tially, the evaporative concentration at point 0, with composition (x0A, x

0
B), lies in the
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Fig. 9.4: Solution co-crystallisation methods and their relation to the ternary phase diagram.
(a) Evaporative crystallisation; (b) cooling crystallisation; c: precipitation; (d) solvent-mediated
transformation.

clear liquid region and represents an overall stoichiometric composition with a slight
excess of B. Thus, in this example, the overall stoichiometry is unequal to that in
the co-crystal. After evaporation, the solvent vapour is removed from the system and
therefore, the location in the phase diagram of the overall composition changes. The
removal of solvent increases the concentrations of the co-crystal-forming components
while keeping the solution stoichiometry, the ratio of A versus B, constant (green line
from points 0 to 1), which gives a relationship between the mole fractions xA and xB
of components A and B in the solution during evaporation.

xB = x
0
B
x0A

xA (9.2)

This is an expression for the green line, the operating line (Figure 9.4a), showing the
overall composition in the remaining solution or suspension during evaporation.

Based on the usually realistic assumption that only solvent evaporates and leaves
the system, the mole fractions xA and xB for components A and B, which are the same
as the solution concentrates as longasno crystals have formed, canbedescribedusing
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the initial concentrations x0A and x
0
B through the fraction xe of solvent evaporated and

removed.

xA = x0A
1 − xex0s ; xB = x0B

1 − xex0s (9.3)

These equations describe the overall compositionwhen the solvent is evaporated from
the system as expressed by the green line in Figure 9.4a. In Equation 9.3 the initial
solvent fraction, x0s , is used rather than 1−x0A−x0B to take into account any substantial
impurities or additives in the system that would also be concentrated owing to solvent
evaporation.

In point 1 of Figure 9.4a, the saturation concentration for the system is reached.
At this saturation concentration, for an AnBm co-crystal, the solution composition
product (xA)n .(xB)m is equal to the solubility product K (Equation 9.1). For simpli-
city, the discussion here considers a 1 : 1 co-crystal, AB, with experimental solubility
product K = (xA.xB)∗. The experimental solubility product K is represented by the
thick, curved black line in Figure 9.4a. If the solubility product K is known from solu-
bility measurements, the fraction x∗e of the solvent that must be evaporated to reach
saturation at point 1 in Figure 9.4a can be determined:

x∗e =
1 − [ x0Ax0BK ]

1/2

x0s
(9.4)

Evaporating more solvent creates supersaturation towards the co-crystal phase and
the overall composition enters the two-phase region. However, as no co-crystalmater-
ial has yet formed, the stoichiometric ratio in the solution remains the same. A certain
amount of supersaturation is needed to initiate the formation of the co-crystal phase
owing to the energy barrier for crystal nucleation [21]. As long as no crystalline phase
is present, the solution composition continues to develop along the green operating
line in Figure 9.4a towards point 2.

At some point, the supersaturation for the co-crystalline phase is great enough
to overcome the nucleation barrier and co-crystallisation commences. The solution
A : B stoichiometry now starts to deviate from the overall ratio if the initial A : B stoi-
chiometry is not the same as in the formed crystalline phase, such as in the case of
Figure 9.4a. In the case of co-crystallisation in a solution with an overall composition
equal to point 2, the solution concentrations of A and B start to decrease following the
blue arrow pointing from the co-crystal composition on the AB axis to the point on
the solubility line, indicating equilibrium between the two phases. The relationship
between the actual solution concentrations xA and xB upon co-crystallisation can be
described using the mole balance if the overall composition (xp2A , xp2B ) in point 2 and
the composition (xcrA , x

cr
B ) in the co-crystalline material are known. For instance, the

overall composition (xp2A , xp2B ) is known from the fraction xe of solvent evaporated and
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the composition (xcrA , x
cr
B ) of a 1 : 1 AB co-crystal is (0.5, 0.5).

xcrB − xB
xcrB − xp2B

= xcrA − xA
xcrA − xp2A

(9.5)

As co-crystallisation proceeds, the concentrations xA and xB continue to decrease fol-
lowing Equation 9.5 until, equilibrium is eventually reached. Equilibrium is achieved
if the concentration product xA ⋅ xB of the concentrations following Equation 9.5 (Fig-
ure 9.4a, blue line), is equal to the solubility product K (Figure 9.4a, black line). Thus,
the equilibrium solution composition can be derived from the intercept of the blue ar-
row (described by Equation 9.5) and the co-crystal solubility line represented by the
solubility product K (described by Equation 9.1). Through equations 5 and 3, this gives
an expression that canbe solved for the composition (xeA, x

e
B) in equilibrium if the frac-

tion xe of solvent evaporated is known.

xcrA − xeA
xcrB − K

xeA

=
xcrA − x0A

1−xex0s

xcrB − x0B
1−xex0s

(9.6)

This equation can thus be used to determine the equilibrium concentrations xeA and
xeB = xeA/K for the fraction xe > x∗e of solvent evaporated.

Evaporating solvent beyond point 2 creates more supersaturation and the co-
crystallisation continues. As the overall composition of the suspension continues to
develop along the line from pure solvent to point 3, more co-crystalline material is
crystallising out and the solution composition develops from (close to) equilibrium
in point 2 towards the eutectic point EB (Figure 9.3). If the overall suspension com-
position arrives at point 3, the solution concentration in the suspension equilibrates
towards the eutectic composition (xEBA , xEBB ) of eutectic point EB. Thus, there is also an
upper limit xmaxe to the fraction of solvent evaporated beyond which an evaporative
co-crystallisation results, thermodynamically, in a product contaminated with pure
component B.

The eutectic composition at eutectic point EB is an equilibrium composition to-
wards the co-crystalline phase and therefore, the solubility product K = xEBA . xEBB can
be described using the eutectic composition (xEBA , xEBB ). This enables the composition
to be established in point 3 and therefore the fraction xmaxe of solvent needed to evap-
orate to reach an overall composition at point 3. Point 3 is positioned on the line going
from co-crystal composition (xcrA , x

cr
B ) to eutectic EB composition (xEBA , xEBB ), which is

described by Equation 9.6 in the special case of xeA = xEBA and xeB = xEBB . Point 3 is
also positioned on the working line described by Equation 9.2. Point 3 is therefore
determined by the intercept between these two lines, which leads to the following
Equation 9.7, in which only the fraction xmaxe of solvent evaporated is unknown:

xcrA − xEBA
xcrB − xEBB

=
xcrA − x0A

1−xmax
e x0s

xcrB − x0B
1−xmax

e x0s

(9.7)
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Therefore, the equilibrium solution concentrations xeA and x
e
B can be described when

evaporating a sample using a fraction x∗e ≤ xe ≤ xmaxe of solvent evaporated.
If the evaporation is continued beyond point 3, the overall suspension composi-

tion enters the tri-phasic region and the possibility exists that the third phase, crystals
of pure component B, crystallise concomitantly with the co-crystals. When equilib-
rated, the suspension in the tri-phasic region comprises co-crystals, pure component
B and a solution with the eutectic composition.

If all solvent is evaporated, the final mixture has the composition on the AB axis
(point 4) and contains both co-crystal and B crystals. At the end of full evaporation, in
particular, the concentrations can increase rapidly, even at low evaporation rate, and
crystallisation may not be able to keep up with supersaturation reduction compared
with the supersaturation increase due to evaporation. Therefore, in this part of the
process, the chance of metastable formation and poor-quality crystals is substantial.
For co-crystal discovery purposes, it is consequently better not to achieve full evapor-
ation but to filter off obtained crystals from the suspension once sufficient evaporation
has occurred.

The yield Y of a batch-wise industrial evaporative co-crystallisation can be
defined as the fraction of co-crystallised component A:

Y = x
p2
A − x∗A
xp2A
= x

0
A − x∗A(1 − xex0s )

x0A
(9.8)

This is valid for x∗e ≤ xe ≤ xmaxe . Below x∗e the yield is zero; above xmaxe the product
is a mixture of co-crystals and pure component B. To control a batch-wise indus-
trial evaporative co-crystallisation, it is recommended that the overall suspension
composition should not be developed beyond point 3. Thus, the eutectic composi-
tion indicates the boundary for the process. If the eutectic composition is known, a
co-crystallisation process can be designed that produces pure co-crystals in a stable
process up to a fraction xmaxe of evaporated solvent achieving a final solution compos-
ition in the eutectic point. Usually, this is also the condition of maximum yield of a
stable co-crystallisation.

For pharmaceutical component A, co-crystallisation should have an optimal yield
with as much component A as possible co-crystallised during a stable operation.

If the stoichiometry in the right eutectic point is higher, e.g. 2 : 1, than that of
the co-crystal, e.g. 1 : 1, and the stoichiometry in the left eutectic point is lower, e.g.
1 : 5, the system behaves congruently and it is possible to use stable evaporative co-
crystallisation starting with an overall composition that is equal to that in the co-
crystal, e.g. for the system in Figure 9.3 (middle). In principle, all solvent can be evap-
orated, which would transform all of component A into co-crystalline material. How-
ever, tomaintain a stable operation towards the end of such a process is difficult owing
to the large amount of crystalline mass present compared with the amount of solvent.

Another criterion to employ for choosing the end of an evaporative co-crystalli-
sation is the suspension density, ρ. A stable operation can only be achieved up to
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a certain maximum crystal suspension density. Beyond that suspension density, the
crystals are not sufficiently suspended and product quality may be compromised. The
suspension density can, for instance, be determined by the molar amount 2(xp2A − x∗A)
of crystals produced per molar amount xs of solvent present in equilibrium:

ρ = 2 (x
p2
A − x∗A)
xs

(9.9)

The yield and suspension density for the process in Figure 9.4a can be increased by
changing the initial concentration towards slightly higher A:B stoichiometries. In this
case, an initial composition can be chosen to enter the bi-phasic region at the other
eutectic point on the right. Then, co-crystallisation could be performed until the solu-
tion composition is at the eutectic point on the left. This would maximise the yield
under stable co-crystallisation conditions. Equally, if the suspension density appears
too high for the process, slightly lower A : B stoichiometries can be employed. Also,
the remaining solution after filtration could be reused, although higher levels of im-
purities can be expected to have an impact on the crystallisation process.

9.2.2.2 Cooling crystallisation
During a batch-wise cooling co-crystallisation, supersaturation is created by decreas-
ing temperature, which has the effect of decreasing the solubility product of the co-
crystal-forming components in the solution in addition to those of the pure compon-
ent solubilities [22]. Various cooling profile strategies canbe employed during the pro-
cess [23]. Fast cooling rates should increase the rate at which the supersaturation is
created, which may increase the probability of metastable formation.

Figure 9.4b exemplifies cooling co-crystallisation. In contrast to evaporative crys-
tallisation, during cooling crystallisation the overall composition in the suspension
does not change whereas the underlying phase diagram is manipulated by a reduc-
tion in temperature. In Figure 9.4b, the high-temperature phase diagram is shown in
grey and the low temperature phase diagram is coloured. The composition is chosen
in such a way that the initially clear solution is exactly saturated for the co-crystalline
component and is therefore positioned on the co-crystal solubility line. The overall
composition contains a slight excess of B. Thus, in this example, the solution stoi-
chiometry is again unequal to that in the co-crystal, showing oncemore that the phase
diagram rather than the co-crystal stoichiometry directs solution stoichiometry for co-
crystal formation.

During cooling co-crystallisation, the decreasing temperature generates a de-
creasing solubility for the co-crystal. Once the co-crystalline component has nucle-
ated, the co-crystals canprecipitate to consume the supersaturation. It is also possible
to seed the saturated solution with co-crystals and grow these during the process. If
only co-crystals are crystallising, the solution composition follows Equation 9.5 un-
til saturation is reached. This equilibrium composition in the solution is shown in
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Figure 9.4b as the point on the low-temperature co-crystal solubility line. The ar-
row shows that the co-crystalline material AB is crystallised out of the solution until
equilibrium is reached (the intercept between the arrow and the low-temperature
co-crystal solubility line).

In Figure 9.4b, the overall composition is positioned in the two-phase region
where equilibrium can be reached between the co-crystal and the solution. For a
stable cooling co-crystallisation process, it is necessary to remain in this two-phase
region throughout the process. In Figure 9.4b, the high-temperature compositional
window of the two-phase co-crystal region does not perfectly overlap with that at the
low temperature. This means that not all compositions in the high-temperature two-
phase region canbe used as the initial composition for a stable cooling crystallisation.
Compositions with an excess of B can end up in the three-phase region at the end of
the cooling crystallisation and the crystallisation productmay contain pure B crystals
along with the co-crystalline component. When too much A is present in the overall
composition, the cooling crystallisation starts in the three-phase region, which may
lead to concomitant crystallisation of the co-crystal and pure component A.

In the example of Figure 9.4b, the stoichiometry in the eutectic composition does
not changewith temperature as both the high- and low-temperature eutectic composi-
tion lie on a straight line starting at the solvent origin.However, in reality, temperature
may induce large stoichiometric changes in the eutectic compositions. These eutectic
composition shifts should be accounted for in the cooling co-crystallisation design,
but they could also be exploited for separation purposes [24].

9.2.2.3 Co-crystal precipitation
During co-crystal precipitation, two streams of different compositions are mixed in
such a way that the overall composition ends up in the two-phase region, as shown
in Figure 9.4c. The final mixed solution is supersaturated because the concentration
product xA.xB is greater than the solubility product K. In this example, a solution
saturated with A and a solution saturated with B are added together. Although the
streams are mixed, the concentrations of A and B are decreased along the green ar-
rows.

As the mixing of the streams generates supersaturation, the points where the
feeds are mixed are the positions where high local supersaturations occur. Therefore,
at these positions, nucleation is most likely to occur. The high local supersaturations
tend to increase the chance of metastable formation. Therefore, a change in mixing
strategy may coincide with a change in crystalline product outcome.

Various approaches of mixing strategies can be employed during the process and
can be both continuous and batch-wise. For instance, a solution of A could be ad-
ded to a vessel filled with a solution of B. In this case, at the inlet, a solution of A is
mixed with the vessel solution, which contains increasing amounts of A and decreas-
ing amounts of B. Another possibility is to add both solutions to a vessel at the same
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time. Such different mixing approaches create completely different local mixing con-
ditions compared with the addition of solution B to a vessel filled with solution A and
a completely different product quality may be obtained.

9.2.2.4 Co-crystal transformation
A transformation can be induced from a pure component suspension, such as a sus-
pension of co-former crystals to a co-crystal suspension [25]. This is exemplified in Fig-
ure 9.4d. The process starts with the crystalliser containing a suspension of co-former
B crystals. The overall composition is located in point 1 of Figure 9.4d. If the overall
composition can be shifted to the two-phase region in which co-crystalline material
and solution are in equilibrium, eventually, the co-crystal forms and starts crystal-
lising towards equilibrium. For example, this can be achieved by adding component
A crystals to the suspension of component B crystals. The resulting overall composi-
tion would then be positioned on the green line in Figure 9.4d.

Adding small amounts of A crystals from point 1 slightly increases the solution
concentration of A, as all added crystals dissolve. The overall composition is posi-
tioned in the two-phase region of the solution and B crystals. For this system, in this
two-phase region the length of the line from the overall composition to the co-crystal
solubility line decreases with the amount of A present, going from points 1 to 2. There-
fore, by adding A crystals, the B crystalline phase also partially dissolves.

Upon adding more A crystals, the overall composition enters the three-phase
region to arrive at an overall composition point 2. In this region, equilibrium is estab-
lished among pure B crystals, AB co-crystals and the solution, which has a eutectic
composition. By adding more A crystals, the overall composition moves through the
three-phase region where only the amounts of crystalline phases change and the
solution composition remains unaffected to be the eutectic composition. Moving from
points 2 to 3, the suspension changes from an all B crystal suspension at point 2 to an
all co-crystal suspension at point 3.

If even more A is added, the overall composition enters the two-phase co-crystal
region between points 3 and 4. Going towards point 4, the length of the line from the
operating line to the co-crystal solubility line starts to increase. As a result, more and
more co-crystallinematerial is formed until arrivingat point 4, where the highest yield
for co-crystalline material is achieved. The point of highest yield depends on how the
operating and co-crystal solubility lines are positioned. For other systems, the point
of maximum yield may well be located within the two-phase co-crystal region.

Again, beyond point 4, a three-phase region is entered. In this region, the suspen-
sion changes from all co-crystal in point 4 to all pure component A crystals in point 5.
After point 5, a pure component A crystal suspension is present.

There are various approaches to inducing transformations. One interesting ap-
proach is to suspend pure component crystals A and B in pure solvent. If the overall
composition is positioned in the co-crystal region, upon dissolution of both compon-
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ents in the solvent, supersaturation for the more stable co-crystal is eventually cre-
ated and the co-crystal crystallises. If the pure component solubilities are known, an
estimate of the location of the two-phase region can be made, making this approach
interesting to use in co-crystal discovery [26, 27].

9.2.3 Co-crystallisation kinetics

Ternary phase diagrams as presented in Section 9.2.2 give the accessible thermody-
namically stable state for a sample with a specific starting composition. However, a
phase diagram identifies neither the kinetic route travelled, nor the time of travel,
to that stable state. The formation of co-crystals in any crystalline form is initiated
by nucleation followed by crystal growth, which both need a supersaturated solution
to occur. Controlling and understanding the nucleation and growth process kinetics
is as important as understanding the thermodynamics of the process. Kinetics de-
termine the route towards the final stable state and taking a wrong turn can yield,
within the timeframe of a given process, a very different outcome with metastable co-
crystal polymorphs, solvates or pure component crystalline compounds crystallising
out rather than the desired co-crystal compound. In this section, the importance of co-
crystallisation kinetics in solution is illustrated by focusing on the competition among
the various stable solid phases in a ternary phase diagram.

The phase diagrams shown up to now only show the solubility lines of the most
stable crystalline phases in a particular compositional region. However, the solubilit-
ies of metastable compounds in phase diagram regions can be derived from their sol-
ubilities in the phase diagram regions in which they are stable. Based on the solubil-
ity prediction of the metastable pure components and co-crystals, Gagnière et al. [28]
split the thermodynamic regions of the ternary phase diagram into kinetic regions.
Figure 9.5 shows these kinetic regions for a schematic phase diagram in an ortho-
gonal representation, with the dashed lines indicating the solubilities of the meta-
stable compounds.

For instance, in the bi-phasic thermodynamic region 3, in which co-crystal and
solution are the stable phases, four kinetic regions, 3A, 3B, 3C and 3D, can be iden-
tified. A kinetic region indicates a compositional region in which a specific crystal-
line form can spontaneously appear from a supersaturated solution. For example, any
clear solution containing a concentration of xA > x∗A, which is in the kinetic regions
5A, 5B, 4A, 3B, 3D and 2B, can in principle lead to spontaneous crystallisation of A.
Even though crystal compound A can crystallise spontaneously from supersaturated
solutions in kinetic regions 3B, 3D and 2B, it is not themost thermodynamically stable
compound in these kinetic regions. Similarly, B crystals can spontaneously crystallise
from a supersaturated solution in kinetic regions 1A, 1B, 2A, 2B, 3C, 3D and 4B, al-
though the crystalline phase B in the latter three kinetic regions is metastable. The ex-
tended co-crystal solubility line shows that spontaneous crystallisation of co-crystal
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Fig. 9.5: Orthogonal co-crystal phase dia-
gram at a given temperature and pressure,
with kinetically accessible zones highlighted
by broken lines; x∗A and x

∗
B represent the

solubility of A and B respectively.

AB can take place from a supersaturated solution in kinetic regions 1B, 2A, 2B, 3A, 3B,
3C, 3D, 4A, 4B and 5B, whereas the co-crystal phase is only thermodynamically stable
in thermodynamic regions 2, 3 and 4.

Thus, the thermodynamic regions 1 and 5 are both divided into two kinetic re-
gions. In kinetic region 5A, the stable form A is the only crystalline phase that can
form. Similarly, in kinetic region 1A, only the stable form B can crystallise spontan-
eously from a supersaturated solution. In kinetic regions 5B and 1B, a clear solution is
supersaturated with respect to both A and AB or B and AB respectively, and both can
therefore spontaneously crystallise from such a solution. Their relative crystallisation
kinetics determine the initial outcome of crystallisation in that region. In kinetic re-
gion 5B, A can spontaneously nucleate and crystals grow, leading to a stable suspen-
sion of A crystals. Alternatively, the co-crystal phase AB can be the first to crystallise
out, leading to a suspension of AB co-crystal materials in equilibrium with a solution
that remains supersaturatedwith respect toA. This suspension is thereforemetastable
and, given enough time, A will nucleate and grow. Upon growth of A, the solution be-
comes under-saturated with respect to the co-crystal, which dissolves, leading to a
final thermodynamically stable suspension of A crystals.

In the supersaturated solution in kinetic region 3A, the co-crystal AB is the only
solid that can be formed. However, in supersaturated solutions in kinetic regions 3B
and 3C respectively, A and B can also spontaneously form, next to the co-crystal. For
a supersaturated solution in kinetic region 3D, formation of A, B and AB can occur.
In these supersaturated solutions, crystals of A and B that kinetically form eventually
dissolve once the AB co-crystal compound crystallises and the solution composition
moves towards the co-crystal solubility line in region 3A.

The three-phase thermodynamic regions 2 and 4 are also divided into two kinetic
regions. In solutions in region 4A, only the thermodynamically stable forms A and AB
can spontaneously crystallise, with the same occurring in region 2A for forms B and
AB. In solutions within kinetic region 4B, supersaturation with respect to A, B and AB
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is achieved; thus, both pure compounds and the co-crystal can spontaneously crys-
tallise out. Ultimately, any compound B that crystallises spontaneously from a super-
saturated solution in region 4B dissolves after formation of the co-crystal compound
AB with the solution composition moving towards the eutectic point of region 4.

The importance of kinetics is illustrated by focusing on kinetic region 3D, inwhich
a supersaturated solution can result in the spontaneous formation of all three solid
forms, whereas only the co-crystal AB is the stable crystalline compound. Figure 9.6
(left) shows a case in which the thermodynamically stable co-crystal AB spontan-
eously crystallises out of a supersaturated solution with a composition at the black
point. During the process, the solution concentrations of A and B drop stoichiometric-
ally (green arrows) until the solubility line of the co-crystal is reached and the process
terminates. The yield can be determined as described in Section 9.2 (Equation 9.5).
At this stage, a thermodynamically stable suspension of co-crystals (green point) is
obtained.

Fig. 9.6: Schematic phase diagrams at constant temperature and pressure in an orthogonal present-
ation showing the thermodynamic and kinetic domains. Left: solution composition during direct
crystallisation of the thermodynamically stable co-crystal AB, starting from a supersaturated solu-
tion located in the black dot. Right: possible kinetic routes towards the same thermodynamically
stable end point (green dot) starting from a supersaturated solution located in the black dot. Green,
red and purple arrows indicate crystallisation of co-crystal AB, and pure A and B respectively.

Figure 9.6 (right) shows the kinetic route towards the same thermodynamic equilib-
rium if either metastable form A (red arrows) or B (purple arrows) crystallises from
the supersaturated solution instead of the co-crystal. Upon spontaneous nucleation
of pure component A, the solution concentration of A drops down to the solubility of
A (red dot). At this stage, the solution is still supersaturated with respect to pure com-
ponent B and the co-crystal AB. If eventually pure component B crystallises out, the
solution is depleted of B down to the solubility of B (mixed red/purple dot). The solu-
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tion now contains both A and B at their saturation concentrations, but remains super-
saturated with respect to the co-crystal AB. Alternatively, this point can be reached by
crystallising out B first (up to the purple dot) followed by crystallisation of A. Spontan-
eous crystallisation of the co-crystal eventually occurs followed by a co-crystal trans-
formation process as discussed in Section 9.2.2.4.

Figure 9.6 (right) also shows an alternative route where crystallisation of A is not
followed by crystallisation of B, but rather by crystallisation of the more stable co-
crystal, AB. In the case represented here, rapid growth of the co-crystal is assumed,
leading to a stoichiometric decrease in the concentrations of A and B until the solu-
bility line of the co-crystal is reached. At this point, a suspension of A and co-crystal
AB is obtained, but the solution has become under-saturated with respect to A. The
crystals of A therefore dissolve, leading to an increase in the concentration of A in
the solution, and further co-crystallisation. The solution composition follows the co-
crystal solubility line, until the final thermodynamic point is reached (green point),
with only the co-crystal suspended in solution. In practice, co-crystallisation rather
than dissolution of A crystals is usually the rate limiting step and dissolution of A
crystals commences directly after the formation of co-crystals.

The interplay of kinetics and thermodynamics in co-crystallisation was investig-
ated experimentally by Gagnière et al. [29], whomonitored carbamazepine andnicoti-
namide concentrations in solution. Using in situ IR spectroscopy, the solution concen-
trations of both species were monitored, allowing for the identification of the kinetic
routes. A first series of experiments was conducted in kinetic region 3C, in which clear
solutions were supersaturated with respect to both the metastable carbamazepine
and the stable co-crystal phase. Spontaneous crystallisation from these supersatur-
ated solutions led to the formation of the co-crystal. This was demonstrated by the
stoichiometric consumption of both species until the co-crystal solubility curve was
reached, similar to that shown in Figure 9.6 (left). A second series of experiments
were this time conducted in kinetic region 4A, where clear solutions were supersat-
urated with respect to the stable phases of both carbamazepine and the co-crystal.
Initially, co-crystal material formed, as shown by the stoichiometric decrease of both
components. Before reaching the co-crystal solubility curve, a more substantial de-
crease in carbamazepine concentration than that of nicotinamide showed concomit-
ant crystallisation of carbamazepine crystals. In the final stage, the co-crystals par-
tially dissolved, with the carbamazepine crystallisation continuing until the eutectic
point was reached. The solution concentration in close proximity to the eutectic point
followed the co-crystal solubility curve, suggesting carbamazepine crystal growth to
be rate limiting rather than co-crystal dissolution. This process corresponds to the
green arrows in Figure 9.6 (right), starting in region 4A.

In summary, it is vital to determine location within the phase diagram, and what
this predicts about the final outcome of the process. The route to this outcome is
determined by kinetics and depends on solution nucleation and growth of the dif-
ferent forms, which in turn depend on the initial solution concentration and stoi-
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chiometry [30]. The kinetic route followed has a significant impact on product quality,
i.e. size, shape and purity. In addition, as for classical, pure component crystallisa-
tion processes, using different process parameters such as seeding [26, 31], cooling
profile and agitation, metastable crystal forms may be obtained. Finally, just as for
single-component systems, co-crystals can also form hydrates, solvates or display
polymorphism.

9.3 Co-crystallisation applications

As for any crystallisation process, solution co-crystallisation processes can be used
for multiple purposes. In this section, solution co-crystallisation is discussed as a tool
for improving dissolution behaviour and for achieving separation.

9.3.1 Improving dissolution behaviour of an active pharmaceutical ingredient

The biopharmaceutics classification system (BCS) [32] classifies orally administered
drugs in four categories according to their dissolution and permeability behaviour.
Class II drugs are termed as low solubility–high permeability drugs. an estimated 30%

Fig. 9.7: Impact of co-crystals on dissolution behaviour of a drug compound. Co-crystallisation can
have an impact on both dissolution rate and solubility. For incongruent systems, possible transform-
ations to less-soluble compounds also need to be taken into account.
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of drugs on themarket belong to this category. Considering drugs under development,
this percentage is predicted to show a significant increase in the future owing to an in-
creasingmolecular size and complexity of newlydeveloped drugs [33]. Thebioavailab-
ility of class II drugs is limited by their dissolution behaviour, with relationships often
existing between their in vitro dissolution profile and their in vivo bioavailability.

Alternative solid forms such as co-crystals may to have an impact on the dissolu-
tion behaviour of a given class II drug form. Figure 9.7 gives an overview of the impact
on dissolution behaviour of using co-crystal technology. Co-crystals have an effect on
both the thermodynamic (solubility) and the kinetic (dissolution rate) aspects of drug
dissolution. The dissolution profile of co-crystals is furthermore influenced by its con-
gruent or incongruent behaviour in bodily fluids. Co-crystal dissolution can lead to
a transformation of the co-crystal, reducing possible positive solubility and dissolu-
tion rate effects, which indicates incongruent dissolution behaviour. Therefore, the
dissolution behaviour of co-crystals [34, 35] is discussed separately for congruent or
incongruent systems, with relevant literature cited as examples in both cases.

9.3.1.1 Congruent co-crystal systems
When a pharmaceutical co-crystal is orally administered, dissolution occurs either
in the stomach or in the intestines. This initially implies an increase in drug and co-
former concentration in the stomach or intestinal fluids. For congruently dissolving
systems, a typical dissolution profile is shown in Figure 9.8. When administering a
co-crystal AB, both fluid concentrations of API A and co-former B are initially zero.
Gradual dissolution of the co-crystal leads to an equimolar increase in both A and
B in the fluid, which means that the overall concentration over time follows the 1 : 1
stoichiometric line (green arrows in Figure 9.8, right). When the co-crystal solubility
curve characterised by the solubility product K is reached, the system is at equilib-
rium. As the concentrations of A and B follow the stoichiometric line, the final API
concentration

x∗A(AB) = √K
is given by the solubility product. The dissolution profile levels off towards this value,
which represents the highest amount of drug A that can be achieved upon orally ad-
ministration of the co-crystal drug. As shown in Figure 9.8, this implies achieving a
lower drug concentration in the case of administering a pharmaceutical co-crystal
product compared with administering the pure form A. Despite the lower solubility,
the dissolution rate can still be substantially faster, possibly realising higher in vivo
concentrations.

Figure 9.8 shows an ideal system in which solution interactions between A and B
donot play a determining role. Inmany cases, these solution interactions do come into
play, with solution complexation equilibria acting on compound solubilities. Some-
times a decreasing solubility of A can be observed due to, for example, some sort of
salting out effect. However, for these systems, an increase in the solubility of the tar-
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Fig. 9.8: Dissolution profile (left) and route through the phase diagram upon dissolution (right) of a
pure drug A (dotted line, red arrows) and a congruent co-crystal system AB (dashed line, green ar-
rows). The mole fractions xA and xB represent the solution concentrations of A and B respectively,
and x∗B , x

∗
A and x

∗
A(AB) respectively represent the solubilities of components B and A, and the satura-

tion concentration of A achieved when dissolving AB co-crystal material.

get compound A is typically noticed with increasing concentration of B in solution.
This is illustrated in Figure 9.9 by a non-vertical solubility line of A with respect to the
amount of B. As illustrated in Figure 9.9, dissolving pure co-crystal material, can lead
to an increased concentration of A in the solution compared with dissolution in pure
solvent. In a similar context, additives or excipients with a strong complexation with
the API can also be used to increase the solubility of the pure component A crystals
without the need to co-crystallise the components in the same solid.

Fig. 9.9: Dissolution profile (left) and route through the phase diagram upon dissolution (right)
of a pure drug A (dotted line, red arrows) and a congruent co-crystal system AB with strong solute
interactions between components A and B. The mole fractions xA and xB represent the solution con-
centrations of A and B respectively, and x∗B, x

∗
A and x

∗
A(AB) respectively represent the solubilities of

components B and A, and the saturation concentration of A achieved when dissolving AB co-crystal
material.
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However, this complexation behaviour makes it difficult to predict whether a sys-
tem behaves congruently under conditions of drug administration. Therefore, the
environment a drug is dissolved in should always be kept in mind. For instance,
a drug that dissolves congruently in the stomach (low pH) does not necessarily do
so in the intestine (high pH). Examples of congruently dissolving co-crystal sys-
tems are phenazopyridine:phthalimide [36], carbamazepine:cinnamic acid [37], car-
bamazepine:nicotinamide [38], acyclovir:fumaric acid [39], genistein:caffeine [40],
ezetimibe:methylparaben [41] and adefovir:p-hydroxybenzoic acid [42].

9.3.1.2 Incongruent co-crystal systems
For incongruently dissolving co-crystal systems, a typical dissolution profile is shown
in Figure 9.10 (left). Again, co-crystal dissolution leads to an equimolar increase in
both A and B concentrations in solution, following the 1 : 1 stoichiometric line (Fig-
ure 9.10, right, green arrows), up until the solubility curve of the co-crystal is reached.
However, at this stage, ameta-stable situation is achieved as the overall solution com-
position (black dot in Figure 9.10, right) corresponds to thermodynamic region 1 in
the overall phase diagram (see Section 9.2) in which the free drug form A is the stable
form in suspension. Often, this metastable concentration x∗A(AB) is referred to as a kin-
etic solubility [43] as at this stage, the solution is supersaturated with respect to the
free form A, which eventually crystallises. After nucleation and crystal growth of A, a
solvent-mediated transformation occurs [44], with the free form crystallising, and the
co-crystal phase dissolving.When the co-crystal phase is depleted, further crystallisa-
tion of A leads to a final solution concentration equal to the thermodynamic saturation
concentration x∗A of the free form A. Alternatively, sufficient co-crystal phase may be

Fig. 9.10: Dissolution profile (left) and route through the phase diagram upon dissolution (right) of
a pure drug A (dotted line, red arrows) and an incongruent co-crystal system AB. The mole fractions
xA and xB represent the solution concentrations of A and B respectively, and x∗B, x

∗
A and x

∗
A(AB) re-

spectively, represent the solubilities of components B and A, and the saturation concentration of A
achieved when dissolving AB co-crystal material.
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present, in which case the three-phase eutectic point is reached with both co-crystal
and A crystals in suspension. It should be noted that the kinetic solubility cannot al-
ways be achieved, as nucleation of A may occur before co-crystal solubility has been
reached.

Figure 9.10 shows a dissolution profile of an incongruent co-crystal system. This
type of dissolution profile is of the “spring and parachute” type [45, 46]. The “spring”
behaviour is characterisedby a rapid increase in concentrationA in solution due to an
increased dissolution rate of the co-crystal. Furthermore, the amount of A dissolved
in solution is higher for the co-crystal than for the free form A owing to an elevated
co-crystal solubility product. Under these conditions, the co-crystal is not the stable
form in suspension, with a solution-mediated transformation towards the free form
A eventually occurring. As this solution transformation is often limited by the crystal
growth kinetics of free form A, a “parachute”-like slow decrease in the concentration
of A is observed in the solution. The rate at which the solution concentration of A
decreases can be slowed down even further using additives and prolonged increased
concentrations of A could be maintained. Examples of incongruent systems are de-
scribed in the literature for drug candidates AMG517 [47], quercetin : proline [48],
danazol–vannilin [49], myricetin–proline [50], megestrol acetate : saccharin [51] and
dexlansoprazole:isonicotinamide [52].

9.3.2 Co-crystallisation as a separation technique

In addition to being a process for generating a particulate product, crystallisation is
an economically viable and easy to implement industrial separation technology al-
lowing efficient separation of a target compound from a solution containing multiple
components, such as a reaction mixture. The main compound of interest is often the
high concentration compound, whereas other compounds are often impurities. Sim-
ilar to single-component crystallisation processes, multi-component crystallisation
processes can be used as a form of separation technology [54].

9.3.2.1 Co-crystallisation instead of crystallisation
The most straightforward approach to using co-crystallisation as a separation tool
is to target the component of interest A and removing it from the solution using co-
crystallisation by the addition of an appropriate co-former B, rather than using pure
component crystallisation. Targeting the main compound, excess co-former and im-
purities are removed with the mother liquor upon filtration. A co-crystallisation ap-
proach becomes particularly interesting when encountering difficulties with crystal-
lisation of the pure compound A, for instance, owing to purity issues, amorphous
compound formationor liquid–liquidde-mixing. Anymethodof co-crystallisation can
then be used, as discussed in Section 9.2.2.
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Fig. 9.11: To separate co-crystals into its components, a
solvent is required in which the co-crystal dissolves incon-
gruently. The pure component solubilities should preferably
be very different, with a low solubility for the preferred com-
pound, starting on the AB axis with co-crystal material and
moving up towards the green dot as solvent is added.

However, using such a co-crystallisation approach results in a co-crystal product con-
taining both the compound of interest and the co-former. As the product form of in-
terest is not necessarily the co-crystal product, a second crystallisation step may have
to be introduced to separate the co-crystal into its components. Once again, phase dia-
grams are crucial within this context. Pure co-crystal material can be obtained using
any of the co-crystallisation processes described in Section 9.2.2. Next, suspending the
co-crystal in a solvent in which the co-crystal dissolves incongruently, a transforma-
tion of the co-crystal to pure API A occurs for a given amount of solvent (Figure 9.11).

Such an approach was applied by Billot et al. [54] working on a drug candidate
SAR1, an SRC kinase inhibitor with potential use as treatment for acute myeloid leuk-
aemia. This component is obtained after three synthetic steps as a dry concentrate
with a purity of 60%. Repeated crystallisation trials in various solvents led to 90%
crystal purity at best. To improve this, a co-crystallisation approachwas investigated,
using benzoic acid as a co-former. The 1 : 1 SAR1 : benzoic acid co-crystal was formed
from the solvent dichloromethanewith a 60%yield and a purity of over 99.5%. Isopro-
panol was used as the solvent to separate the co-crystal into its components. The pure
API has a very low solubility in this solvent, (< 1 g/L at room temperature)whereas that
of benzoic acid is very high (> 300 g/L). Such high solubility differences often lead to
incongruent co-crystal systems and the ternary phase diagram confirmed this to be
the case. Mixing the co-crystal in isopropanol induced a transformation from the co-
crystal to pure API crystals, with a final yield of 90%.

9.3.2.2 In situ product removal by co-crystallisation
Urbanus et al. [53, 55] used phase diagram knowledge to arrive at a new approach
for the removal of cinnamic acid from its fermentation broth. In most bio-based pro-
cesses,microbial production is inhibited athigh fermentationproduct concentrations.
In situ product removal is therefore required to keep the product concentration low
during the fermentation process. The authors showed that cinnamic acid forms a co-
crystal with 3-nitrobenzamide, at concentrations as low as seven times below the pure
component solubility of cinnamic acid.Maximum in situproduct removal capacity can
be achieved by operating the process at the eutectic point, as shown in Figure 9.12.
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Fig. 9.12: In situ product removal through co-crystallisation.
The light-blue arrow indicates the overall composition (op-
erating line) indicating the increase in product concen-
tration due to a reaction, whereas the green arrow indic-
ates the solution composition. The impurity concentration
in the solution can be substantially reduced through co-
crystallisation. The mole fraction xB represents the concen-
tration of 3-nitrobenzamide, xI represents the concentration
of cinnamic acid, x∗I is the solubility of cinnamic acid and
x∗,minI is the apparent minimum solubility.

Starting off with an initial suspension of 3-nitrobenzamide, the overall composition
follows the light-blue line, as the amount of cinnamic acid increases throughout fer-
mentation. When crossing the apparent minimum solubility x∗,min1 , the co-crystal be-
comes a stable phase. At this stage, the composition of the solution (green line) equals
that of the eutectic point, with both the co-crystal and 3-nitrobenzamide solid phases
in suspension. Any cinnamic acid created at this stage through fermentation is re-
moved by co-crystallisation with the co-former. The solution concentration remains
unchanged owing to matching dissolution of 3-nitrobenzamide crystals, acting as a
co-former buffer. This process can continue while in the tri-phasic equilibrium zone,
which is achieved as long as the 3-nitrobenzamide buffer does not run out. This can
easily be ensured by regularly adding more 3-nitrobenzamide.

9.3.2.3 Co-crystallisation for impurity removal
As shown by Hsi et al. working on ibuprofen/ketoprofen mixtures [56], impurity re-
moval by co-crystallisation of the impurity with a co-former is possible. However, this
leaves the final solution containing, along with a lower level of the impurity, some
concentration of the co-former, which can be seen as an additional impurity. Further-
more, co-crystallisation remains challenging under such low impurity levels.

A more promising approach in this context was also suggested by Hsi et al. [57]
building on the impurity co-crystal results. The idea behind their work was to prevent
impurities from being incorporated into the crystal lattice of the target component. To
do so, they started from the idea that a component co-crystallising with the impurity
is also likely to interact strongly with the impurity in the solution, hence preventing
it from influencing growth and entering the crystal lattice. They illustrated this ap-
proach using the benzamide/benzoic acid and cinnamamide/cinnamic acid systems,
showing that impurity complexation can reduce the incorporation of impurities in the
crystals of the main component by 20%.

This work was extended to amoxicillin β-lactam [59], for which all known syn-
thetic pathways lead to a contamination with 4-hydroxyphenylglycine, a degradation
product. Removal of this component through successive crystallisations is problem-
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atic because of the impurity incorporation in the amoxicillin β-lactam crystal. A co-
crystal screen allowed the identification of 11 possible co-formers for the impurity,
which were tested in 1 : 1 stoichiometric solution ratios. In the case of the co-formers
L-lysine and L-leucine, this led to an impurity incorporation decrease of 85% in com-
parison with crystallisation performed without added complexing agents.

9.3.2.4 Co-crystallisation as a chiral separation technology
Resolution, the chiral separation of two different stereoisomers, is complex and
challenging [59]. Chirality is of particular importance for pharmaceutically active
compounds, as a given enantiomer can be active (eutomer), whereas the counter
enantiomer (distomer) may be non-active, trigger an unwanted response by display-
ing unwelcome side-effects or, in worst case scenarios, be poisonous. For example,
the eutomer of naproxen is used to treat arthritis whereas the distomer causes liver
poisoning. Another example is thalidomide, where the eutomer is effective against
morning sickness whereas the distomer is teratogenic. In spite of important advances
in asymmetrical synthesis of the desired enantiomer, a prominent way of achieving
enantiopure drugs still involves formation of a racemic mixture followed by chiral
separation. As co-crystallisation can be used within the context of separation [60], it
can also be used within the context of resolution. Again, phase diagrams are crucial
for understanding the process and for developing a robust process. The challenge
of chiral separation through co-crystallisation comes from the additional degrees of
freedom due to the variable concentration of all components: R-enantiomer, S-en-
antiomer, solvent and (achiral or chiral) co-former. This can be described at a given
temperature using a quaternary phase diagram.

Preferential crystallisation is a frequently used chiral resolution method as it is
an economically interesting alternative to chiral chromatography that is easy to im-
plement. The limitation of preferential crystallisation is the prerequisite for a con-
glomerate system in which enantiopure crystals form a physical racemicmixture. Co-
crystallisation can be used within this context, as a racemic compound system can
be turned into a conglomerate co-crystal system using a suitable co-former [61, 62].
As roughly 10% of the systems are conglomerates [63], on average, with trial and er-
ror, 1 in 10 co-formers should be expected to result in a conglomerate co-crystal, and
therefore a potential 10-fold rise in conglomerate-based chiral resolutionapplications.
However, in specific families of racemic compounds, it may be quite challenging to
find a co-former that changes a very stable racemic compound into a conglomerate
co-crystal system. This may be the reason why reports on co-crystal conglomerates
are limited. Going from a racemic compound system to a conglomerate co-crystal sys-
tem has an impact upon the ternary diagram, as shown in Figure 9.13.

The general idea behind preferential co-crystallisation is to start with an initial
racemic solution, which is supersaturated with respect to both enantiomers. At this
stage, co-crystals of a given enantiomer (e.g. ARB) can be seeded. Co-crystallisation
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Fig. 9.13: Impact upon the ternary phase diagram of a racemic compound A, which forms a co-crystal
conglomerate using co-former B. The representation of the co-crystal conglomerate is possible as a
ternary phase diagram for overall 1 : 1 stoichiometry of B and the chiral compound.

depletes the solution in the R-enantiomer until the solubility line of the ARB co-crystal
is reached. Care should be taken that no spontaneous nucleation of the counter- en-
antiomer co-crystal occurs. Filtration yields the ARB product and a liquid enriched
in the S-enantiomer. Subsequently, the solution can be seeded with ASB co-crystal
seeds that grow and filtration yields ASB crystals and a solution with a eutectic
composition. Such a process was, for example, developed successfully for the res-
olution of a hybrid salt/co-crystal (±)trans-N,N-dibenzyldiaminocyclohexane using
2,3-dichlorophenylacetic acid [64].

If the chiral compound can be racemised in solution, a conglomerate co-crystal
of a racemic compound can furthermore be used in a de-racemisation process such as
Viedma ripening [65, 66] or crystallisation-enabled dynamic kinetic resolution to ob-
tain an enantiopure co-crystal product with high yield [67, 68]. Viedma ripening is an
attrition-enhanced de-racemisation process and the operating principle is based on
continuous grinding of a racemic suspension of crystals while racemising the chiral
solute [69]. In this deracemisation process, the overall solid form transforms over time
into an enantiopure end-product. A co-crystallisation-enabled dynamic kinetic resol-
ution process is the preferential co-crystallisation in the presence of a solute racemisa-
tion. As the distomer solute is transferred into eutomer crystals, these de-racemisation
processes in principle have substantially higher yields than processes conducted in
the absence of solute racemisation.

For non-conglomerate forming compounds, co-crystallisation can be used in a
manner similar to diastereomeric salt formation. A chiral resolving agent can form
a co-crystal with both enantiomers of the target compound, or with only one of the
target compounds, leading to diastereomeric co-crystal formation or enantio-specific
co-crystal formation respectively [70]. The solid formsof eachenantiomerhasdifferent
physical properties such as solubility, which can be used for resolution.

Diastereomeric co-crystallisation has been used to resolve both enantiomers of
the drug praziquantel [71], whereas (±)-trans-1,2-cyclohexanediol can be resolved us-
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ing tartaric acid [72]. Enantiospecific co-crystallisation from solution has been de-
veloped by Springuel and Leyssens, resolving levetiracetam from a racemic mixture
using mandelic acid [73]. The S-enantiomer (levetiracetam) forms a co-crystal with S-
mandelic acid, whereas no co-crystal is formed between the R-enantiomer of the drug
and S-mandelic acid. This led to the development of a resolution as shown in Fig-
ure 9.14. A racemicmixture of the drugwas added to acetonitrile followed by the addi-
tion of S-mandelic acid. Levetiracetam : S-mandelic acid co-crystal crystallises out as
the stable form in suspension, leaving the undesired R-enantiomer in solution. Up to
80%of thedesired enantiomer couldbe removedusinga single co-crystallisation step.

To identify the final suitable conditions for a robust resolution process through
co-crystallisation, appropriate phase diagramsare required. Isothermal ternary phase
diagramsno longer suffice as the amounts of both enantiomers, of resolving agent and
solvent need to be taken into account. Quaternary diagrams such as those presented
in Figure 9.14 need to be considered [74]. Just as for ternary phase diagrams, quatern-
ary phase diagrams varywith the temperature and nature of the solvent. The complex
interpretation of these diagrams can be reduced by working with well-selected cut
planes of the overall quaternary diagram. As illustrated in Figure 9.14, while work-

Fig. 9.14: Resolution from solution using enantiospecific co-crystals. (a) Racemic mixture is added
to a solvent and fully dissolved. A chiral co-former is added that co-crystallises with only one of the
two enantiomers. (b) Full isothermal quaternary phase diagram corresponding to a chiral resolution
process through co-crystallisation. The apices represent pure R- and S-API, pure co-former and pure
solvent. An example of a well-chosen cut plane for a given percentage of solvent in the quaternary
co-crystal phase diagram showing the stability of the enantiospecific co-crystals in racemic solu-
tions under specific conditions. API active pharmaceutical ingredient.
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ing with a fixed molar percentage of solvent, a ternary cut can be made. Within the
plane, the different solid states can be identified that are thermodynamically stable
in suspension. Even though such a cut does not yield immediate information on the
supernatant liquid composition, it will at least show whether resolution occurs, and
for which amount of co-former added. Following the racemic line (broken blue line) in
Figure 9.14, varying the amount of co-former leads to different situations. For low co-
former concentrations, the RS-API is stable in suspension. By increasing the amount
of co-former a suspension can be achieved for which both RS-API and co-crystal are
stable in suspension. An evenhigher amount of co-former leads to a suspensionwhere
only the co-crystal is the stable solid phase, with even higher amounts of co-former
leading to suspensions also containing co-former crystals. Resolution is ideally per-
formed in the pure co-crystal zone, as only a single crystalline phase can be isolated.

9.4 Industrial co-crystallisation outlook

Co-crystals continue to gain interest in both scientific and industrial fields. Co-
crystallisation allows the formation of various solid states of a specific pharmaceut-
ical. As illustrated in this chapter, thermodynamics and kinetics have an impact upon
co-crystal solubility and the dissolution rate, highlighting the direct pharmaceut-
ical relevance. In addition, the industrial significance of solution co-crystallisation
was demonstrated, as it can be used to develop novel applications for purification
and separation purposes if basic thermodynamic and kinetics data are available.
Thermodynamics, which is accessible through appropriate phase diagrams, yields
the final process conditions in all circumstances, whereas kinetics is important for
the control of the pathway towards these final conditions. Despite the complexity of
solid form solubility and crystallisation kinetics in systemswithmultiple compounds,
nowadays, knowledge,methods, approaches and techniques are available that enable
the use of these for optimal product and process development.

Concerning the topic of binary co-crystals, the vast complexity ofmulti-component
systems has only been touched upon. In the foreseeable future, it is expected that the
demands of pharmaceutical properties will become more stringent as new pharma-
ceuticals increase in molecular size and complexity. The requirement for increasingly
complex multi-component systems, their synthesis and their separation will become
more challenging owing to the increasing number of components in the reaction
mixtures. Complex, multi-component solid crystallisation from solution will not only
demand a robust route towards these multicomponent products, but also offer new
solution-based application possibilities.What remains clear is that the thermodynam-
ics and kinetics complex multi-component crystallisation aspects will continue to be
important for solution-based processes. Although understanding the thermodynam-
ics and kinetics of these systems is challenging, it will also result in new opportunities
in both the scientific and the industrial arenas.
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Marc Fourmigué
10 The salt–co-crystal continuum in halogen-bonded

systems

10.1 Introduction

The International Union of Pure and Applied Chemistry (IUPAC) [1] defines halogen
bonding (XB) as occurring, “when there is evidence of a net attractive interaction
between an electrophilic region associated with a halogen atom in a molecular entity
and a nucleophilic region in another, or the same, molecular entity.” It further elabor-
ates by stating, “A typical halogen bond is denoted by the three dots in R–X···Y. R–X is
the halogen bond donor, X is any halogen atom with an electrophilic (electron-poor)
region, and R is a group covalently bound to X. In some cases, X may be covalently
bound tomore than one group”. In other words, species Y is acting as a Lewis base. XB
is therefore associated with the electronic polarisation of the halogen elements, par-
ticularly the heavier ones (X = Br, I), with a charge-depletion area in the prolongation
of the R–X bond. This electrophilic region is called the σ-hole, as it is also associated
with the anti-bonding σ∗ combination of the orbitals involved in the R–X bond. XB
has already been the topic of several review papers [2, 3] and books [4, 5] and readers
are invited to refer to these for further information. XB has been investigated in solu-
tion as in condensedmatter, i.e. crystals, liquid crystals and gels. Inmost systems, the
interaction strength is similar to that of weak to normal hydrogen bonds (HBs). In re-
cent times, implications of XB inmanydomains have been revealed, such as in crystal
engineering, anion recognition, conducting andmagnetic materials, organocatalysis,
biomolecules, drug design, photoactive materials, etc.

In crystal engineering, XB offers several attractive peculiarities, particularly
a strong directionality with an essentially linear R–X···B motif. When combined
with Lewis base acceptors, this linearity gives rise to high predictability, as illus-
trated by the numerous 1D, 2D or 3D networks purposely prepared not only from
numerous ditopic XB donors (Figure 10.1a), but also from tritopic ones such as sym-
triiodotrifluorobenzene [6, 7], or 1,3,5-trifluoro-2,4,6-tris(iodoethynyl)benzene (Fig-
ure 10.1b) [8, 9], or tetratopic ones, as in tetrabromomethane [10] or tetraiodoethylene
(Figure 10.1c) [11, 12].

https://doi.org/10.1515/9783110464955-010
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Fig. 10.1: Examples of (a) ditopic, (b) tritopic and (c) tetratopic halogen-bonded (XB) donors used in
crystal engineering and anion recognition.

10.2 Neutral or ionic halogen-bonded co-crystals

10.2.1 Neutral or ionic? The example of hydrogen-bonded systems

The concept of charge-assistedHB iswell established. This is the result of proton trans-
fer between, for example, a carboxylic acid and an amine [13]. The ∆(pKa) values [14]
have been widely applied to predict the actual state of a material: co-crystals where
all components in the HB complex remainneutral, and salts where the molecules take
ionic forms [15]. As charge-assisted HB gives rise to stronger HB interactions, it has
been used successfully in the elaboration of robust supramolecular networks [16, 17].
One question then arises regarding the possible observation of analogous situations
in halogen-bonded (XB) systems, where the exact position of the halogen atomwould
define the ionicity of the whole XB adduct, as illustrated in Figure 10.2.

Several conditions are needed to observe the situation described in Figure 10.2b.
It implies first that the Y–I bond is labile enough to break, and the associated stabilisa-
tion/delocalisation of the negative charge in the resulting Y− species. Simultaneously,
the iodonium species illustrated in Figure 10.2b as a N-iodopyridinium cation, should
also be accessible. Note also that the position of the iodine atom may well be inter-
mediate where the determination of the degree of ionicity can be more difficult and
require specific experimental and/or theoretical approaches. In the extreme ionic situ-
ation, the N-iodopyridinium now becomes the XB donor, which is associated through
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Fig. 10.2: (a) Co-crystal vs salt description in hydrogen and (b) XB systems.

XBwith the Y− species acting as an XB acceptor; a situation typical of charge-assisted
XB, as detailed below.

10.2.2 Charge-assisted halogen bonding

Halogen bonding is particularly enhanced in adequately charged systems, with either
positively charged molecules activating the halogen atom or negatively charged XB
acceptors or even better, the association of both. For example, meta-substituted iodo-
or bromopyridinium [18, 19], 2-halo-imidazolium [20–22], ethyl-4-halothiazolium [23,
24] and iodo-tetrathiafulvalenium salts [25] interact strongly through XB with neutral
or anionic Lewis bases. Similarly, neutral XB donors such as perfluoroiodoalkanes,
alkenes and arenes interact strongly with negatively charged species such as halide
or pseudo-halide anions, oxo- and halometallate anions [26]. This charge assistance
is also particularly strong in the N-iodonium derivatives, as most of them crystallise
with a second pyridinemoiety leading to symmetric XB systems, both in the solid state
and in solution. Pyridine-N-oxides provide another example of this charge-assisted
XB, particularly when engaged with N-iodoimide derivatives as XB donors. Indeed, in
the latter, the strong polarisation of the N–I bond leading to a N−–I+ motif is perfectly
fitted to interact with the opposite polarisation of the pyridine-N-oxide, which can be
written as −O–N+Py to give extremely short I···O contacts, with a reduction ratio down
to 0.66 [27].

The occurrence of charge-assisted XB has been nicely illustrated in isostruc-
tural systems of varying charge, such as associating iodinated tetrathiafulvalene
(EDT-TTFI2) with tetracyanoquinodimethane (TCNQ) derivatives of various electron
acceptor capability, i.e. TCNQ, TCNQF and TCNQF2 (Figure 10.3) [28]. A significantly
shorter and stronger XB interaction between the iodine atom of EDT-TTFI2 and the ni-
trile substituent of the TCNQFn molecules is indeed found in the ionic (EDT-TTFI2)2+•
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Fig. 10.3: Evolution of the I···N XB with the charge: neutral (with tetracyanoquinodimethane, TCNQ)
vs ionic (with TCNQF2) charge transfer complexes of iodinated tetrathiafulvalene (EDT-TTFI2).

(TCNQF2)−• charge transfer salt than in the neutral (EDT-TTFI2)2(TCNQ) charge trans-
fer co-crystal. In the former, the building of charge in the two partners of the co-crystal
association finds its origin in an electron transfer, made possible because of the care-
ful redox adaptation of the two electron donor and acceptormoieties. Indeed, TCNQF4
is a stronger oxidant (Ered = +0.30V vs SCE) than TCNQ (Ered = +0.14V vs SCE). An
intermediate situation with a neutral–ionic conversion upon lowering the temper-
ature was observed with TCNQF (Ered = +0.26V vs SCE) [29]. This work was also
extended to weaker electron donors (EDT-TTF–I) [30] or stronger electron acceptors
(DDQ) [31].

10.2.3 Neutral or ionic? Halogen bonded systems

XB complexes between a Lewis base B and dihalogens or interhalogens (X–Y = I2,
Cl–F, I–Cl) can be formulated as B···X–Y. Legon [32] has shown that, in some in-
stances, these systems were better described under an ionic form [BX]+···Y−. Such
systems are characterised by a large intermolecular stretching force that is constant
compared with the so-called Mulliken outer complexes, B···X–Y. For example, a con-
tribution of roughly 20% of the ionic form (Mulliken inner complex) was estimated for
the ammonia/Cl–Fcomplex, increasing up to 50–70% in the alkylated trimethylamine
analogue, Me3N/ClF [33, 34]. These studies also established an order of electrophili-
city of the dihalogen molecules with Cl2 < Br2 < BrCl < ClF < ICl [32]. In that respect,
complexes involving dihalogens and interhalogens are most prone to exhibit ionic
structures in the solid state, as has been comprehensively reviewed by Pennington
et al. [35]. Examples of XB ionic (zwitterionic) structures, [BX]+···Y−, are given with a
specific reference to more recent examples in the following sections of this chapter.
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10.3 Strong halogen bond donors

The propensity of XB systems B···X–Y to eventually ionise to [BX]+···Y− relies on the
possibility of breaking the X–Y bond. In XB systems, this has been observed with di-
halogens and interhalogens, but alsowithN-haloimide derivatives, as detailed later in
Section 10.3.2. The following focuses upon the evolutions observed in a series of com-
pounds and the propensity to ultimately form ionic systems by increasing the electro-
philic character of the XB donor and/or by increasing the Lewis base character of the
XB acceptor.

10.3.1 Dihalogens and interhalogens

As already established by Pennington et al. [35], dihalogens and interhalogens can
interact with Lewis bases at only one end, leading to the simple adduct B···X–Y, re-
ferred to as mode A in Figure 10.4. However, other possibilities are also observed and
have been described as the amphoteric adduct (AA) mode, bridged amphoteric (BA)
mode, bridged (B) mode (Figure 10.4). Hypervalent species described as “T-shaped”
adducts are also known to evolve from the initially formed neutral adducts derived
from thiones [36]. They are most often found with the weaker XB donors (I2, Br2) and
are not discussed here to allowmore attention to be given to the strongest, potentially
ionic structures.

X YB

Neutral adduct (A): Ionic adduct (I):

YB X

Amphoteric adduct (AA)

X YB

X

Y

Bridged amphoteric (BA)

X YB

X

Y

Y X B

Bridged (B)

X YB B

T-shaped adduct (T):

S XY

Fig. 10.4: Common geometries observed in dihalogens and interhalogen adducts.

10.3.1.1 Chalcogens as halogen bond acceptors
Chalcogen-containing molecules (S, Se) are particularly efficient XB acceptors. Many
different XB adducts with dihalogens and interhalogens have been described [37], in-
volving thio(seleno)ethers, thiones and thio(seleno)phosphines. In most cases, neut-
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Fig. 10.5: Geometric characteristics of representative XB adducts (in Å) with their Cambridge Crystal-
lographic Data Centre (CCDC) refcode.

ral adducts are observed, as illustrated in Figure 10.5, for the I2, IBr and ICl adducts
of (i) triphenylphosphine sulphide [38, 39] and (ii) 4,5-carboxymethyl-1,3-dithiole-2-
thione [40]. As a general trend, much shorter XB interactions are observed with ICl as
the XB donor. In these ICl adducts, the iodine atom is located essentially at the mid-
point between sulphur and chlorine atoms, indicating an already relatively “ionic”
structure.

The actual extent of charge transfer in such adducts was theoretically estimated
by Koskinen et al. [41, 42] from quantum theory of atoms in molecules (QTAIM) calcu-
lations in a series of benzothiazole-2(3H)-thione and N-methylbenzothiazole-2-thione
adducts with XY XB donors (XY = Br2, I2, IBr and ICl) (Figure 10.6).

Fig. 10.6: Geometric characteristics of representative XB adducts (in Å) of benzothiazole-2(3H)-
thione together with their CCDC refcode.
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In the latter ICl adducts (BUDSEA, LIFXIH), the iodine atom is indeed notably closer
to the sulphur than to the chlorine atom, which is another indication of a significant
charge transfer. Both S···X and X···Y contacts were characterised (Table 10.1) by the
interaction energy and by the ratio of the densities of potential energy V and kinetic
energy G at bond critical points (BCPs), (|VBCP| /GBCP). The latter has values < 1 for
non-covalent closed-shell (ionic) interactions and > 2 for covalent bonds, whereas
values between 1 and 2 indicate a partial covalency. It is noted that in all systems, the
VBCP/GBCP descriptor takes intermediate values between 1 and 2, indicative of a partial
covalent character for both interactions. Furthermore, for the Br2 and ICl adducts, this
value is even greater on the S···X cf. the X···Y side, whereas in the ICl adduct, the
charge on Cl exceeds −0.5, indicating that this adduct is now closer to the ionic side
than to the neutral side.

It has been shown that the Lewis base character of the thione sulphur atom in-
creases in the order dithiole-2-thione < thiazole-2-thione < imidazolidine-2-thione [37,
43]. It is therefore not surprising that the dihalogen adducts of imidazolidine-2-thione

Tab. 10.1: Properties of the electron density at selected bond critical points (BCPs) for adducts of
N-methyl-benzothiazole-2(3H)-thione with XY halogen bond donors (XY = Br2, I2, IBr, ICl). See
Figure 10.6 for refcode definitions.

Adduct BCP d (Å) ρ (e Å−3) E int(kJmol−1) |V | /G q(Y) Reference

RUFWAS S···Br 2.325 0.6362 −104 1.69 −0.457 [41]
Br···Br 2.667 0.3745 −45 1.37

DAXXOQ S···I 2.808 0.2998 −39 1.31 −0.263 [42]
I···I 2.791 0.4253 −52 1.73

BUDSAW S···I 2.706 0.3587 −50 1.41 −0.416 [42]
I···Br 2.631 0.4645 −65 1.63

LIFXIH S···I 2.549 0.4757 −75 1.56 [42]
I···Cl 2.617 0.4109 −58 1.49 −0.554

Fig. 10.7: Dihalogen adducts of imidazolidine-2-thione derivatives together with their CCDC refcode.
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derivatives exhibit either fully ionic structures (as in JOXGIO, Figure 10.7) or regular
adducts (QAQTAE, EGEREO in Figure 10.7), but with very short S···I distances and a re-
duction ratio below0.688with IBr or I2. It is anticipated that ICl adductswould exhibit
even shorter S···I distances.

10.3.1.2 Pyridines as halogen bond acceptors
Adducts of nitrogen compounds with dihalogens and interhalogens come second
after sulphur-containing species for the number of reported crystal structures. Pyrid-
ine derivatives form Py–N···XY interactions and are particularly attractive owing to
their potential for forming the ionic form [Py–N–X]+···[Y]−. They are highlighted via
the bis(pyridine) iodine/bromine cations [(Py–N)2I(Br)]+, also known as bis-pyridine
halonium cations, even if the actual charge on the iodine atom does not exceed
+0.40 [44]. The latter compounds usually crystallise in symmetrical structures with
equivalent N···X distances. This symmetry was also confirmed from nuclear magnetic
resonance studies in solution [45, 46]. Structural characteristics of representative
pyridine adducts with I2, IBr and ICl systems have been collected in Table 10.2.

Interesting comparisons can be made with the stronger ICl adducts. The iodine
atom “moves” towards the pyridyl nitrogen atom, going from the species with the
electron-poor 3-bromopyridine (GANXAY) to that with the electron-rich 4-dimethyl-
amino-pyridine (GANXOJ). Note that within these series, the total distance from the
nitrogen to the outer chloride atom (N···Y in Table 10.2) is almost constant, only the
position of the iodine atom varies. The comparison of both N···I and I···Cl distances

Tab. 10.2: Structural characteristics of halogen bonding in I2, IBr or ICl adducts of pyridines.

Adduct NPy···I (Å) I···Y(Å) N···Y (Å) N···I···Y (°) CCDC Reference

With ICl:
(3-Br-Py)(ICl) 2.344 (5) 2.473 (5) 4.817 178.43 (5) GANXAY [47]
(2,2-bipy)(ICl)2a 2.321 (2)

2.337 (2)
2.336 (7)
2.344 (7)

2.4974 (7)
2.4878 (9)
2.479 (11)
2.477 (11)

4.818
4.825
4.815
4.821

179.41 (5)
175.33 (5)
179.6 (3)
176.2 (2)

TAGNEV
TAGNEV01

[48]
[47]

(Py)(ICl) 2.29 (1) 2.510 (11) 4.800 178.7 (3) PYRIIC10 [49]
(2,4,6-Me3Py)(ICl) 2.294 (5) 2.531 (2) 4.825 179.05 (14) GANXID [47]
(4-Me2N-Py)(ICl) 2.246 (2) 2.5615 (7) 4.807 179.24 (5) GANXOJ [47]
With IBr:
(2,2-bipy) (IBr)2 2.46 (1) 2.577 (2) 5.037 175.9 (3) TAGNIZ [48]
(Py)(IBr) 2.26 (4) 2.66 (1) 4.920 PYIOBR [50]
With I2:
(Py)(I2) 2.425 (8) 2.8043 (9) 5.228 176.44 (18) VUHDIN [51]

a Two independent molecules in the asymmetric unit
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Fig. 10.8: (a) XB distances (Å) and reduction ration (in italics) for ICl adducts of pyridines and (b) res-
onance forms for the DMAP adduct.

vs the sum of the van der Waals radii (Figure 10.8a) indicates that in the latter 4-
dimethylaminopyridine (DMAP) adduct, the iodine is indeed much closer to the ni-
trogen atom than to the chlorine, the signature of a more ionic structure and a con-
sequence of the presence of the dimethylamino group in the para position, which sta-
bilises this ionic form using the mesomeric effect (Figure 10.8b). QTAIM calculations
would be highly desirable here to confirm these assumptions.

10.3.1.3 Phosphines as halogen bond acceptors
Dihalogen and interhalogen adducts of phosphorus derivatives provide an extensive
series of compounds that can be classified into two groups: (i) simple adducts with a
linear P–X–Y system (Figure 10.9a) and (ii) complex adducts where the cationic R3P–
X+ moiety interacts with complex polyiodide salts (Figure 10.9b). For the latter, ex-
amples include [Ph3P–I]+[I3]− [52], [Ph3P–I]+[I5]− [53], [iPr3P–I]+[I3−] [54] and [p-Tol3P–
I]+[I3]− [55]. The simple adducts are described to adopt a “spoke” structure.

Fig. 10.9: Structures of diiodine phosphine
adducts.
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Tab. 10.3: Geometric features of selected simple diiodine phosphine adducts.

Adduct P–I (Å) I···I (Å) P–I···I (°) P(···I···)I (Å) CCDC Reference

(Mecarb)iPr2P–I2 2.5978
(14)

3.021 (1) 177.49 (3) 5.619 QAMZAF [56]

(o-Tol)3P–I2 2.5523
(12)

3.0727 (4) 174.32 (3) 5.625 SEQKEF [57]

(p-FC6H4)3P–I2a 2.507 (3)
2.461 (3)

3.0807 (12)
3.1529 (11)

177.76 (7)
173.07 (7)

5.588
5.614

RARXAL [58]

Ph3P–I2 2.481 (4) 3.161 (2) 178.23 (6) 5.642 JITSIO [59]
Me2PhP–I2 2.410 (2) 3.408 (2) 177.01 (6) 5.518 ZEKMOR [60]
[(Et2N)3P]–I2 2.4730 (8) 3.6168 (4) 171.97 (2) 6.090 TIZBAG [61]
[(nPr2N)3P]–I2 2.455 (4) 3.6389 (14) 161.12 (9) 6.094 CALPEK [61]

a Two independent molecules in the asymmetric unit

These species differ significantly from the analogous nitrogen derivatives, whichwere
shown above to adopt a “close to ionic” structure only in very specific conditions.
Here, for example in the I2 adducts collected in Table 10.3, the P–I distances are very
short (2.43–2.60Å), whereas the corresponding I···I contacts range from 3.0 to 3.6Å.
In other words, the simple diiodine adducts of phosphines uniformly have a signi-
ficant ionic character. Only a combination of electron-withdrawing substituents and
large cone angles decreases this ionic character. As a consequence, a strong evolu-
tion of the P(···I···)I distances between phosphorus and the outer iodine atom are ob-
served (Table 10.3). Indeed, it amounts to 6.1Åwith themost electron-rich phosphines
whereas it decreases to 5.6Å with less electron-rich phosphines. This striking evolu-
tion is a consequence of the large ionic radius of the iodide anion (2.22 Å) involved
in most ionic adducts, whereas covalent contributions play an important role in both
P···I and I···I distanceswith the electron-poor phosphines, with amuch smaller iodine
covalent radius (1.33 Å).

10.3.2 N-iodo imides and analogues

Besides dihalogens and interhalogens, strong and highly polarisable XB donors can
be found not only among organic N-iodo imides derivatives such as N-iodosuccimide
(NIS), N-iodophthalimide (NIP) or N-iodosaccharin (NISac), and also N, N-diiodo-
hydantoin (Figure 10.10). These compounds are well known in synthetic chemistry as
electrophilic iodination reagents and the corresponding imidate anions are also isol-
able. Therefore, they are attractive tools for conceiving Lewis base XB adducts with
potentially a strong ionic character.

A recent review by Rissanen et al. [62] pointed out the strong XB donor character
of these iodo derivatives (and their bromo analogues), towards themselves (with the
carbonyl oxygen atom), towards neutral amines (DABCO [63], hexamethylenetetram-
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Fig. 10.10: Representative available N-iodo imide derivatives.

ine [63], pyridine [64], pyrazine [64]), and towards bromide anions [65]. In the repor-
ted examples with amines, the neutral character of the adduct was not questioned,
as the Nimide–I bond is systematically and notably shorter than the I···Npyridine XB.
One single exception, which was associated with a low-quality crystal structure, was
reported for NISac···pyridine where the Nimide–I “covalent” bond is almost as short
as the I···NPyridine XB. To clarify this point and to determine the exact nature of the Ni-
iodosaccharin/pyridine adducts (Figure 10.11), the investigationof a complete series of
adducts of both NIS and NISac with para-substituted pyridines of varying Lewis base
character through different substituents, R = H, Me and NMe2, was undertaken [66].

Fig. 10.11: The two extreme forms of the XB system, NISac · DMAP.

As shown in Table 10.4, the NIS adducts are less strongly bound than the NISac ad-
ducts. With the latter, the para-dimethylaminopyridine adduct, NISac · DMAP, is the
only onewhere the iodine atom is closer to the pyridine than to the saccharin, indicat-
ing an important contribution of the ionic form shown in Figure 10.11b. This assump-
tion was further confirmed by QTAIM calculations performed on isolated XB com-
plexes extracted from the crystal phases. They showed that the NISac · DMAP complex
can indeed be described as an ionic salt with a charge transfer of q = 0.68e, whereas
NIS · DMAP should still be considered a co-crystalwith q = 0.16e. Furthermore, the role
of the crystal environment in the actual position of the iodine atom was also under-
lined, pointing out that the overall surroundings play a role that can be modelled by
an external electric field.

Very recently, the ability of diiodohydantoins (DIHs, Figure 10.10) to act as a
strong, ditopic XB donor was also investigated within a series of adducts with para-
substituted pyridines of varying Lewis base character, withR= CN, CF3, CO2Me, H,Me,
NMe2 and pyrrolidinyl (Figure 10.12) [67]. Despite their preparation with a three-fold
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Tab. 10.4: Room temperature geometric distances and angles (Å, °) of the N–I···NR−Py halogen bond
in the co-crystals with N-iodosuccimide (NIS) and NISac. d1 = N–I distance, d2 = I···N distance,
d1 + d2 = N···N distance (the interaction is linear).

d1 (N–I) d2 (I···N) d1 − d2 N–I···N d1 + d2 Reference

NIS · Pya 2.116 (5)
2.144 (8)

2.493 (8)
2.430 (8)

−0.377 (9)
−0.286 (11)

180180 4.609 (9)
4.574
(11)

[66]

NIS · Py–Mea 2.116 (4)
2.142 (4)

2.483 (4)
2.428 (4)

−0.367 (6)
−0.286 (6)

180180 4.599 (6)
4.570 (6)

[66]

NIS · Py–NMe2 2.146 (4) 2.407 (4) −0.261 (6) 178.9 (1) 4.553 (6) [66]

NISac · Pyb 2.254 (11) 2.279 (11) b 174.5 (4) 4.52 (2) [64]
NISac · Py–Me 2.220 (3) 2.304 (3) −0.084 (4) 178.2 (1) 4.523 (4) [66]
NISac · Py–NMe2 2.292 (1) 2.228 (1) +0.064 (1) 178.8 (1) 4.520 (1) [66]

a Two crystallographically independent NIS · Py or NIS · Py–Me complexes, both located on two-fold
axes
b From Dolenc and Modec [64]: X-ray data quality is poor owing to the presence of superstructures on
the diffraction images

Fig. 10.12:Mono- and bis-adducts of diiodohydantoins with pyridines of varying Lewis base charac-
ter.

excess of the different pyridines, the bis-substituted adducts involving both the imidic
and amidic iodine atoms were only isolated with the most electron-rich pyridines (R
= H, Me, NMe2 and pyrrolidinyl) whereas the electron-poor pyridines (R = CN, CF3,
CO2Me) favoured the formation of mono-adducts through XB with the imidic iodine
atom only (Figure 10.12).

Theanalysis of the structural characteristics of thesemono- andbis-adducts, com-
bined with theoretical calculations, demonstrated that the formation of a first NDIH–
I···NPy XB deeply modifies the XB (and associated σ-hole) potential of the second un-
coordinated iodine atom. In other words, ditopic molecules such as DIHs are deac-
tivated upon formation of a first XB and enter into a second only in the presence of
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the strongest XB acceptors. This indicates that the notable charge transfer from the
pyridine to the DIHmolecule, which takes place upon formation of a first “strong” XB,
severely decreases the electrophilic character (σ-hole) of the second “uncoordinated”
iodine atom. This charge effect is clearly identified in the structural characteristics of
the mono- and bis-adducts of DIH which were isolated with the 4-pyrrolidinyl-pyrid-
ine (Figure 10.13). It is noted that the single XB interaction in themono-adduct ismuch
stronger than the two XB interactions in the bis-adduct.

Fig. 10.13: Evolution of the XB dis-
tances in the mono- and bis adducts
of DIH with 4-pyrrolidino-pyridine.

10.4 Discussion and perspectives

It has been noted above that organic N-iodo imides derivatives can act as very strong
XB donors and, in some rare instances, are able to go beyond the “invisible” border
between a neutral and an ionic description of the charge state. It should be stressed
here that for all the adducts described above, with organic and inorganic (I2, IBr, ICl)
XB donors, such a border is only an image and that there is actually a smooth con-
tinuum from weak XB systems with little, if any, charge transfer to the much stronger
interactions found for example in the phosphine adducts, with a full charge trans-
fer and complete ionisation. The intermediate situations can be properly understood
with the help of QTAIM calculations. This can provide excellent tools for evaluating
the nature and strength of these interactions, which bear a notable covalent charac-
ter. These theoretical analyses should be used in a more systematic way to rationalise
the behaviour within a systematic series of structures. The example of the diiodine
phosphine adducts reported in Table 10.3 is a case in point.

Most of the adducts described herein are based on the iodine atom as XB donor.
This is not surprising as, in “normal” XB systems with little charge transfer, the rank-
ing I > Br ≫ Cl is well established. On the other hand, there are some indications that
in strongXB situationswith a large covalent character, the one brominemember of the
series might compare with or even exceed the iodine one in strength. For example, in
the halonium salts of general formula [(pyridine)X(pyridine)]+ (X = Br, I), the reduc-
tion ratio for the N···Br distance (0.63) is actually smaller than for the N···I distance
(0.65) [68]. Similarly, with tertiary amines, the reduction ratio of 0.69 reported in the
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NBS/DABCOadduct for theN···Br distance compareswith that found in theNIS adduct
of hexamethylenetetramine (0.72). A similar comparison also holds for the pyrazine
adducts with NISac and NBSac, (NISac)2 · pyrazine and (NBSac)2 · pyrazine, with re-
duction of 0.69 for N···I and 0.71 for N···Br [62]. Again, a theoretical analysis of these
evolutions would be highly profitable to rationalise these observations.

As seen above, the setting of an XB B···IA–IB between the Lewis base B and dii-
odine also leads to a lengthening of the IA–IB bond, up to a point where it could even
break to the B–I+,I− species. This polarisation of the bond I+δA −I−δB usually deactivates
the dangling IB atom from entering into a second XB as XB donor. Only recently, situ-
ations of very weak XB with halometallates as XB acceptors were reported by Ding
et al. [69], where both ends of the I2 molecule acted as XB donors. The example of
the ditopic DIH molecule reported above in Section 10.3.2 has also shown the inter-
dependence of the two iodine atoms upon XB formation. As a consequence of these
polarisation effects, strong XB with a partial covalent character is limited to isolated
molecular adducts, whereas theweaker normal XB obtainedwith di-, tri- or tetra-halo-
genated molecules (see Figure 10.1) are extensively used in crystal engineering for the
elaboration of 1D, 2D or 3D networks. In this respect, the elaboration of extended net-
works based on charge-assisted XB with a partial covalent character would provide
very robust systems with, for example, porosity.
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11 Large horizontal displacements

of benzene–benzene stacking interactions
in co-crystals

11.1 Introduction

Aromatic non-covalent interactions are ubiquitous in chemical and biological sys-
tems, playing crucial roles in the processes of molecular recognition, catalysis and
transport [1–9]. They are of great importance for the structure and the physical and
chemical properties of the systems involved in these processes. Another important
field that uses the knowledge of aromatic interactions is crystal engineering [10]. The
formation and spatial distribution of interactions of aromatic moieties in co-crystals
can lead to desirable properties [11–16], which enables their application in different
areas [17, 18].

The prototype for studying aromatic interactions is the benzene dimer, which has
two low-energy geometries [19–29]. In the first, the C–H group of one benzene is poin-
ted towards the π-system of the other – the dimer with C–H/π interaction is often re-
garded as T-shaped (Figure 11.1) and has an interaction energy of −2.84 kcal/mol [24].
In the second geometry, two benzene molecules are parallel with their centres hori-
zontally displaced at ∼1.5 Å – the parallel interaction formed in this dimer is known
as a stacking interaction (Figure 11.1) and has an energy –2.73 kcal/mol [24]. Stacking

Fig. 11.1: Two low-energy geometries of the benzene dimer. Stacking interactions are characterised
by normal distance R between the planes of interacting benzene molecules, and the horizontal dis-
placement (offset) r, which represents the distance of the centre of one benzene to the projection of
the centre of the other benzene onto the plane of the first benzene molecule.

https://doi.org/10.1515/9783110464955-011
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interactions are of particular importance owing to their major roles in protein struc-
ture [30, 31], protein–ligand recognition [32, 33] and nucleic acid structure [34, 35].

Most studies of stacking interactions between aromatic moieties were, until re-
cently, focused upon interactions that have small horizontal displacements [19–29].
However, in the past few years, several studies have been published showing sub-
stantial interaction energies of aromatic molecules at large horizontal displacements
[28, 29, 36–39]. The topic of this chapter is parallel-stacking interactions between ben-
zene molecules in co-crystals. The review deals with preferred geometries of stacking
benzene interactions in co-crystal structures extracted from the Cambridge Structural
Database (CSD), the energies of these interactions and their supramolecular assem-
blies.

11.2 Parallel-stacking interactions between benzenes in
co-crystals from the CSD

11.2.1 Parallel-stacking interactions between non-coordinating benzenes

The CSD November 2015 release (version 5.37) [40] was subjected to a search for par-
allel benzene–benzene contacts [28]. The restrictions applied regarding the crystal
structures included in the search were:
– Only co-crystal structures (i.e. structures containing at least two different chem-

ical species) were included
– No polymer structures were included
– Structures determined from powder data were excluded
– The crystallographic R factor was less than 10%
– Only structureswith error-free coordinates according to the CSD criteriawere used
– H atom positions were normalised according to the default CSD lengths of X–H

bonds

To ensure that the benzenes do not act as ligands to transition metals, each of their
carbon atoms was set to be bonded exactly to three other atoms (two with carbon and
one with hydrogen). Two such defined benzenes were considered to form a parallel-
stacking interaction if the angle between their mean planes is less than 10° and their
centres are within the ellipsoid defined by horizontal displacement of 7.5 Å and a nor-
mal distance of 4.0Å (Figure 11.2). The search performed using these criteria yielded
1,294 stacking benzene–benzene interactions [28].

Relative to the benzene ring centre, the centres of mass of the carbon atoms are
at distances of approximately 1.4 Å and centres of mass of hydrogen atoms are at dis-
tances of approximately 2.5 Å. According to these distances, benzene can be categor-
ised into three regions – the ring region, the C–H bond region and the region bey-
ond the C–H bonds (Figure 11.3a). However, if van der Waals radii are taken into ac-
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Fig. 11.2: The model system used for the search of parallel-stacking interactions between non-
coordinating benzenes in co-crystals extracted from the Cambridge Structural Database (CSD);
Ω and Ω are the centres (centroids) of interacting benzene molecules; r denotes horizontal dis-
placement of these centres, whereas R denotes normal distance between the planes of the ben-
zenes (see Figure 11.1).

count [41], which is a more relevant approach in the context of non-covalent inter-
actions, both the ring and C–H bond regions are extended (Figure 11.3b), the latter
providing a greater surface for potential overlapping of the molecules. If two par-
allel benzenes overlap with their ring regions, stacking interactions (at small hori-
zontal displacement) are formed and the horizontal displacement is in the range r =
0.0−4.5Å. If two parallel benzenes overlap only with their C–H bond regions, stack-
ing interactions at large horizontal displacement (r = 4.5−7.5Å) are formed.

Fig. 11.3: Three regions of a benzene molecule – the ring region (grey), the C–H bond region (blue)
and the region beyond the C–H bonds (light blue), taking into account only (a) the centres of the
mass or (b) the van der Waals radii of atoms; Ω represents the ring centre; the marked distances are
dΩ−C ≈ 1.4 Å and dΩ−H ≈ 2.5 Å.

The distribution of offset values for stacking contacts between two non-coordinating
benzenes in co-crystals from the CSD shows that the vast majority of parallel inter-
actions are at large horizontal displacements. Horizontal displacements greater than
4.5 Å are present in 1,097 of 1,294 contacts, which corresponds to 85% of all interac-
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Fig. 11.4: The distribution of horizontal displacement (r) values for parallel-stacking benzene–
benzene interactions found in co-crystals extracted from the CSD.

tions (Figure 11.4) [28]. Thepeakof this distribution iswithin the range 5.0–5.5Å.Ashy-
drogen atoms are at 2.5 Å from the benzene centre, at these horizontal displacements,
hydrogen atoms partially overlap. Stacking interactions at large horizontal displace-

Fig. 11.5: Normal distance (R) versus horizontal displacement (r) plot for parallel-stacking benzene–
benzene interactions in co-crystals from the CSD.
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ments prevail [28]. Only 26 interactions (2% of all interactions) were found within the
range 1.0–2.0Å (Figure 11.4), which had been considered typical for stacking interac-
tions [24] and features the geometry of one of the low-energy benzene dimers (Fig-
ure 11.1).

For offset values below 3.0Å, the normal distances between interacting stacking
benzenes are in the range 3.0–4.0Å,with themajority being around 3.5Å (Figure 11.5),
which is typical for stacking interactions. However, at large horizontal displacements
(r > 4.5Å), normal distances are mostly below 3.0Å, and decrease with the increase
in horizontal displacements (Figure 11.5) [28].

11.2.2 Parallel-stacking interactions between coordinating benzenes

To study the effect of transition metal coordination upon parallel-stacking interac-
tions of benzene, the CSD November 2015 (version 5.37) [40] was searched for con-
tacts between two (η6) coordinating benzenemolecules with parallel orientation (Fig-
ure 11.6) [39]. Coordinating benzenewas defined by setting all carbons to be bonded to
exactly four atoms, three of them being within benzene (two carbons and one hydro-
gen) and one of them being transition metal. The crystal structure criteria and geo-
metric criteria for this search were the same as for the previous search described in
Section 11.2.1. Two coordinating benzenes were considered, forming a parallel-stack-
ing interaction if the angle between their mean planes measures less than 10° and
their centres are within the area corresponding to the ellipsoid defined by horizontal
displacement r = 7.5Å and normal distance R = 4.0Å (Figure 11.6).

Fig. 11.6: The model system used for the search of parallel-stacking in-
teractions between coordinating benzenes in co-crystals extracted from
the CSD. M denotes transition metal coordinated by benzene, Ω and
Ω are the centres of the interacting coordinating benzenes; r denotes
horizontal displacement of these centres, whereas R denotes normal
distance between the planes of the benzene molecules.

The search performed by these criteria yielded 150 parallel stacking interactions
between coordinating benzenes [39]. Organometallic compounds containing benzene
can be divided into sandwich compounds, which contain benzene and only one other
planar ligand parallel to the benzene (Figure 11.7a), and half-sandwich compounds,
which contain benzene and at least one other ligand not parallel to the benzene (Fig-
ure 11.7b). A total of 111 interactions were found between benzenes in half-sandwich
compounds, whereas there were 39 parallel interactions between benzenes of sand-
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Fig. 11.7:Molecular structures of (a) (η6-benzene)-(η6-methyl-2-methylbenzoate)-ruthenium [42],
representing sandwich compounds, and (b) and (η6-benzene)-bis(trichlorosilyl)-dihydrido-
iron(IV) [43], representing half-sandwich compounds.

wich compounds [39]. The other ligand in almost all sandwich compounds studied in
this search was also benzene.

The distribution of horizontal displacement values for sandwich–sandwich con-
tacts shows that molecules prefer interactions at large horizontal displacements (Fig-
ure 11.8), as 72% of all contacts have offset values greater than 4.5 Å [39]. The per-
centage of parallel interactions at large horizontal displacements for half-sandwich–
half-sandwich interactions is 50%, which is lower than both benzene–benzene and
sandwich–sandwich contacts [28, 39]. The peak of the horizontal displacement distri-
bution for coordinating benzenes iswithin the range 6.0–6.5Å, both for sandwich and
half-sandwich compounds (Figure 11.8), which is higher than for non-coordinating
benzenes.

Fig. 11.8: The distribution of horizontal displacement (r) values for parallel-stacking interactions
between coordinating benzenes found in co-crystals extracted from the CSD.
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Fig. 11.9: Normal distance (R) versus horizontal displacement (r) plot for parallel-stacking interac-
tions between coordinating benzenes in co-crystals extracted from the CSD.

The normal distance for the majority of parallel interactions between coordinating
benzenes is below 3.5Å (Figure 11.9). For all the contacts with horizontal displace-
ments greater than 4.0Å, normal distances are less than 3.0Å, whereas for horizontal
displacements greater than 5.5Å, normal distances are mostly below 2.0Å. The trend
for coordinating benzenes is similar to that for non-coordinating benzenes – normal
distances decrease with an increase in horizontal displacements (Figure 11.9) [39].

11.3 Energies of parallel-stacking interactions
of non-coordinating and coordinating benzenes

To find interaction energies for benzene–benzene, half-sandwich–half-sandwich and
sandwich–sandwich stacking interactions, calculations on model systems were per-
formed [28, 39]. Along with the (non-coordinating) benzene molecule (Figure 11.10a),
twomodel systemswere employed for coordinating benzenes: staggered (benzene)tri-
carbonylchromium as an example of a half-sandwich compound (Figure 11.10b), and
eclipsed, bis(benzene)chromium for sandwich compounds (Figure 11.10c). Themodel
moleculeswere fully optimisedbyusing theTao–Perdew–Staroverov–Scuseria (TPSS)
density functional [44] with a D2 dispersion correction [45] and the def2-TZVP (triple
zeta valence polarized) basis set [46]. The potential surfaces for these interactions
were calculated by keeping the monomer geometries rigid and by varying the normal
distances for the series of offset values (0.0–6.0Å) (Figure 11.10).
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Fig. 11.10:Model systems for dispersion-corrected density functional theory calculations of stacking
interaction energies between (a) non-coordinating benzenes, (b) coordinating benzenes of half-
sandwich compounds and (c) coordinating benzenes of sandwich compounds. The model molecules
are (a) benzene, (b) (benzene)tricarbonylchromium and (c) bis(benzene)chromium. The geometries
with horizontal displacements of r = 1.5 Å are presented.

All calculations were performed using the ORCA program (version 2.9.1) [47]. The
CCSD(T)/CBSmethod [48], which is considered the gold standard for quantum chem-
istry [49], is very demanding in terms of computational resources and costs, and thus
cannot be used for calculations on large systems, particularly containing transition
metals. It was shown that the TPSS density functional with a D2 dispersion correc-
tion, and the def2-TZVP basis set without BSSE correction (basis set superposition
error) reproduces CCSD(T)/CBS interaction energies not only for benzene–benzene
systems [50], but also for the benzene–half-sandwich systems [51]. Therefore, the
TPSS-D2/def2-TZVPmethod was used for the calculation of potential energy surfaces
for benzene–benzene, half-sandwich–half-sandwich and sandwich–sandwich inter-
actions [39].

The calculations show that for all model systems the strongest interaction is
formed at r = 1.5Å (Figure 11.11a), which is a typical stacking interaction. The in-
teraction between coordinating benzenes (−3.69 kcal/mol for sandwich–sandwich
and −3.29 kcal/mol for half-sandwich–half-sandwich) is greater than the interaction
between non-coordinating benzene molecules (−2.76 kcal/mol, Table 11.1) [39]. How-
ever, at greater horizontal displacements, interactions between non-coordinating
benzenes are remarkably strong, with an interaction energy of –2.05kcal/mol at
r = 5.0Å, which is 74% of the greatest interaction energy in the parallel benzene
dimer system (Table 11.1) [28, 39]. Moreover, the potential energy curve is very flat
in the benzene–benzene system in the range of r = 3.5−5.0Å (Figure 11.11a) [28].
An even higher percentage of interaction energy is preserved in sandwich–sandwich
systems, i.e. −3.03kcal/mol at r = 5.0Å [39]. This is not only a very large percentage
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Fig. 11.11: (a) The potential energy curves and (b) the optimal normal distances at various offset
values for benzene–benzene, half-sandwich–half-sandwich and sandwich–sandwich interactions
calculated at the TPSS-D2/def2-TZVP level. The interaction energies for each offset value r were
calculated by varying the normal distance (R) between two molecules in a series of single-point
calculations. The greatest calculated energy for each offset value is presented.
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of the strongest interaction energy (82%), but also a stronger interaction than the
most stable stacking of non-coordinating benzenes (−2.76 kcal/mol, Table 11.1). In
contrast to benzene–benzene and sandwich–sandwich systems, interactions at large
horizontal displacements in half-sandwich–half-sandwich systems are not as strong,
as from r = 3.0Å the interaction energy decreases linearly (Figure 11.11a), being only
–1.27 kcal/mol at r = 5.0Å, which is 39% of the strongest interaction energy for this
system (Table 11.1) [39].

Normal distances for all systems decrease with increasing horizontal displace-
ments (Figure 11.11b). These distances are greatest for the benzene-benzene system
at all offset values. At stacking offsets, normal distances are the smallest for half-
sandwich–half-sandwich systems,whereas at largehorizontal displacements theben-
zenes of two bis(benzene)chromium sandwich molecules are the closest [39].

11.4 Electrostatic potentials of coordinating
and non-coordinating benzenes and their influence
on parallel-stacking interactions

Electrostatic potential maps of benzene, (benzene)tricarbonylchromium and bis(ben-
zene)chromium [52] can explain the peculiar energies of their parallel-stacking in-
teractions at large horizontal displacements. Non-coordinating benzene and ben-
zene of bis(benzene)chromium have very similar electrostatic potentials, which shift
from negative at the face (above the ring) to positive at the edges (around hydro-
gen atoms), forming an electrostatic potential gradient (Figure 11.12a and c) [39]. At
large horizontal displacements, two molecules are positioned so that these gradi-
ents are overlapping by their opposite ends so that areas of positive potential in-
teract with areas of negative potential, forming remarkably strong interactions (Fig-
ure 11.11a and Table 11.1). The electrostatic potential around the benzene of (ben-
zene)tricarbonylchromium is entirely positive (Figure 11.12b) [39], as electron density
is withdrawn by chromium and the carbonyl ligands. Therefore, at large horizontal
displacements two molecules interact via their positive potentials and the interac-
tion is thus not as strong as in the other systems (Figure 11.11a and Table 11.1). This

Tab. 11.1: Energies of parallel-stacking interactions between benzenes calculated at the TPSS-D2/
def2-TZVP level. The percentage values indicate the strongest interaction energy (at r = 1.5 Å).

r = 1.5Å r = 5.0 Å
∆E (kcal/mol) ∆E (kcal/mol) Percentage

Benzene–benzene −2.76 −2.05 74
Half-sandwich–half-sandwich −3.29 −1.27 39
Sandwich–sandwich −3.69 −3.03 82
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Fig. 11.12: Two views of electrostatic potential maps of (a) benzene, (b) (benzene)tricarbonylchro-
mium and (c) bis(benzene)chromium calculated at the TPSS-D2/def2-TZVP level and plotted at the
outer contour of electron density. This has the value 0.001 a.u. The electrostatic potential increases
from blue and green to yellow and red.

is supported by the calculation of the electrostatic energy at offsets, r = 5.0Å, per-
formed at the MP2/6-311G(d,2p) level, which is attractive for sandwich–sandwich
(−0.95 kcal/mol) and benzene–benzene (−0.81 kcal/mol) systems, and repulsive for
the half-sandwich–half-sandwich system (+0.32 kcal/mol) [39].

11.5 Correlation of interaction geometries in co-crystals and the
effect of supramolecular structures upon calculated
interaction geometries and energies

The results of DFT calculations showed that both coordinating and non-coordinating
benzenes form the strongest stacking interactions at small horizontal displacements
(r = 1.5Å) (Section 11.3) [28, 39]. However, stacking interactions at small hori-
zontal displacements between benzenes in co-crystals are only significant if ben-
zene is part of a half-sandwich compound (Figure 11.8, Section 11.2.2) [39]. Non-
coordinating benzenes and benzenes of sandwich compounds prefer to form parallel-
stacking interactions at large horizontal displacements in co-crystals (Figures 11.4
and 11.8, Section 11.2), which are weaker than stacking interactions at small dis-
placements (Table 11.1) [28, 39]. One of the reasons for this observation is the relative
strength of these interactions in comparison to stacking interactions at small offsets
(Table 11.2). Namely, by shifting from small (r = 1.5Å) to large horizontal displace-
ments (r = 5.0Å), parallel benzenes of sandwich compounds preserve 82% of inter-
action energy, non-coordinating benzenes preserve 74%, whereas benzenes of half-
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Tab. 11.2: A summary of factors favouring (PRO) and opposing (CON) benzene–benzene parallel-
stacking interactions at large horizontal displacements and the resulting fraction of these interac-
tions among all parallel-stacking interactions.

System Size of
molecules

Interaction
energies

Additional
interactions

Percentage of
all interactions

Benzene–benzene PRO PRO PRO 85
Sandwich–sandwich CON PRO PRO 72
Half-sandwich–half-sandwich CON CON PRO 50

sandwich compounds preserve only 39%of the interaction energy (Table 11.1) [28, 39].
The other two defining factors are the formation of additional interactions in supra-
molecular structures and the size of interacting molecules (Table 11.2).

The possibilities for additional interactions can be analysed in the crystal struc-
tures containing parallel-stacking interactions. Both benzene molecules forming
stacking interaction at small horizontal displacement have one of their faces involved
in this interaction, thus preventing the formation of any additional interactions (Fig-
ure 11.1). However, if an interaction at a large horizontal displacement is formed,
both faces can simultaneously form additional interactions with other constituents
of the co-crystal (Figure 11.13). An example of this phenomenon is found in the co-
crystal formed by syncarpurea and benzene [53], where benzenes forming parallel-
stacking interactions at large horizontal displacements form additional interactions
with benzene and syncarpurea molecules through C–H/π interactions (Figure 11.13).

Fig. 11.13: (a) Benzene–benzene stacking interaction with a horizontal displacement of r = 5.10 Å in
the co-crystal of benzene and syncarpurea and (b) extended structure showing that, owing to large
horizontal displacement of stacked benzenes, one benzene forms an additional aromatic C–H/π
interaction with a neighbouring benzene molecule, whereas the other forms an additional C–H/π
interaction with one of the syncarpurea C–H groups.
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Fig. 11.14: (a) Parallel-stacking interactions between coordinating benzenes at horizontal displace-
ment of r = 5.083Å in the co-crystal of bis(benzene)chromium and 1,3-cyclohexanedionate and
(b) voluminous molecules in the co-crystal fill the cavity created by voluminous sandwich com-
pounds and form additional interactions that provide the molecular packing with further stabil-
isation.

Hence, forming a parallel-stacking interaction at large instead of small offset causes
the decrease in interaction energy by 26% (Table 11.1), but enables the formation of
additional interactions that provide additional stabilisation to the supramolecular
structure of the co-crystal (Table 11.2).

A similar effect arising from additional interactions to those found for non-
coordinating benzene can be expected for benzenes of sandwich and half-sandwich
compounds (Table 11.2). However, these compounds are significantly more volumin-
ous than non-coordinating benzene, a factor that can influence the packing and
the formation of certain interactions. It is for this reason that, in spite of a large
fraction of interaction energy being preserved for interactions of benzenes of sand-
wich compounds (82%) in comparison with non-coordinating benzenes (74%), stack-
ing interactions at large offsets occur less frequently in case of benzenes of sand-
wich compounds (Table 11.2). In the co-crystal containing bis(benzene)chromium
and 1,3-cyclohexanedionate [54], parallel-stacking interactions at large horizontal
displacements are formed, leaving non-coordinating faces of both benzenes avail-
able for the formation of additional interactions (Figure 11.14a). The large cavities
formed by this arrangement can only be filled by large molecules such as other
bis(benzene)chromium or 1,3-cyclohexanedionate molecules (Figure 11.14b), which
additionally stabilise the system by forming additional interactions. However, if the
other molecule in the co-crystal is not as voluminous as a sandwich/half-sandwich
compound, the cavity created by two voluminous sandwich/half-sandwich com-
pounds at large horizontal displacement cannot be filled to ensure efficient packing.
Therefore, in the co-crystal containing bis(benzene)chromium and methyl-chromate,
a co-former less voluminous than 1,3-cyclohexanedionate, stacking interactions are
formed at small instead of large horizontal displacements (Figure 11.15) [55].
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Fig. 11.15: (a) Parallel-stacking interactions
between coordinating benzenes at a horizontal
displacement of r = 1.19Å in the co-crystal of
bis(benzene)chromium and methyl-chromate
and (b) when the cavity is formed by volumin-
ous sandwich compounds at large horizontal
displacement, methyl-chromate which is not
so voluminous cannot fill it, so the stacking in-
teraction at small horizontal displacement is
formed instead.

11.6 Summary

Shouldwe expect small or large stacking offsets between benzenes in co-crystals? The
answer depends on whether benzene coordinates transition metal (and how) or not.
Among the factors influencing parallel-stacking interactions, the only one strongly
favouring large horizontal displacements, regardless of the type of benzene, is the
possibility of forming additional supramolecular interactions. Non-coordinating
benzenes, benzenes of half-sandwich and sandwich compounds can all form sim-
ultaneous interactions if their faces are available. Quantum chemical calculations
indicate that stacking interactions at large horizontal displacements are strong for
non-coordinating benzenes (74% of the strongest interaction energy) and benzenes
of sandwich compounds (82%), but they are not strong for benzenes of half-sandwich
compounds (only 39%). In addition, very large sandwich and half-sandwich com-
pounds must have accordingly large fellow co-formers in their co-crystals to achieve
efficient packing and to form parallel-stacking interactions at large horizontal dis-
placements. All of the named factors are in favour of stacking interactions at large
horizontal displacements between non-coordinating benzene molecules, and these
interactions constitute a remarkable 85% of all stacking interactions between non-
coordinating benzenes in co-crystals. The share of stacking interactions at large hori-
zontal displacements is smaller for benzenes of sandwich compounds (72%), in spite
of favourable interaction energy (82% of the strongest energy) and the possibility for
additional interactions, as molecular size can oppose their formation. Finally, the
lowest share of these interactions is present in contacts between benzenes of half-
sandwich compounds (50%), as the only factor favouring them is the possibility of
forming additional interactions, whereas energies (only 39% of the strongest energy)
and size are not favourable.

The observed preferences for parallel-stacking interactions at large horizontal dis-
placements in co-crystals, calculated interaction energies and rich supramolecular
structures emerging from them all show that these interactionsmust be seriously con-
sidered alongwith classical stacking interactions at small horizontal displacements in
understanding the organisation of systems containing aromaticmoieties. These inter-
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actions are of particular interest in the field of crystal engineering and their properties
can be exploited in the area of materials design.

Acknowledgement: This work was supported by the Ministry of Education, Science
and Technological Development of the Republic of Serbia (grant no. 172065).
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12 Simultaneous halogen and hydrogen bonding

to carbonyl and thiocarbonyl functionality

12.1 Introduction

The importance of non-covalent interactions is undisputable and understanding
these forces is the crux of numerous research programs. For over 100 years the hy-
drogen bond (HB) has captivated the interests of scientists, resulting in an extensive
understanding of the interaction [1–11]. The HB is primarily an electrostatic interac-
tion between an electropositive hydrogen atom (HB donor) and an electronegative
species (HB acceptor) with energies ranging from 0.5 to 40kcal/mol [1]. The direc-
tional preference of the interaction is predictable and enables geometric control at
the molecular level. In particular, the field of crystal engineering has employed HBs
to produce predictable supramolecular synthons [12]. However, in more complic-
ated systems such as ternary and quaternary co-crystals, unfavourable/uncontrolled
competition between multiple HB donors and acceptors has been envisioned [13].
To address these challenges, other non-covalent interactions have been studied. To
demonstrate, the halogen bond (XB) has been found to exhibit characteristics similar
to the HB, and has emerged as an alternative tool for constructing newmaterials. The
XB, as defined by the International Union of Pure and Applied Chemistry (IUPAC),
“occurswhen there is evidence of a net attractive interaction between an electrophilic
region associatedwith a halogen atom in amolecular entity and a nucleophilic region
in another, or the same, molecular entity” [14]. The efforts of many have accelerated
our understanding of this non-covalent interaction, prompting its widespread use
[15–26]. Although comparable to the HB with regard to strength, the XB is consider-
ablymore directional (the R-X···B angle tends to be close to 180°, where X is a halogen,
R a covalently bound group, and B the halogen bond acceptor). The similarities, along
with the comprehensive knowledge of the HB, have motivated studies comparing the
two in the gas [27–31], solution [15, 17, 18, 32, 33] and solid phases [26, 34, 35]. In
addition, there are studies examining their simultaneous use [36–41]. In particular,
Aakeröy’s foundational work regarding XB and HB tandem application to crystal en-
gineering has provided techniques to avoid “synthon crossover” [13, 42–46]. These
studies have revealed a complex relationship between the two interactions, with ob-
servations of both competition and cooperation. Understanding how these similar
interactions behave when proximal to each other is of great interest to many fields,
especially because the recent ascendancy of the XBfield leavesmuch to be discovered.

The HB and the XB can interact with Lewis bases. For example, the carbonyl ac-
cepts both XBs and HBs, with typical donors directed at the lone-pair electrons of oxy-

https://doi.org/10.1515/9783110464955-012
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gen. In fact, early crystallographic evidence of halogens interacting with carbonyls
was presented by Hassel in 1959, i.e. between Br2 and acetone [47]. Here, the distal
ends of the bromine atoms were directed at the lone-pairs of the acetone resulting in
infinite 1D chains. Since then, it has been shown that the carbonyl is a capable XB
acceptor and can act as a monodentate or bidentate acceptor [48, 49]. The carbonyl
acceptor offers a unique opportunity to examine the XB and HB together in the same
system. In this setting, the forces can compete for, or share the two classical electron-
rich regions. The relationship with carbonyls has gained interest since Voth et al. [50]
presented an examination of the Protein Data Bank (PDB), investigating simultaneous
XB and HB to carbonyls in protein–ligand complexes. They reported that the XB and
HB are geometrically orthogonal in protein–ligand complexes. Complementary com-
putational work to this PDB search revealed that the XB is also energetically inde-
pendent of the HB [50]. Only recently has this orthogonality concept been purpose-
fully engineered in small molecule co-crystals, and some reports include a succinct
Cambridge Structural Database (CSD) search regarding the relationship of the two in-
teractions [51, 52].

Herein, we present a detailed examination of the CSD, where XB and HB share a
carbonyl or thiocarbonyl acceptor. The following survey of the CSD parallels the find-
ings of the PDB search, indicating that the geometric orthogonality between the inter-
actions is a robust and genuine phenomenon. However, similar previous CSD examin-
ations of carbonyls with non-covalent interactions revealed that the spatial relation-
ship is not limited to XB–HB situations, suggesting that the orthogonal relationship
might be largely dictated by the carbonyl acceptor. This hypothesis, when applied to
the thiocarbonyl, is less conclusive owing to the small data set and diffuse nature of
the acceptor. The data indicate that in some situations the spatial relationship is com-
parable, yet structurally the angle between donors is more acute.

12.2 Structural database search parameters

To understand the interplay between XB and HBs, the CSD was examined for bifurc-
ated carbonyl acceptors that accept a XB and a HB. ConQuest (version 1.18) was used
to collect and measure contact data from the CSD (version 5.37 updates through May
2016) [53]. XB distances and angles were restricted to ≤ ∑ vdW radii and 150–180°. HB
contacts were restricted to rather inclusive parameters outlined by Steiner [1], which
include hydrogen-acceptor distances from 0.0 to 3.0Å and angles of 110.0–180.0°. Par-
ent HB donor atomswere restricted to N, O, and S atoms, and non-traditional C–HHBs
were not included because of the liberal HB geometric parameters outlined. The data
were limited to strictly organic structures to eliminate any possible influence by well-
defined metal coordination geometries. No restrictions on disorder or R value were
implemented to augment the small data set, particularly for the thiocarbonyl com-
pounds. Standard deviations are provided in parenthesis after the measured values
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presented. The search results from carbonyl acceptors and thiocarbonyl receptors are
discussed separately below.

12.3 Carbonyl search results

A total of 473 structures, resulting in a total of 595 interactions, were identified from
the carbonyl search. To evaluate the geometric orthogonality of HB and XB donors
the X···O···H angles were measured. A histogram of the X···O···H angles (Figure 12.1)
displays a significant bias for the contacts to be orthogonal, with a mean value of
89.2 (18.2)°. This is in agreement with the previously mentioned PDB search, which
reported an average X···O···H angle of 88.2 (14.1)° from 76 protein–ligand interac-
tions [50]. This also parallels a histogram presented by Vasylyeva et al. [52] in a 2014
CSD search. The persistence of the orthogonal orientation in both small molecules
and bio-macromolecules suggests that the relationship might not be an anomaly. The
foundation of the phenomenon is unknown, and is undoubtedly complex given the
many factors influencing solid-state arrangements. However, a few justifications for
the spatial arrangement have emerged.

Fig. 12.1: Histogram of the X···O···H angles (X = Cl, Br, I) observed in the Cambridge Structural Data-
base (CSD).

One partial explanation may be Etter’s [54] “best donor–best acceptor” guideline for
predicting HBs in the solid state. If both lone-pair sites are occupied by one interac-
tion, and assuming there are no other acceptors present, the next best acceptor posi-
tions are orthogonal to the lone-pair electrons. An examination of the data set reveals
that, of the 473 structures, only 65 demonstrate two HBs and one XB to the carbonyl.
Additionally, of the 473 structures, only seven structures exhibit two XBs and one HB
to the carbonyl. This suggests that some instances of orthogonal XB–HB contacts may
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result from the HB, preferentially interacting with both lone-pairs. This also indicates
that someXB–HBorthogonality is due to both classical lone-pair sites being occupied.
However, this does not rule out situations of a lone-pair site being sterically blocked,
resulting in a similar forced orthogonal condition. The application of forced ortho-
gonality via steric hindrance may be a viable strategy for assembling new materials,
but it does not explain all the near-orthogonal relationships found within the data.
Therefore, the data were further examined.

A steric argument could also be made as halogen atoms are considerably larger
than hydrogen atoms. This larger size may result in less favourable XB contacts with
the classical lone-pair sites because of steric effects with groups adjacent to the car-
bonyl. Under these conditions, a perpendicular approach to the carbonyl planemaybe
more energetically favourable for theXB. The steric influenceof adjacent groupson the
arrangement of the atoms involved in these two forces has been previously discussed
and supported through computational studies by Voth et al. [50]. This steric argument
was augmented by highlighting the electrostatic potential surface of an amide oxy-
gen, which displays in-plane and out-of-plane negative electrostatic potentials. Thus,
the current rationale for XB–HB orthogonality in protein–ligand complexes is foun-
ded on both steric factors and electronics of the carbonyl acceptor. The spatially or-
thogonal phenomenon in small molecules is also likely to be a combination of many
other factors, owing to the numerous influences on the solid-state packing of small
molecules.

Given the largely electrostatic natures of the XB and HB, it stands to reason that
the geometric orthogonality is also driven by the electronics of the carbonyl acceptor
in small molecules. If the orthogonal relationship is rooted in the electrostatic poten-
tial surface of the carbonyl oxygen, then this observation should persist under similar
conditions. For instance, in the case of two HBs to a carbonyl, the spatial orthogon-
ality should remain because of the electrostatic nature of the interaction. A report by
Simón and Goodman [55] analysed carbonyls that accept two HBs. The histogram of
the H···O···H angles measured from the data they collected from the CSD clearly indic-
ates an orthogonal relationship. This observation implies that the unique XB–HB spa-
tial orthogonality originates from the acceptor. The hypothesis was tested further by
analysing instances where two XBs interact with a carbonyl. Here the search reveals
a similar bias for an orthogonal relationship with an average X···O···X angle of 91.4
(18.5)° from a total of 92 structures. Based on these findings it can be concluded that
the spatially orthogonal relationship is heavily influenced by the electronics of the car-
bonyl acceptor and is not exclusive to small molecule crystal structures that contain
simultaneous XB–HB interactions. The repeated observation of geometrically ortho-
gonal non-covalent contacts to bifurcated carbonyl acceptors is striking and should
be examined further. Examination of other geometric parameters may reveal further
nuances to the XB–HB carbonyl relationship.

Additional search parameters were employed to obtain further insight into the
orthogonal XB–HB relationship of carbonyls. For example, the X···O···H angle distri-
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bution suggests that, in the majority of contacts, either only one of the donors inter-
acts with the electron-dense region of the oxygen carbonyl or neither does. A dihedral
angle analysis of Y–C=O···X (where X = H, or Cl, Br or I and Y = C, N or O) establishes
whether the contact is in the plane of the carbonyl (dihedral of ≈0°) or orthogonal
to the plane (dihedral angle ≈ 90°). A histogram of the HB dihedral angle indicates
a clear bias for the HB to be in the plane of the carbonyl (dihedral angle ≈0°) (Fig-
ure 12.2). This is comparablewith a 2012 CSD search,which investigated twoHBs shar-
ing a carbonyl acceptor [55]. Here, it is shown that HBs tend to interactwith the oxygen
in the plane of the carbonyl (dihedral angle ≈0°). Other solid-state examinations of
HB to sp2-hybridized carbonyl oxygen atoms have also displayed this trend [1, 56–58].
By contrast, a PDB search presented by Simón and Goodman [55, 59] highlights that
two simultaneous HBs prefer to be orthogonal to the carbonyl double-bond (dihedral
angle ≈ 90°). However, this search was limited to catalytic oxyanion holes, where it
was suggested that the unique arrangement relates to the catalytic properties of these
enzymes, and the distribution across the PDB may not reflect this observation.

An evaluation of dihedral angles does not reveal where HB donors are directed
with respect to the oxygen lone-pairs. For example, the HB could be in the plane of the
carbonyl (dihedral angle≈0°) yet directed at the distal/polar end of the oxygen. A scat-
ter plot of the C=O···H angle vs the Y–C=O···H (Y = C, N, O) dihedral angle reveals the
location of the HB with respect to the carbonyl lone-pairs (Figure 12.3). The HBs gen-
erally have a small dihedral angle (< 15°) and a C=O···H angle of approximately 120°,

Fig. 12.2: Histogram of HB dihedral angles Y–C=O···H (Y = C, N, O). The dihedral values are displayed
as ≤90°. This is achieved by displaying the supplementary angle for angles greater than 90°. This
value retains the information concerning the location of the interaction in relation to the carbonyl
plane.
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Fig. 12.3: Scatterplot of C=O···H angle vs the Y–C=O···H dihedral angle (Y = C, N, O). The HB prefers
to be directed at the carbonyl lone-pairs of electrons.

directed at the putative location of the lone-pair electrons. This analysis highlights
that the HB prefers to interact with at least one of the carbonyl oxygen lone-pairs. This
conclusion predicts that the XB would have to interact with the remaining lone-pair
electrons or at less electron-dense sites (orthogonal to the lone-pairs). However, the
X···O···H angles suggests that the XB donor might interact with the less electron-rich
sites.

Definitive trends in the XB data are less clear, whichmay be a result of the greater
number of structures containing the weaker XB donors, chlorine and bromine. A his-
togram of the XB dihedral angle Y–C=O···X (Y = C, N and O; X = Cl, Br and I) appears to
show a preference for the XB to approach orthogonal to the carbonyl plane, which is
once again analogous to the PDB findings of Voth et al. (Figure 12.4) [50]. A closer ex-
amination reveals that stronger iodine XB donors do not show a dihedral preference,
possibly indicating that they are more competitive with HB donors. Here, the average
X···O···H angle remains orthogonal with amean value of 92.2 (15.4)°. This supports the
notion that the spatial relationship is dictated by the carbonyl acceptor electronics.
However, the small iodine data set (82 interactions)maybe biasing this interpretation.
A scatterplot of the C=O···X angle vs the Y–C=O···X dihedral angle shows a densely
populated area of contacts with a dihedral angle of 70–90° and a C=O···X angle of
approximately 90°, which again is similar to the interactions found in the PDB (Fig-
ure 12.5). The deviation from this dihedral region (70–90°) results in C=O···X angles
that tend to be> 120°(especially at dihedral angles < 45°). The orthogonal relationship
at these smaller XB dihedral angles persists displaying an average X···O···H angle of
90.5 (18.4)° for structures with Y–C=O···X dihedral angles < 45°. This observation is
analogous to that found for α-helical carbonyls in proteins containing XB andHB. The
HB is often displaced from the plane of the carbonyl, yet the two interactions remain
orthogonal to each other [50]. Despite the direction of the donor approach, this con-
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Fig. 12.4: Histogram of the XB dihedral angle Y–C=O···X (Y = C, N, O and X = Cl, Br, I).

Fig. 12.5: Scatterplot of C=O···X angle vs the Y–C=O···X dihedral angle (Y = C, N, O and X = Cl, Br, I).

sistency in both small molecules and bio-macromolecules provides further evidence
of the orthogonal relationship.

To further probe the XB–HB relationship, a scatterplot of the XB dihedral vs the
HB dihedral angle was produced revealing where the interactions occur with respect
to the carbonyl plane (Figure 12.6). First, there is a significant clustering of hits where
theHB is in the plane of the double-bond and the XB is normal to the double-bond (HB
dihedral angle ≈0° and XB dihedral angle ≈ 90°). There are also occurrences where
both XB and HB are in the plane of the carbonyl (HB and XB dihedral angle ≈0°).
The lack of HB contacts, where HB dihedral angle ≈ 90°, is evidence that the HB ef-
fectively competes with the XB to be in the plane of the carbonyl to occupy the most
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Fig. 12.6: Scatterplot of Y–C=O···X dihedral angle vs the Y–C=O···H dihedral angle (Y = C, N, O and X
= Cl, Br, I).

favourable interaction site. The predilection of carbonyl functional groups forming
multipoint contacts (acid dimers, amide ribbons, etc.) with lone-pair electrons may
also help to account for the lack of HB contacts perpendicular to the carbonyl [13]. An-
other likely contributor is the abundance of data from the weaker bromine and chlor-
ineXBdonors. Theseweaker XBdonors are less likely to displace theHB from themost
electron-rich sites than iodine donors. The influence of weaker XB donors in designed
XB–HB orthogonal co-crystals is currently unclear. Takemura et al. [51] produced or-
thogonal assemblies with iodine derivatives, yet no such features were observed with
bromine derivatives. By contrast, Vasylyeva et al. [52] were able to produce the ortho-
gonality with both iodine and bromine donors within their small molecule peptide
bond models. The contrasting results highlight not only the difficulty of predicting
solid-state structures, but also the need to further examine the orthogonal relation-
ship.

The present CSD search has demonstrated that the spatially orthogonal relation-
ship between XB and HB donors interacting with a carbonyl is robust and persists in
small molecule crystal structures. The data indicate that this relationship originates
from the carbonyl acceptor, as it is not exclusive to the XB–HB combination. Examples
of XB–XB and HB–HB with carbonyls also demonstrate a perpendicular preference.
Further evaluation of this geometric relationship should be pursued further in silico
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and in solution as the spatial orthogonality displayed in the solid-state reveals noth-
ing tangible about the energetics of the interaction.

12.4 Thiocarbonyl search

TheHB contacts with sulphur acceptors areweaker and less directional thanwith oxy-
gen counterparts [57]. Comparedwith oxygen, the sulphur atom ismore diffuse, larger,
and less electronegative and also participates in charge-transfer to a greater extent
[60–63]. These characteristics make sulphur derivatives intriguing and challenging
targets. Interestingly, XB interactions exhibit a greater component of charge-transfer
thanHB, suggesting complementarity with sulphur derivatives. Yet evaluations of sul-
phur acceptors and XB donors have largely been limited to computational and solid-
state investigations [64–69]. Solution studies in this area are very limited [70] and com-
parative studies of oxygen and sulphur acceptors with XB donors would elucidate the
differences between these two forces.

It is this paucity of studies that motivated the following CSD search of thiocar-
bonyls accepting a HB andXB. The search parameters parallel the above evaluation of
the carbonyl, examining the geometric parameters of the contacts around the thiocar-
bonyl. The orthogonality of the interactions was inspected and additional trends were
discussed. Using the same parameters described above, the search returned a total of
52 structures and 88 interactions of simultaneous XB and HB to a thiocarbonyl. Given
this relatively small number of contacts, and the electronic nuances of thiocarbonyls
(which are discussed later), conclusions drawn from this search are subject to further
refinement.

Ananalysis of theX···S···Hangledata reveals no singular bias, yet there appears to
be a bimodal distribution, centred around 75° and about 120° (Figure 12.7). The angles
around 75° indicate that a spatial relationship similar to the carbonyl is preferred, yet
is more geometrically acute. The 120° relationship suggests that both the XB and HB
mightbedirected at locations reminiscent of classically Sp2hybridized lonepairs. This
clustering of data around 120° could be the result of the small data set. Alternatively,
this could also be a result of the longer thiocarbonyl bond (1.61Å for thiocarbonyl vs
1.21 Å for carbonyl). This subtle differencemay relieve some of the unfavourable steric
factors with adjacent groups that were observed in calculations provided by Voth et
al. [50] for the carbonyl functionality. The lack of a distinct preference is conceivably
due to the small data set and the diffuse nature of sulphur, which highlights this area
as deserving of more attention.

The histogram of the Y–C=S···H dihedral angles highlights a preference for the HB
to be in the plane of the thiocarbonyl (Figure 12.8). A scatterplot of the C=S···H angle
vs the Y–C=S···H dihedral angle (Figure 12.9) shows that the C=S···H angle is not de-
pendent on thedihedral,with ameanvalueof 108.9 (7.0)°. This angle is consistentwith
otherHB studieswith thiocarbonyl acceptors (< 120°) [1], and is also in agreementwith
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Fig. 12.7: Histogram of the X···S···H angles (X = Cl, Br, I) observed in the CSD.

Fig. 12.8: Histogram of HB dihedral angles Y–C=S···H (Y = C, N, O).
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Fig. 12.9: Scatterplot of C=S···H angle vs the Y–C=S···H dihedral angle (Y = C, N, O).

Allen and co-workers [71], who described thiocarbonyls receiving multiple HB donors
(up to six) and reported a bias for C=S···H angles of 105–115°. Therefore, the electronic
nature of the thiocarbonyl-sulphur is highlighted, as it displays a belt of electron-dens-
ity normal to the carbon sulphur double-bond in the region of the classical Ione pair
site. Overall, when in the presence of an XB, the HB geometries are reminiscent of the
HB findings by Allen and co-workers [71] indicating that the XB does not influence
how the HB approaches the sulphur acceptor. This finding provides further informa-
tion regarding the nature of the thiocarbonyl acceptor and the relationship between
the HB and XB.

An additional analysis of the XB contacts with thiocarbonyl-sulphur began with
the Y–C=S···X dihedral angle. A histogram from this search shows that there is no dis-
cernible trend; however, the data may slightly favour the out-of-plane contact (Fig-
ure 12.10). A scatterplot of the C=S···X angle vs the Y–C=S···X dihedral angle data re-
veals that the stronger iodine donor tends to form contacts closer to the electron-rich
belt of the sulphur atom. The iodine donor C=S···X angles are approximately 90°when
the dihedral is> 45°.When the dihedral is<45°, the C=S···X angles increase to approx-
imately > 100° (Figure 12.11), indicating that it is directed towards the electron-dense
regions. On the other hand, no clear trend is observed for the weaker donors – chlor-
ine and bromine. A scatterplot of Y–C=S···X dihedral vs Y–C=S···H dihedral angles
displays similar features to the carbonyl plot where the majority of interactions have
the HB donor near the plane of the thiocarbonyl and the XB donor out of plane (Fig-
ure 12.12).

The lack of thiocarbonyl data available for this search makes it difficult to draw
conclusions about the XB–HB orthogonality. The electronic nature of the sulphur
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Fig. 12.10: Histogram of XB dihedral angles Y–C=S···X (Y = C, N, O and X = Cl, Br, I).

Fig. 12.11: Scatterplot of C=S···X angle vs the Y–C=S···X dihedral angle (Y = C, N, O and X = Cl, Br, I).

atom further complicates the analysis. Calculations of XB to a thiocarbonyl depict
a shallow energy surface when varying both the XB torsional angle and C=S···I
angle [72]. This causes the directionality of the XB contact in relation to the acceptor
to be less predictable, as the penalty for drifting is minimal. Computations from Le
Questel et al. [73] also indicate that an HB to the thiocarbonyl of thioureas produces
a decrease in the electron density surrounding the sulphur, resulting in a weaker
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Fig. 12.12: Scatterplot of Y–C=S···X dihedral angle vs the Y–C=S···H dihedral angle (Y = C, N, O and X
= Cl, Br, I).

XB interaction. By contrast, Eccles et al. [64] did not observe this phenomenon with
thioamides. They suggested that the adjacent groups to the thiocarbonyl might have a
more significant impact on the XB, where electron-donating groups led to shorter con-
tacts. Although these findings are similar to those of a previous CSD investigation of
HBs to thiocarbonyls, there is still much to be investigated. The relationship of XB and
HB to thiocarbonyls is an area that requires more attention. A greater understanding
of the XB and HB interplay and the influence of the acceptor will have a widespread
impact on the design of materials based on these synthons.

12.5 Conclusions

The presented CSD search provides further evidence of a spatial orthogonal rela-
tionship between XBs and HBs when simultaneously interacting with carbonyl de-
rivatives of small molecules. This arrangement was shown to occur outside of in-
stances where one interaction dictates an orthogonal approach via steric occupation
of both lone-pair sites. The observation of XB–HB spatial orthogonality in both bio-
macromolecules and small molecules justifies exploring the fundamental basis of the
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interaction and examining its ability to persist outside the solid state. More import-
antly, the observations presented here alongside previous CSD searches reveal that
the XB–HB geometric relationship is not exclusive to this situation. The spatial ortho-
gonality between two non-covalent interactions also appears in bifurcated carbonyl
acceptors of either two HBs or two XBs, indicating that the observed feature is a result
of the acceptor. The repeated observation of an orthogonal arrangement around car-
bonyls by various combinations of XBs and HBs demands attention outside the solid
state. The design and examination of molecules with orthogonal donors to investigate
thermodynamic impacts would be beneficial to numerous fields.

The first CSD analysis of XBs and HBs interacting with a common thiocarbonyl
highlights a deficiency of studies involving the thiocarbonyl functionality. However,
from the available data, some early conclusions can be made. The HB geometries
mimic previous HB findings, demonstrating that the presence of an XB does not per-
turb the HB contact geometry. However, this is not unsurprising given the diffuse
nature of the sulphur. The deficiency of thiocarbonyl structures highlights the import-
ance of further fundamental investigations, providing an auspicious opportunity for
solid, solution, and computational studies.
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13 Crystal chemistry of the isomeric

N,N-bis(pyridin-n-ylmethyl)-ethanediamides,
n = 2, 3 or 4

13.1 Introduction

A working definition for a “multi-component crystal” is a crystal comprising more
than one molecular entity with all components present in stoichiometric quant-
ities. This volume, “Aspects of Multi-Component Crystals: Synthesis, Concepts and
Function”, contains many such examples, e.g. solvates, salts and neutral species.
Without dispute, co-crystals are attracting greatest attention in the general area of
multi-component crystals, comprising molecules that are normally solids under am-
bient conditions with the co-crystal co-formers (the individual species comprising
the multi-component crystal) being in their neutral states. With the latter definition
in mind, there are many varied motivations for studying organic co-crystals. These
encompass concepts such as modifying luminescence properties, developing new
non-linear optical materials, chiral resolution, promoting crystallisation of otherwise
uncrystallisable species and the stabilisation of unusual/unstable molecules. In ad-
dition to these considerations, the area undoubtedly attracting the most interest is
the development of new pharmaceuticals based on co-crystal technology. Recently
published reviews provide excellent introductions to the field [1–3].

Molecules that featured in early systematic co-crystallisation investigations form
the focus of this chapter; namely the isomeric N,N-bis(pyridin-n-ylmethyl)ethanedi-
amides, n = 2, 3 or 4, which are abbreviated as 2LH2, 3LH2 and 4LH2, respectively.
As seen from Figure 13.1, these molecules feature diamidemoieties, located centrally,
flanked by terminal pyridyl rings differing in the location of the pyridyl-N atoms. The
presence of these functional groups makes them ideally suited to form co-crystals
stabilised by hydrogen and/or halogen bonding. The purpose of this overview is to
demonstrate the variety and complexity of co-crystals formed by these compounds.
This is complemented by a brief overview of the complexing ability of 2LH2, 3LH2 and
4LH2 and some protonated/deprotonated forms of these towards metal centres, both
transition metals and main group elements. This allows both correlations with all-
organic analogues and provides clues to the capabilities and versatility of thesemulti-
functional molecules/ions.

The ensuingdiscussion is brokendownas follows: First, a description of available
structures of parent molecules is provided. An overview of the co-crystals formed by
2LH2 is then presented, then any salts, followed by complexation patterns to metals in

https://doi.org/10.1515/9783110464955-013
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Fig. 13.1: Chemical diagrams for isomeric N,N-
bis(pyridin-n-ylmethyl)ethanediamides, n = 2, 3
and 4, showing the abbreviations employed for
each isomer.

neutral form and ionic forms. The subsequent sections cover the structural chemistry
of the higher homologues, 3LH2 and 4LH2.

Data, in the form of crystallographic information files (CIFs), were extracted from
the Cambridge Crystallographic Database [4] and interrogated using PLATON [5].
Diagrams were drawn using DIAMOND [6]. Structures with unresolvable disorders
were not included. However, if the disorder was associated with “spectator” species,
e.g. counter-ions, solvent, etc., and an analysis of the intermolecular interactions/
coordinating ability of nLH2 was possible, the structure was retained in this review.
No other restrictions were applied.

In the case of all-organic species, the focus of the discussion is upon the nature
of interactions involving the heteroatoms and of their metal complexes upon the co-
ordinating sites, meaning that complete descriptions of the overall molecular packing
for most species is beyond the scope of this survey. Rather, the focus of the discussion
for metal-containing species is upon the supramolecular association of nLH2 and de-
rived ionic species via hydrogen bonding interactions.

13.2 Crystal chemistry of 2LH2, 3LH2 and 4LH2

Although the crystal structure of 2LH2 has yet to be reported, two polymorphs are
known for each of 3LH2 [7] and 4LH2 [8, 9]. The dithiodiamide analogue of 2LH2 has
been described in terms of both experimental and theoretical (DFT) structures [10]. It
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was suggested that an all planar conformation located about a centre of inversion is
most stable owing to the presence of intramolecular amide-N–H···N(pyridyl) hydro-
gen bonding [10]. With these observations in mind, it is quite possible that a similar
conformation, i.e. centrosymmetric and planar applied to 2LH2.

The two polymorphs of 3LH2 have only just recently been described [7], and each
crystallises in the monoclinic space group P21/c. In form I, one entire molecule com-
prises the asymmetric unit, i.e. Z = 1, whereas in form II there are two independent
molecules, each located about a centre of inversion, i.e. Z = 2 × 0.5. An overlay of the
three molecules is shown in Figure 13.2, from which it is apparent that although the
central cores are coincident, the relative orientations of the pyridyl rings differ signi-
ficantly.

Although the emphasis of this chapter is supramolecular chemistry, here, a brief
description of the salient features of the central core is given, as these are common to
the all-organic structures described herein. For example, their coordination to metals
often results in significant differences as highlighted in the relevant sections. The di-
amide moiety is usually strictly planar with rarely only minor deviations apparent.
The arrangement is always anti-periplanar, facilitating the formation of intramolecu-
lar amide-N–H···O(amide) hydrogen bonds. Calculations (DFT) show that alternative
arrangements are more than 6 kcalmol−1 less stable [7]. Finally, being attached to two
electronegative substituents, the amide-C–C(amide) bond is usually longer than anti-
cipated for an sp2-C–C(sp2) bond [5]. The striking difference between the polymorphs
of 3LH2 relates to the disposition of the pyridyl rings, being syn-periplanar in form I
and anti-periplanar in both independent molecules in form II. Furthermore, in form I,
the pyridyl-N atoms are orientated to the same side of the molecule. However, the ob-
served conformational flexibility does not have great energy significance, as computa-
tional chemistry (DFT) shows the differences in energy for the different conformations
to be less than 1–2 kcalmol−1, thereby allowing for the adoption of differentmolecular
packing arrangements, which can be quite distinct.

The intermolecular interactions involving the heteroatoms in form I of 3LH2 leads
to a supramolecular layer Figure 13.3a, with the corrugated topology related to the

Fig. 13.2: An overlay diagram for the three in-
dependent molecules for 2LH2: form I (black
image) and form II (green and pink). The mo-
lecules have been overlapped so that the central
chromophores are coincident.
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Fig. 13.3: (a) Molecular packing for 3LH2, form I, showing the supramolecular layer in the bc-plane,
and (b) and (c) molecular packing for 2LH2, form II, showing the supramolecular tape and view of the
unit cell contents in projection down the a-axis respectively. The amide-N–H···O(amide) hydrogen
bonds are shown as blue dashed lines whereas the C–H···N(pyridyl) interactions are shown as pink
dashed lines.

syn-periplanar disposition of the pyridyl rings. The main feature of the molecular
packing is the formation of supramolecular tapes involving both amide moieties and
strong amide-N–H···O(amide) hydrogen bonds leading to 10-membered {···HNC2O}2
synthons. The tapes are connected into a two-dimensional arrangement by pyridyl-
C–H···N(pyridyl) interactions, involving two pyridyl rings but one pyridyl-N atom
only as the other pyridyl-N atom does not form an intermolecular interaction within
the standard distance criteria assumed in PLATON [5]. Supramolecular tapes, akin to
those of form I, are found in the crystal of form II (Figure 13.3b, left), and comprise
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alternating independent molecules. The tapes are consolidated into the three-dimen-
sional packing by pyridyl- and methylene-C–H···N(pyridyl) interactions involving
both molecules (Figure 13.3b, right). Two pyridyl-N atoms do not form significant
intermolecular interactions.

As mentioned above, two polymorphs are found for 4LH2 with, in a sense, the op-
posite characteristics of forms I and II of 3LH2. That is, although both forms of 4LH2
are monoclinic, in form I of 4LH2 [8], two independent molecules, neither with sym-
metry, comprise the asymmetric unit, i.e. Z = 2, whereas in form II [9], which is also
monoclinic, the molecule lies about a centre of inversion, i.e. Z = 0.5. A common fea-
ture of each molecule is the anti-periplanar disposition of the pyridyl rings, but, as
seen in the overlay diagram of Figure 13.4, in each of the molecules the pyridyl rings
have distinct orientations with respect to the central diamide moiety. In the second
independent molecule of form I, the twist about the central amide-C–C(amide) is sig-
nificantly greater, at about 5º, than is normally observed in non-coordinating nLH2
molecules discussed herein (see green image in Figure 13.4).

Fig. 13.4: An overlay diagram for the three inde-
pendent molecules for 2LH2: form I (black and
green images) and form II (pink). The molecules
have been overlapped so that the central chromo-
phores are coincident.

The molecular packing in the two polymorphic forms of 4LH2 differ greatly. In form I
[8], the two independent molecules associate into dimeric aggregates via the 10-
membered amide synthon, {. . .HNC2O}2. The exocyclic amide groups associate with
pyridyl-N, i.e. via amide-N–H···N(pyridyl) hydrogen bonds, so that a supramolecular
layer is formed (Figure 13.5a). The topology is cross-linked. In this hydrogen bonding
scheme there are no apparent roles for the amide-O and half the available pyridyl-N
atoms. The presence of pyridyl-C–H···O(amide) interactions, with each amide-O atom
accepting two such interactions, link the layers into the three-dimensional crystal
(Figure 13.5b).

Supramolecular layers sustained by hydrogen bonding are also evident in the
crystal of form II of 4LH2 [9] (Figure 13.6a). However these, with a sinusoidal topology,
are sustained exclusively by amide-N–H···N(pyridyl) hydrogen bonding. The layers
are linked by pyridyl-C–H···O(amide) contacts (Figure 13.6b). Clearly, in the two forms
of 4LH2, there is a trade-off between utilising half or all available pyridyl-N atoms in
the hydrogen bonding scheme, forming amide {. . .HNC2O}2 synthons and compensat-
ing C–H···O(amide) interactions.
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Fig. 13.5:Molecular packing for 4LH2, form I, showing the (a) supramolecular layer in the bc-plane,
and (b) view of the unit cell contents in projection down the a-axis. The amide-N–H···O(amide)
and amide-N–H···N(pyridyl) interactions are shown as blue and orange dashed lines, respectively,
whereas the pyridyl-C–H···O(amide) interactions are shown as pink dashed lines.
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Fig. 13.6:Molecular packing for 4LH2, form II, showing (a) the supramolecular layer in the bc-plane,
and (b) the view of the unit cell contents in projection down the b-axis. The amide-N–H···N(pyridyl)
and C–H···O(amide) interactions are shown as blue and pink dashed lines, respectively.

13.3 Multi-component crystals of 2LH2 and derivatives

In keepingwith the lack of structural data for 2LH2, there is a paucity of structural data
for co-crystals/salts involving this isomer. By contrast, there arewell over ten coordin-
ation compounds containing 2LH2 and ions derived from this. A thorough analysis of
the hydrogen bonding patterns of the all-organic species is presented. However, only
a summary of key coordination modes and, when applicable, hydrogen bonding in-
volving 2LH2/ions derived from 2LH2 is included for the metal-containing species.
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13.3.1 Co-crystal

There is a sole example of a co-crystal involving 2LH2, namely a 1 : 2 co-crystal with 2-
aminobenzoic acid and 2LH2 [11]. As 2LH2 lies about a centre of inversion, there is only
one unique acid molecule. The key feature of the supramolecular association is the
formationof a layer,whereby thepyridyl-Natomsare connected to carboxylic acids via
hydroxyl-O–H···N(pyridyl) hydrogen bonds and a seven-membered {C(=O)OH. . .NCH}
heterosynthon. This brings about a pyridyl-C–H···O(carbonyl) interaction, which is
well known for being robust in co-crystal technology [12]. The amino group is pivotal
in the molecular packing by donating, via amino-N–H···O(amide), and accepting, via
amide-N–H···N(amino), hydrogen bonds leading to 14-membered {···NH···OC2NH}2
synthons (Figure 13.7). The layers are connected by pyridyl-C–H···O(amide, carbonyl)
interactions to consolidate the crystal.

Fig. 13.7: Supramolecular layer in the 1 : 2 co-crystal formed between 2LH2 and 2-aminobenzic acid,
with hydroxyl-O–H···N(pyridyl), amide-N–H···O(amide) and amino-N–H···N(amino) hydrogen bonds
shown as orange, blue and pink dashed lines, respectively.

13.3.2 Salts

There are two salts in the crystallographic literature with each anion derived from
benzoic acid derivatives. The first salt to be described is a 1 : 2 salt between [2LH4]2+

and 3,5-dicarboxybenzoate [13], where the centrosymmetric cation is doubly proton-
ated at the pyridyl-N atoms, i.e. [2LH4]2+ is a dipyridinium di-cation. The di-cations
associate into a supramolecular tape with translational symmetry via a sequence of
amide {. . .HNC2O}2 synthons akin to that shown in Figure 13.3a for form I of 3LH2 [7].
As illustrated in Figure 13.8a, the tapes are connected into a three-dimensional
architecture by charge-assisted pyridinium-N–H···O(carboxylate) and hydroxyl-O–
H···O(carboxylate) hydrogen bonds, in addition to eight-membered carboxylic acid
dimer {. . .HOCO}2 synthons.
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Fig. 13.8: (a) A view of the unit cell contents in projection down the a-axis in the 1 : 2 salt: [2LH4]2+

and 3,5-dicarboxbenzoate. The amide tapes along the a-axis are connected by hydroxyl-O–
H···O(carboxylate) and pyridinium-N–H···O(carboxylate) hydrogen bonds shown as brown and
pink dashed lines, respectively, and (b) supramolecular layer in the 1 : 2 salt: [2LH4]2+ and 2,6-
dinitobenzoate. The amide- and pyridinium-N–H···O(carboxylate) and pyridyl-C–H···O(amide) in-
teractions are shown as blue and orange dashed lines, respectively.

The second salt also has a 1 : 2 stoichiometry and is found between [2LH4]2+ and 2,6-
dinitrobenzoate and again, owing to the di-cation being centrosymmetric, there is
only one independent anion in the asymmetric unit [14]. Charge-assisted hydrogen
bonding also features in the crystal, whereby the carboxylate groups span adjacent
pyridinium-N–H and amide-N–H groups to form a nine-membered heterosynthon
{. . .HNC2NH···OCO}. The resulting three-ion but electrically neutral aggregate asso-
ciates with symmetry-related neighbours via pyridyl-C–H···O(amide) interactions to
form a supramolecular layer, as shown in Figure 13.8b.

13.3.3 Metal-containing species

There are three examples in the literature where 2LH2 coordinates in the neutral
mode and, curiously, each displays a distinctive mode of coordination. In the centro-
symmetric six-coordinate dimethylplatinum(IV) di-cationic complex [15], where the
platinum is further coordinated by a 2,2-bipyridyl-type ligand and a 4-carboxybenzyl
group, the 2LH2 molecule is bidentate, bridging via the pyridyl-N atoms (Figure 13.9a).
As the diamide chromophore is flanked on either side by bulky substituents, it
does not participate in hydrogen bonding interactions. The terminal carboxylic acid
groups associate via {. . .HOCO}2 synthons to form a supramolecular chain (not il-
lustrated). In the mononuclear compound HgI2(2LH2)2 [16], both 2LH2 molecules
coordinate in the monodentate mode (Figure 13.9b), with the pendent pyridyl-N
atoms participating in neither coordination nor hydrogen bonding interactions.
However, each of the independent 2LH2 molecules self-associates to form amide
tapes, via {. . .HNC2O}2 synthons, with the result that a supramolecular tube is con-
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Fig. 13.9: Neutral coordination mode for 2LH2. (a) A bridging mode via pyridyl-N atoms in a di-
cationic dimethylplatinum(IV) complex, (b) the asymmetric unit in HgI2(2LH2)2 shown as a mono-
dentate mode of coordination via a single pyridyl-N atom, (c) side-on and end-on views of the supra-
molecular tube in HgI2(2LH2)2 mediated by amide-N–H···O(amide) hydrogen bonding (blue dashed
lines), and (d) both bidentate (pyridyl-N) and tetradentate (pyridyl-N and amide-O) bridging modes
in sheets of [Ag2(2LH2)2+3 ]n .

structed (as shown in the side- and end-on views of Figure 13.9c). The third struc-
ture is the most interesting of all three and, in fact, displays two distinct coordin-
ation modes. In {Ag2(2LH2)3(trifluoromethanesulfonate)2]n [17] and referring to
Figure 13.8d, the silver ions are connected into a two-dimensional grid via one
bidentate bridging 2LH2 molecule, coordinating via both pyridyl-N atoms, and two
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tetradentate 2LH2 molecules, which employ all pyridyl-N and amide-O atoms in
coordination. The tetradentate coordinate mode results in the formation of seven-
membered Ag–N–C–C–N–C–O chelate rings. Further stability to the array is provided
by amide-N–H···O(amide) hydrogen bonds between bi- and tetra-dentate coordin-
ating ligands. The acidic sites not involved in the construction of the aforemen-
tioned layer are connected to the trifluoromethanesulfonate anions via amide-N–
N···O(trifluoromethanesulfonate) hydrogen bonding to contribute to the stabilisation
between layers.

The remaining six structures available in the literature feature the [2L]2– di-anion
[18–21]. In the mononuclear and neutral complex Pd(2L) (Figure 13.10a), the [2L]2–

di-anion wraps around the palladium(II) centre to define a square planar geometry
defined by the four nitrogen atoms [18]. In the di-cation of [(DMF)2Cu(2L)Cu(DMF)2]
(ClO4)2 (Figure 13.10b), [2L]2– is hexadentate, employing all six heteroatoms in co-

Fig. 13.10: (a) A tetradentate-N4 coordination mode for [2L]2– in Pd(2L), (b) a hexadent-
ate N4O2 coordination mode for [2L]2– in [(DMF)2Cu(2L)Cu(DMF)2]2+, (c) and (d) hexadent-
ate N4O2 coordination modes for [2L]2– leading to a coordination polymers in each of
(c) {(H2O)Cu(2L)Cu(OH2)(4, 4−bipyridyl)2+}n and (d) {Cu(2L)Cu[bis(4−aminophenyl)methyl]2+2 }n .

 EBSCOhost - printed on 2/13/2023 8:12 PM via . All use subject to https://www.ebsco.com/terms-of-use



300 | 13 Crystal chemistry of the N,N-bis(pyridin-n-ylmethyl)-ethanediamides

ordination with two copper(II) atoms [19]; DMF is N,N-dimethylformamide. When
DMF is displaced as in {[H2OCu(2L)Cu(OH2)](NO3)2.8H2O}n, a coordination poly-
mer ensues [20]. A similar coordination mode is also found in each of the next two
structures whereby similar binuclear units of the [Cu(2L)Cu] di-cation, described
above, are linked into coordination polymers by bridging 4,4-bipyridyl ligands,
{[(H2O)Cu(2L)Cu(OH2)(4,4

–bipyridyl)](NO3)2}n (Figure 13.10c), or two bis(4-amino-
phenyl)methyl ligands in [{Cu(2L)Cu[bis(4–aminophenyl)methyl]2}(NO3)2]n (Figure
13.10d), giving a chain of loops, whereby the coordinated water molecules of
{[(H2O)Cu(2L)Cu(OH2)(4, 4−bipyridyl)](NO3)2}n are displaced [21].

13.4 Multi-component crystals of 3LH2 and derivatives

Significantly more examples of 3LH2/ions in the forms of co-crystals, salts and metal-
containing species have been reported compared with the 2LH2 isomer described in
the previous section. Noteworthy is the observation of co-crystals stabilised by halo-
gen bonding, amono-protonated form, [3LH3]+, in addition to a tautomeric form of the
3LH2 structure shown in Figure 13.1.

13.4.1 Co-crystals

Co-crystals involving 3LH2 fall into two classes, namely involving carboxylic acids and
halogens, with the former described first. Reflecting the propensity of carboxylic acids
to associate with pyridyl-N, the 1 : 2 co-crystal comprising 3LH2 and 4-nitrobenzoic
assemble into a three-molecule aggregate. 3LH2 is located about a centre of inver-
sion [22]. As shown in Figure 13.11a, the aggregates are linked into a supramolecu-
lar ladder as the amide-N–H atom forms a hydrogen bond with a nitro-O atom. The
role of the amide-O atom is to participate in three C–H···O interactions, one hydro-
gen being derived from a phenyl ring and two from pyridyl rings. These sustain a
two-dimensional double layer (Figure 13.11a, lower image). The 3LH2 molecule in its
1 : 2 co-crystal with 2-aminobenzoic acid accepts two hydroxyl-O–H···N(pyridyl) and
two amino-N–H···O(amide) hydrogen bonds. At the same time, it donates two amide-
N–H···O(carbonyl) hydrogen bonds and is thereby surrounded by six 2-aminobenzoic
acidmolecules [11], indicating that 3LH2 is saturated in terms of its hydrogen bonding
capacity (Figure 13.11b). The hydrogen bonding extends in three dimensions to gener-
ate the supramolecular architecture (Figure 13.11c).

The next co-crystal to be described is the 1 : 1 co-crystal between 3LH2 and the
bi-functional carboxylic acid, 2,2-disulfanediyldibenzoic acid [23]. As is evident from
Figure 13.11d, a supramolecular tape of linked 10-membered {. . .HNC2O}2 synthons is
formed with the pendant pyridyl-N atoms bridged by the carboxylic acid groups via
hydroxyl-O–H···N(pyridyl) hydrogen bonds.

 EBSCOhost - printed on 2/13/2023 8:12 PM via . All use subject to https://www.ebsco.com/terms-of-use



13.4 Multi-component crystals of 3LH2 and derivatives | 301

Fig. 13.11: (a) Supramolecular aggregation in the 1 : 2 co-crystal formed between 3LH2 and 4-
nitrobenzoic acid: ladder and double layer, (b) hydrogen-bonding interactions involving 3LH2 and
2-aminobenzoic acid in the 1 : 2 co-crystal, showing the immediate environment about one 3LH2
molecule and (c) showing the overall three-dimensional architecture, and (d) a supramolecular
chain in the 1 : 1 co-crystal comprising 3LH2 and 2,2-disulfanediyldibenzoic acid. The hydroxyl-
O–H···N(pyridyl) and amide/amine-N–H···O hydrogen bonds are shown as orange and blue dashed
lines, respectively.
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Fig. 13.12: Supramolecular layer in the 1 : 1 co-crystal of 3LH2 with N,N-dicarboxymethylurea. The
hydroxyl-O–H···N(pyridyl) and amide-N–H···O hydrogen bonds are shown as orange and blue
dashed lines, respectively.

In the 1 : 1 co-crystal of 3LH2 with N,N-dicarboxymethylurea [24], supramolecular
tapes mediated by ten-membered amide synthons, {. . .HNC2O}2, are formed by 3LH2.
Related tapes are formed by the N,N-dicarboxymethylurea molecules as a result

Fig. 13.13: Combination of hydrogen and N···I halogen bonding leading to two-dimensional
arrays in 1 : 1 co-crystals of 3LH2 with (a) 1,4-di-iodobuta-1,3-diyne and (b) polymeric hemi-
kis(iododiacetylene). The amide-N–H···O(amide) hydrogen bonding and halogen bonding are shown
as blue and black dashed lines, respectively.
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of urea-N–H···O(carbonyl) hydrogen bonds via six-membered {. . .O···HNCNH} syn-
thons as the carbonyl-O atom accepts two hydrogen bonds (Figure 13.12). Hydrogen
bond links between the chains are hydroxyl-O–H···N(pyridyl), resulting in a two-
dimensional array. A similar array is found in the related 1 : 1 co-crystal with N,N-
diglycine oxamide, whereby chains of amide tapes formed by each of the co-crystal
co-formers are linked by hydroxyl-O–H···N(pyridyl) hydrogen bonds [24].

As mentioned in the preamble to this chapter, isomeric nLH2 molecules featured
in early co-crystal investigations were based on halogen bonding. In this context,
there are five co-crystals of 3LH2 in the literature featuring halogen bonding [25–28]
and four of these adopt similar two-dimensional arrays. One such array is illustrated
for the 1 : 1 co-crystal formed between 3LH2 and 1,4-di-iodobuta-1,3-diyne [25], where
3LH2 molecules are linked into supramolecular tapes via 10-membered {. . .HNC2O}2
synthons. These, in turn, are linked laterally by N···I halogen bonding, as illustrated
in Figure 13.13a. More recently, a 1 : 1 co-crystal of 3LH2 with a polymer was described,
namely with hemikis(iododiacetylene) (Figure 13.13b) [26]. As mentioned above in
the Introduction (Section 13.1), unstable molecules can be stabilised by co-crystal
formation and this is realised in the 1 : 1 co-crystal formed between 3LH2 and 1,4-
dibromobuta-1,3-diyne [27].

In contrast, supramolecular aggregation in the 1 : 1 co-crystal formed between
3LH2 and 2,3,5,6-tetrafluoro-1,4-di-iodobenzene is quite distinct from the co-crystal
structures just described, with each co-former being centrosymmetric [28]. This struc-

Fig. 13.14: Supramolecular aggregation in the 1 : 1 co-crystal of 3LH2 with 2,3,5,6-tetrafluoro-1,4-di-
iodobenzene: (a) supramolecular tape sustained by amide-N–H···N(pyridyl) hydrogen bonds, (b)
chain sustained by O···I halogen bonding and (c) two-dimensional array. The amide-N–H···N(pyridyl)
hydrogen bonding and halogen bonding are shown as orange and black dashed lines, respectively.
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ture is unusual in that, while translationally related molecules of 3LH2 self-assemble
into linear supramolecular chains, the association is via amide-N–H···N(pyridyl) hy-
drogen bonds (Figure 13.14a) resulting in 18-membered {. . .HNC2NC3N}2 synthons.
This arrangement frees up the amide-O atoms to form O···I halogen bonds, leading to
supramolecular chains (Figure 13.14b). The net result is a two-dimensional array, as
shown in Figure 13.14c.

13.4.2 Salts

A single example of a salt derived from 3LH2 is known, namely between [3LH4]2+

and two equivalents of 2,6-dinitrobenzoate [14]. As the di-cation lacks symmetry,
two independent anions are found in the asymmetric unit and each forms quite dis-
tinct interactions with the di-cation. The di-cation is protonated at each pyridyl-N
atom. One carboxylate group bridges the amide-N–H and pyridinium-N–H atoms
derived from two molecules and through the application of a centre of inversion, 20-
membered {. . .OCO···HNC3NH. . . }2 synthons arise from these interactions. The second
carboxylate groupbridges the equivalent atomsas just described, but employs a single
oxygen atom only, with the result that smaller 16-membered {. . .O···HNC3NH. . . }2 syn-
thons are formed. The supramolecular assembly arising from the hydrogen bonding
is a chain as illustrated in Figure 13.15. The benzoate atom not participating in the
hydrogen bonding scheme just described participates in C–H···O interactions, which,
along with other C–H···O(nitro) contacts, consolidates the molecular packing in three
dimensions.

Fig. 13.15: Supramolecular chain in the 1 : 2 salt formed between [3LH4]2+ and 2,6-dinitrobenzoate.
The amide-N–H···O(carboxylate) and charge-assisted pyridinium-N–H···O(carboxylate) hydrogen
bonds are shown as blue dashed lines.
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13.4.3 Metal-containing species

A number of metal complexes of 3LH2 and derivatives are available. Several of these
feature a bidentate bridging mode exemplified in Figure 13.16a, whereby two Zn[S2CN
(Me)CH2CH2OH]2 entities are linked by 3LH2, utilising both pyridyl-N atoms [29].
In the molecular packing, the Zn[S2CN(Me)CH2CH2OH]2 residues associate about
a centre of inversion via hydroxyl-O–H···O(hydroxyl) hydrogen bonds, leading to
supramolecular chains and open 28-membered {. . .HOC2NCSZnSCNC2O}2 synthons.
The voids defined by the aforementioned synthons are sufficiently large to accom-
modate centrosymmetrically related chains whereby the 3LH2 ligands of one chain
thread through the cavities of the other to form a doubly interpenetrated chain, as
shown in Figure 13.16b. Similar bridging modes for 3LH2 are found in binuclear
complexes where the pendant groups are Zn(phthalocyaninato) complexes with
the bulky nature of the terminal residues precluding supramolecular association
involving the diamide functionality [30]. In another binuclear complex, two 3LH2 mo-
lecules link two palladium(II) centres in the centrosymmetric, tetra-positive cation
[(dppm)Pd(3LH2)2Pd(dppm)]4+ [31]; dppm is Ph2PCH2PPh2. Within the bridging re-
gion, there are intramolecular amide-N–H···O(amide) hydrogen bonds, leading to a
10-membered {. . .HNC2O}2 synthon. The exocyclic amide-N–H atoms form hydrogen
bonds to oxygen atoms of trifluoromethanesulfonate anions. In adducts of binuclear
[Co(oxalate)]2, i.e. {[Co(oxalate)(3LH2)]2}n, each octahedral cobalt centre forms two
Co–N(pyridyl) bonds derived from two bidentate, bridging 3LH2 ligands to form a
two-dimensional array [32].

In anunprecedented example of a tautomeric formof 3LH2, the dimine-dihydroxyl
tautomer, i.e. 3-NC5H4CH2N=C(OH)–C(OH)=NCH2C5H4N, is observed in its 1 : 2 ad-
duct with Zn[S2CN(Me)CH2CH2OH]2, i.e. a tautomer of the structure shown in Fig-
ure 13.16a [29]. As shown in Figure 13.16c, the overall molecular conformations of
the two structures are comparable. Indeed, similar inter-woven double chains are
again found, but this time mediated by hydroxyl-O–H···N(imine) hydrogen bonds.
In a variation on the above, the [3LH4]2+ di-cation can also function as a bidentate,
bridging ligand. Thus, in the supramolecular chain of {[3LH2][EuCl3(OH2)]}n [33]
(Figure 13.16d), [3LH4]2+ employs the amide-O atoms in linking successive europium
atoms. The charge balance is provided by non-coordinating chloride anions.

The final three structures to be described in this section also feature bidentate,
bridging 3LH2 ligands [16, 34]. A view of one of these, i.e. {[Ag(3LH2)2]BF4}n [34],
is illustrated in Figure 13.17. Each 3LH2 ligand is bidentate, bridging with the result-
ing N4 donor set for silver(I), defining a tetrahedral geometry. The molecules are as-
sembled into a three-dimensional array by linear tapes of interlinked {. . .HNC2O}2 syn-
thons (not evident in Figure 13.17). This arrangement leads to cross-like channels in
which reside the BF4− anions. A very similar structure is found in the nitrate ana-
logue [34]. To a first approximation, a similar three-dimensional architecture is found
in {[Cu(3LH2)2Br].Br.H2O}n [16]. Each of the 3LH2 and coordinated bromide ligands
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Fig. 13.16: Bidentate, bridging modes for [3LH2] and derivatives: (a) [3LH2] bridging two
Zn[S2CN(Me)CH2CH2OH]2 entities, (b) interwoven double chains from the supramolecular chain
formed by the molecule shown in (a), (c) imine-hydroxyl tautomeric form of [3LH2], bridging two
Zn[S2CN(Me)CH2CH2OH]2 entities, and (d) [3LH4]2+ bridging [EuCl3(OH2)]− anions within a chain.
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Fig. 13.17: A view of the three-dimensional architecture showing in projection down the c-axis in the
structure of {[Ag(3LH2)2]BF4}n.

is bidentate-bridging leading to trans-Br2N4 coordination geometries for copper(II).
The formation of diamide tapes, mediated by {. . .HNC2O}2 synthons, reinforces the
Cu–Br–Cu bridges.

13.5 Multi-component crystals of 4LH2 and derivatives

The most frequently studied of the isomeric nLH2 molecules by far is the one with
n = 4. As with the previous section, co-crystals are described first followed by salts
and then metal-containing species. The discussion on co-crystals begins with those
involving carboxylic acids, then hydroxyl-containingmolecules andfinally, those that
form halogen-bonding interactions.
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13.5.1 Co-crystals

There are five co-crystals in the literature involving 4LH2 and carboxylic acids, one of
which is a monofunctional carboxylic acid [35] and the other four are bifunctional,
having two carboxylic acid residues [24, 36, 37]. In the former, 4LH2 is located about
a centre of inversion and so in this 1 : 2 co-crystal, there is one independent molecule
of (4-nitrophenyl)acetic acid [35]. As might now be anticipated based on related struc-
tures described earlier, a three-molecule aggregate is formed, which is stabilised by
hydroxyl-O–H···N(pyridyl) hydrogen bonding. These aggregates are linked into a lin-
ear supramolecular chain via amide-N–H···O(hydroxyl) hydrogenbonds leading to the
formation of 14-membered {. . .HNC4N}2 synthons (Figure 13.18). The amide-O forms a
weak C–H···O interaction within the chain.

Fig. 13.18: Supramolecular chain in the 2 : 1 co-crystal of [4LH2] with (4-nitrophenyl)acetic acid. The
hydroxyl-O–H···N(pyridyl) and amide-N–H···O(hydroxyl) hydrogen bonds are shown as orange and
blue dashed lines, respectively.

The common features of the remaining 1 : 1 co-crystals containing bifunctional carb-
oxylic acids are the formationof amide tapes, via 10-membered {. . .HNC2O}2 synthons,
and the formation of hydroxyl-O–H···N(pyridyl) hydrogen bonding, which links the
tapes into two-dimensional arrays. In the co-crystal with N,N-bis(carboxymethyl)
urea [24], the urea molecules are connected by urea-N–H···O(carbonyl) hydrogen
bonds (Figure 13.19a), whereas in the co-crystals with N,N-bis(2-hydroxymethyl)oxal-
amide (Figure 13.19b) and N,N-bis(2-hydroxyethyl)oxalamide [36], the links between
each of these co-formers are also of the type amide-N–H···O(amide). In an interest-
ing variation, a polymer, namely poly(1,2-bis(2-carboxyethyl)tetra-1-en-3-yn-1,4-diyl,
provides the bridges between amide tapes (Figure 13.19c) [37].
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Fig. 13.19: Two-dimensional supramolecular arrays of 1 : 1 co-crystals of [4LH2] with (a) N,N-
bis(carboxymethyl)urea, (b) N,N-bis(2-hydroxymethyl)oxalamide and (c) poly(1,2-bis(2-
carboxyethyl)tetra-1-en-3-yn-1,4-diyl. The hydroxyl-O–H···N(pyridyl) and amide-N–H···O(amide)
hydrogen bonds are shown as orange and blue dashed lines, respectively. In (a), the amide-N–
H···O(carbonyl) hydrogen bonds are shown as blue dashed lines.
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Fig. 13.20: Supramolecular association in co-crystals of [4LH2]: (a) 1 : 2 with bis(2-((4-
hydroxyphenyl)diazenyl)benzoic acid), (b) 1 : 1 with penta-2,4-diynyl 3,5-dihydroxybenzoate and
(c) 1 : 1 with N,N-bis(2-hydroxyethyl)oxalamide. The hydroxyl-O–H···N(pyridyl) and hydroxyl-O–
H···N(azo) hydrogen bonds are shown as orange dashed lines and the amide-N-H···O(hydroxyl) and
amide-N–H···O(amide) hydrogen bonding are shown as blue dashed lines.

There are four structures where the co-former with 4LH2 has hydroxyl substituents
and these are discussed next as a group. The 1 : 2 co-crystal formedwith 2-[(4-hydroxy-
phenyl)diazenyl]benzoic acid, both hydroxyl and carboxylic acid residues, are present
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in the co-former [38], thereby providing a nice segue between the previously described
co-crystal structures and those under consideration here. This structure is particu-
larly notable for the absence of the hydroxyl-O–H···N(pyridyl) hydrogen bonding
normally observed in the carboxylic acid co-crystal structures described herein. In-
stead, an intramolecular hydroxyl-O–H···N(azo) hydrogen bond is formed to close a
six-membered loop. Links between the co-formers are hydrogen bonds of the type
hydroxyl-O–H···N(pyridyl) and amide-N–H···O(hydroxyl), so that comparatively large
40-membered {. . .HNC2NC4N···HOC4N2. . .HO}2 synthons are formed (Figure 13.20a).
The supramolecular assembly arising from the specified hydrogen bonding is a linear
supramolecular chain; the amide-O atom does not form a significant intermolecular
contact. Two very similar architectures are found in 1 : 1 co-crystals with penta-2,4-
diynyl 3,5-dihydroxybenzoate (Figure 13.20b), and with the polymer, poly(penta-2,4-
diynyl) [39]. In the crystal of the former, the pyridyl rings adopt, to a first approxima-
tion, a syn-periplanar conformation and associate into amide tapes via {. . .HNC2O}2
synthons. Two such tapes are connected by hydroxyl-O–H···N(pyridyl) hydrogen
bonds to generate a supramolecular tube, propagated by a 21 screw axis, as shown
in the two views of Figure 13.20b. Linear, supramolecular amide tapes mediated by
{. . .HNC2O}2 synthons are also found in the fourth co-crystal in this sub-category;
namely the 1 : 1 co-crystal between 4LH2 and N,N-bis(2-hydroxyethyl)oxalamide [36].

Fig. 13.21: Supramolecular aggregation in the 1 : 1 co-crystals of 4LH2 with 1,4-di-iodobuta-1,3-diyne:
(a) planar and side-on views of the two-dimensional array sustained by amide-N–H···O(amide) hy-
drogen bonds and I···N halogen bonds on the co-crystal determined at 3 GPa, and (b) side-on view
of the same co-crystal determined under ambient conditions. The amide-N–H···O(amide) hydrogen
bonding and halogen bonding are shown as blue and black dashed lines, respectively.
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For the closely related di-carboxylic acid analogues described above, the tapes
are connected into two-dimensional arrays by hydroxyl-O–H···N(pyridyl) hydrogen
bonding, with each tape mediated by amide-N–H···O(amide) hydrogen bonding and
{. . .HNCO}2 synthons, as shown in Figure 13.20c.

Two 1 : 1 co-crystals sustained by both hydrogen bonding and halogen bonding
have been described above, i.e. with 1,4-di-iodobuta-1,3-diyne [25, 40] andwith 1,6-di-
iodohexa-1,3,5-triyne [25]. These closely resemble the supramolecular association in
analogues formed with 3LH2. The former is of particular interest as the structure has
been determined under ambient and high pressure (3 GPa) conditions. Two views of
the supramolecular aggregation are shown in Figure 13.21a, fromwhich it can be seen
that the two-dimensional array is clearly flatter in the high-pressure form than that
determined under normal pressure conditions (Figure 13.21b) [25].

13.5.2 Salts

Two salts, both containing [4LH4]2+ di-cations, have been reported [10, 14]. In the di-
nitrate salt (Figure 13.22a) where the di-cations are centrosymmetric, charge-assisted
pyridinium-N–H···O(nitrate) and amide-N–H···O(nitrate) hydrogen bonds are evid-
ent [10]. In essence, the nitrate anion employs one oxygen atom to bridge symmetry-
related molecules so that a three-dimensional architecture ensues. Although there
is no formal role for the amide-O atoms in this scheme, it is noted that these form
close contacts with pyridinium-C–H hydrogen atoms. In the second salt, the [4LH4]2+

di-cations are also located about a centre of inversion and similar charge-assisted
hydrogen bonding is observed to that just described, but involving a single benzoate-
oxygen atom only, i.e. pyridinium-N–H···O(benzoate) and amide-N–H···O(benzoate)
hydrogen bonds, leading to 22-membered {. . .HNC2NC4NH}2 synthons [14]. This con-
trasts with the more open arrangement in [4LH4][NO3]2 [10], resulting in a linear
supramolecular chain that is formed instead, with a flat topology (Figure 13.22b). The
amide-O atoms form very weak contacts with pyridinium-C–H hydrogen atoms.

13.5.3 Metal-containing species

The coordination chemistry of 4LH2 is relatively simple compared with those ex-
hibited by the 2LH2 and 3LH2 isomers in that it is restricted, with one exception, to
bidentate bridging coordination modes. This bridging mode is clearly illustrated in
Figure 13.23a for the di-cation in [Ph3PAu(4LH2)AuPPh3][ClO4]2 [41]. The presence
of charge-assisted amide-N–H···O(perchlorate) hydrogen bonding restricts further
supramolecular association between 4LH2 entities. In the same way, steric effects
in a congested zinc porphyrinate complex restrict supramolecular association in-
volving 4LH2 [30]. In a binuclear six-coordinate dimethylplatinum(IV) di-cationic
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Fig. 13.22: Supramolecular association in salts of [4LH4]2+. (a) 1 : 2 salt with nitrate, and (b) 1 : 2
salt with 2,6-dinitrobenzoate. The charge-assisted N–H···O hydrogen bonds are shown as orange
dashed lines.

complex [15], the platinum atoms are bridged by a 4LH2 molecule (Figure 13.23b).
Each platinum centre is also coordinated by a 2,2-bipyridyl-type ligand and a 4-
caroxybenzyl group. In this case, the diamide is accessible for hydrogen bonding
and forms a {. . .HNC2O}2 synthon via hydrogen bonds. The terminal 4-carboxybenzyl
groups also self-associate via the carboxylic acid synthon, {. . .HOC2O}2, with the
result that a linear supramolecular chain is formed (Figure 13.23c). In the centro-
symmetric, tetranuclear cation, [(dppp)Au2(4LH2)2Au2(dppp)]4+, two 4LH2 bridges
are present and these are connected by a 10-membered {. . .HNC2O}2 synthon within
the cavity [41]; dppp is Ph2P(CH2)3PPh2. Further self-association of 4LH2 is precluded
by the formation of charge-assisted amide-N–H···O(perchlorate) hydrogen bonds
(Figure 13.23d).

Thefinal zero-dimensional structure tobedescribed is that of [I2Zn(4LH2)ZnI2] [41].
As shown in Figure 13.23e, an oligomeric structure is formed. Owing to severe dis-
order associated with the co-crystallised methanol molecule, a detailed analysis of
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Fig. 13.23: Bidentate bridging modes for [4LH2] in: (a) {[Ph3PAu(4LH2)AuPPh3][ClO4]2}, (b) a binuc-
lear platinum(IV) complex (non-4LH2 hydrogen atoms have been removed), (c) a supramolecular
chain whereby the cations in (c) are connected by amide–N···O(amide) and carboxylic acid-O–
H···O(carboxylic acid) hydrogen bonds, shown as blue and orange dashed lines, respectively;
non-acidic hydrogen atoms have been removed, (d) {[(dppp)Au2(4LH2)2Au2(dppp)][ClO4]2}2+ and
(e) [I2Zn(4LH2)ZnI2].

the supramolecular association in the crystal is precluded. However, the structure is
included here as it varies significantly from the equivalent formulations with either
chloride or bromide rather than iodide.

The supramolecular aggregation patterns for molecules of the general formula
[X2Zn(4LH2)ZnX2] is dependent on the nature of X [42]. When X = I, an oligomeric
structure is formed (Figure 13.23e). When X = Cl or Br (Figure 13.24a), a zigzag
chain is formed with no supramolecular association between chains mediated by
4LH2. A similar zigzag chain is found in [CoCl2(4LH2)].½H2O, where the chain is
decorated by the water molecules of crystallisation, which participate in water-O–
H···O(amide) hydrogen bonds [8]. In [Hg2I4(4LH2)]n (Figure 13.24b), I2Hg(4LH2)HgI2
units are connected into a supramolecular chain via tapes mediated by 10-membered
{. . .HNC2O}2 synthons [16]. The standout coordination mode for 4LH2 occurs in the
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Fig. 13.24: Higher-dimensional aggregation mediated by [4LH2] in: (a) [Br2Zn(4LH2)ZnBr2],
(b) [Hg2I4(4LH2)]n in a supramolecular chain connected by amide–N···O(amide) hydrogen bonds
shown as blue dashed lines, and (c) two-dimensional [CuCl2(4LH2)]n .

two-dimensional structure of [CuCl2(4LH2)]n [43]. As seen from Figure 13.24c, 4LH2 is
bidentate bridging, employing pyridyl-N atoms to generate chains that are linked via
Cu–O(amide) bonds indicating a neutral N2O2 coordination mode for 4LH2.

The final structure to be described is that of [Cd2(NO3)4(4LH2)3]n [43]. Each of the
three independent and centrosymmetric 4LH2 molecules adopts a bidentate bridging
mode of coordination via the pyridyl-N atoms leading to a two-dimensional array
shown in Figure 13.25a. The overall architecture is based on mutual orthogonal inter-
penetration of layers (Figure 13.25b), with the links between the layers being of the
type amide-N–H···O(amide) and amide-N–H···O(nitrate) hydrogen bonding.
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Fig. 13.25: Interpenetration in the structure of [Cd2(NO3)4(4LH2)3]n . (a) View of one two-
dimensional array, and (b) orthogonal interpenetration of two arrays, shown in space-filling mode.

13.6 Conclusions and outlook

Herein, it has been demonstrated that nLH2 and ions derived from these have a high
degree of conformational flexibility, engendering these molecules/ions to form dis-
parate supramolecular architectures. In their co-crystals, reliable supramolecular
synthons are often formed by nLH2, e.g. hydroxyl-O–H···N(pyridyl) and amide-N–
H···O(amide), with the latter leading to {. . .HNC2O}2 synthons and often supramolecu-
lar tapes. This suggests that targeted co-crystal formation might be feasible for this
class of compound. Furthermore, a rich variety of coordination modes are noted
for neutral for nLH2, including monodentate, via pyridyl-N, the common bident-
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ate bridging mode, via two pyridyl-N atoms, and even tetradentate modes via two
pyridyl-N and two amide-O atoms. For ions derived from these, up to hexadentate
coordination modes are possible. This suggests that the relatively unexplored co-
ordination chemistry of nLH2 and their ions are sure to produce exciting discoveries.
This all indicates that further investigation of isomeric nLH2 in the context of both
multi-component crystals and coordination chemistry is clearly warranted.
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14 Solute–solvent interactions mediated by main

group element(lone-pair)···π(aryl) interactions

14.1 Introduction

Since the disclosure of tellurium(II, IV)···π(aryl) interactions in their crystal struc-
tures [1], there has been increasing interest in ascertaining the importance of this
type of supramolecular synthon, i.e. main group element(lp)···π(arene), in the struc-
tural chemistry of main group element chemistry [2–10]. It is noted in passing that
analogous interactions have been revealed in structural biology and are known to
provide important stabilising contacts [11, 12]. In molecular structural chemistry, the
emphasis thus far has been upon seeking “stand-alone” element(lp)···π(arene) con-
tacts and determining the supramolecular architectures they sustain [2–10]. Usually
these architectures are zero- and one-dimensional; however, examples of two- and
even three-dimensional aggregation patterns are known [9, 10]. With the restriction
that the element(lp)···π(arene) interaction operates in a given dimension within a
crystal, in isolation from other supramolecular synthons, these interactions occur in
a maximum of 14% of thallium(I) structures. This is reduced to 9% in bismuth(III)
structures and down to a minimum of 2–3% for tin(II) and lead(II) compounds [9, 10].
In terms of bonding, it is likely that the lone-pair···π interaction has similar features
to halogen bonding [13] in that there is an asymmetric distribution of electron dens-
ity in the lone-pair of electrons. This leaves an electropositive region at the tip of the
lone-pair that interacts with the π-electrons of the ring. This electron-deficient region
is termed variously a σ-hole or polar cap, and the energy of stabilisation imparted
by these interactions are upward of several kcal mol−1. In keeping with the theme of
the present volume, “Aspects of Multi-Component Crystals: Synthesis, Concepts and
Function”, a descriptionherein of the supramolecular architectures sustained bymain
group element(lp)···π(aryl) interactions is given where the π-system is a solvent mo-
lecule such as benzene.

14.2 Procedures

Standard protocols were utilised to identify structures for the current survey [10]. The
Cambridge Structural Database (CSD: version 5.37 + 2 updates) [14]was searchedusing
CONQUEST (version 1.18) [15]. There were two key geometric restraints, as illustrated
in Figure 14.1a. The first restraint is the distance d, between the metal centre and the
ring centroid, labelled Cg, which was set at 4.0Å. This distance is shown to be suffi-

https://doi.org/10.1515/9783110464955-014
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Fig. 14.1: (a) The geometric restrictions employed to identify element(lp)···π(arene) interactions. The
distance d (Å) is the separation between the ring centroid, Cg, and the element. The angle θ (°) is
between the normal to the arene ring, V1, and the vector, V2, between the ring centroid and the ele-
ment. (b) A representation of a delocalised element(lp)···π(arene) interaction where the element’s
lone-pair interacts approximately equally with all six carbon atoms of the aryl ring.

cient to identify relevant contacts [10]. The second restraint is the angle θ, which is the
angle between the normal to the plane through the aryl ring (V1) and the vector from
Cg to the main group element (V2). This angle indicates the relative location of the
element above the C6 plane andwas restricted to ≤ 20°, so that only “delocalised” [16]
element(lp)···π(aryl) interactions were retrieved. The consequence of this restriction
is that the lp···C separations are approximately equal (Figure 14.1b). This restriction re-
moves “localised” interactionswhere the lone-pair is orientated towards a single atom
of the aryl ring only as well as “semi-localised” interactions where the lone-pair is en-
gaged with only one of the bonds of the ring [16]. The only other restrictions that were
applied were those structures with unresolvable disorders, which were omitted. Fur-
thermore, structures determined from powder data were not included. This resulted
in 37 “hits” satisfying the specified criteria. Each data set, in the form of a Crystallo-
graphic Information File (CIF), wasmanually scrutinised and analysed quantitatively
using PLATON [17]. Diagrams are original and were drawn using DIAMOND [18].

14.3 Discussion

Structures are discussed starting from the gallium-group elements with benzene, fol-
lowed by examining the substituted forms of the C6 ring. The tin group elements are
described, etc. Within each group, mononuclear species are discussed before binuc-
lear species, etc. Finally, for each sub-category, lower nuclearity aggregates are de-
scribed before higher nuclearity aggregates.

The chemical diagrams were generated using ChemDraw® and show only the in-
teracting species. As such, other species in the crystal, such as counter ions, are not
illustrated. In the diagrams showing aggregation patterns, all hydrogen atoms have
been omitted for reasons of clarity. The arene rings forming the element(lp)···π(arene)
interactions are highlighted in purple. The interaction is indicated by a dashed purple
line in each case.
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14.3.1 Group III

Of the Group III elements, only thallium(I) compounds have been found to form
Tl(lp)···π(arene) interactions where the arene ring is a solvent molecule. There are six
examples, (1)–(6), and their chemical diagrams are shown in Figure 14.2.

The first three structures in this category are mononuclear thallium(I) com-
pounds. In (1), a molecule of mononuclear {bis[3-(9-triptycyl)pyrazolyl]hydroborato}
thallium(I) [19] associates with a solvent toluene molecule via a Tl(lp)···π(toluene) in-
teraction [d = 3.22Å and θ = 3.7°] to form a zero-dimensional aggregate in which the
thallium(I) atom increases its coordination number from 2 (N2 donor set) to 3 within
a distorted trigonal planar geometry (Figure 14.3a). A similar aggregation pattern is

Fig. 14.2: Chemical diagrams for (1)–(6). In this and subsequent figures showing chemical diagrams,
only species participating in element(lp). . .π(arene) interactions are shown.
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Fig. 14.3: Supramolecular aggregation via Tl(lp)···π(arene) interactions in the crystal structures of
(1)–(6) shown in (a)–(f), respectively. Colour code: Tl (or other main group element), orange; brom-
ide, olive-green; chloride, cyan; sulphur, yellow; silicon, brown; oxygen, red; nitrogen, blue; boron,
grey-green; and lithium, beige.

found in (2), whereby a single Tl(lp)···π(chlorobenzene) interaction [d = 3.69Å and
θ = 14.5°] is found in (hydrogen tris(4-bromo-3-(p-chlorophenyl)pyrazolyl)borato)
thallium(I) chlorobenzene solvate [20] to give a two-molecule, zero-dimensional
aggregate (Figure 14.3b). The thallium(I) centre in bis(hydrogen tris(2-thioxo-3-t-
butylbenzimidazol-1-yl)borate)thallium(I) (3) [21] is located on a three-fold axis of
symmetry and was characterised crystallographically as its hemi-benzene solv-
ate. From symmetry, the benzene ring accepts two Tl(lp)···π(toluene) interactions
[d = 3.39Å and θ = 0.0°] to form a binuclear three-molecule aggregate (Figure 14.3c).
The original coordination geometry for each thallium atom in (2) and (3) was pyram-
idal, defined by N3 and S3 donor sets, respectively. The coordination geometry in each
is expanded to four with the interaction of the benzene ring included.
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In binuclear di-thallium(I) bis[tetrabromo-gallium(III)] tris(1,3,5-trimethylben-
zene) solvate (4) [22] one [GaBr4]− anion bridges two thallium(I) centres, whereas the
other is terminally bound, giving two independent thallium centres, each of which is
associated with 1,3,5-trimethylbenzene molecules. The thallium forming four Tl···Br
bonds is connected to one 1,3,5-trimethylbenzene molecule [d = 2.94Å, α = 2.9∘]
whereas the other coordinatively unsaturated thallium(I) atom is connected to two
1,3,5-trimethylbenzene molecules [d = 3.01Å, α = 5.4∘; d = 3.03Å, α = 3.1∘].
The result is a binuclear four-molecule, zero-dimensional aggregate (Figure 14.3d). In
tetranuclear tetrakis(μ3-triphenylsilanolato)-tetra-thallium(I) benzene solvate (5) [23]
only one of the four thallium(I) centres forms a single Tl(lp). . . π(benzene) inter-
action [d = 3.20Å and θ = 2.7°] to form a tetranuclear, two-molecule and zero-
dimensional aggregate (Figure 14.3e). In the same way, a single Tl(lp)···π(toluene)
interaction [d = 3.20Å and θ = 2.7°] is found in the structure of tetranuclear
(μ3-1,1,1-tris(trimethylsilylamido)ethane)(μ3-1,1-bis(trimethylsilylamido)-1-(trimethyl-
silylamino)ethane)-tetrahydrofuran-tetra-thallium(I)-lithium toluene solvate (6) (Fig-
ure 14.3f) [24].

14.3.2 Group IV

14.3.2.1 Tin(II)
Three tin(II) structures, (7)–(9), have been revealed to feature Sn(lp)···π(arene) in-
teractions in their crystal structures. Chemical diagrams for these are shown in Fig-
ure 14.4.

In the binuclear structure of bis(μ2-2,6-dimethylphenolato)-bis(2,6-dimethyl-
phenolato)-di-tin(II).2(toluene) (7) [25], two centrosymmetrically related molecules
associate via Sn(lp)···π(aryl) interactions [d = 3.36Å and θ = 10.8°] to form a di-
meric, zero-dimensional aggregate. Toluene molecules interact with the terminal
tin atoms [d = 3.59Å and θ = 7.6°] so that each Sn(II) atom in (7) forms a single
Sn(lp)···π(aryl) interaction and adopts a pseudo-tetrahedral geometry. In mononuc-
lear 2,3-bis(trimethylsilyl)-1-stanna-2,3-dicarba-closoheptaborane(4) hemi-benzene
solvate (8) [26], the tin(II) centre is coordinated by three boron and two carbon atoms,
but in a way that leaves the tin(II) atom exposed. This enables the formation of a
Sn(lp)···π(benzene) contact [d = 3.73Å and θ = 13.6°] and, as the benzene molecule
of solvation is located about a centre of inversion, a binuclear three-molecule aggreg-
ate ensues. The tetranuclear clustermolecule, bis(μ3-oxo)-octakis(μ-trifluoroacetato)-
di-tin(II)-di-tin(IV), is disposed about a centre of inversion and is crystallised as a
benzene solvate, also located about a centre of inversion, with the ratio between
molecules being 1 : 1 (9) [27]. The exocyclic tin atoms, i.e. being tin(II) as opposed
to the endocyclic tin(IV) atoms and having square-pyramidal geometries defined by
five oxygen atoms, form Sn(lp)···π(benzene) contacts [d = 3.32Å and θ = 6.1°] to
generate a supramolecular chain with a flattened step topology.
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Fig. 14.4: Chemical diagrams for (7)–(9).

Fig. 14.5: Supramolecular aggregation via Sn(lp). . .π(arene) interactions in the crystal structures of
(7)–(9), shown in (a)–(c), respectively. Additional colour code: fluoride, violet-red.
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14.3.2.2 Lead(II)
Five lead(II) structures, (10)–(14), feature at least one Pb(lp)···π(arene) interaction in
their crystal structures. See Figure 14.6 for chemical diagrams.

The first three structures in this category are mononuclear, with each lead(II)
centre forming a single Pb(lp)···π(arene) contact. Thus, the lead(II) atom in (10), i.e.
bis(diphenylpentane-2,4-diiminato)lead(II) toluene solvate [28], is coordinated by
four nitrogen atoms, but there is a large void above the lead(II) atom (Figure 14.7a),
which is occupied by the toluene molecule [d = 3.66Å and θ = 8.6°]. A relat-
ively high coordination number is also found in (11), bis(2,4,6,8-tetra-t-butyl-1-oxo-1H-
phenoxazin-9-olato)lead(II) benzene di-solvate [29], where the lead(II) is in a N2O4
donor set. However, once again, there is a large void to accommodate one of the two
benzene molecules co-crystallised with the lead compound via a Pb(II)···π(benzene)
interaction [d = 3.77Å and θ = 17.9°] (Figure 14.7b). The mononuclear structure
of 2,3-bis(trimethylsilyl)-2,3-dicarba-1-plumba-closo-heptaborane(6) benzene solvate

Fig. 14.6: Chemical diagrams for (10)–(14).

 EBSCOhost - printed on 2/13/2023 8:12 PM via . All use subject to https://www.ebsco.com/terms-of-use



14.3 Discussion | 327

Fig. 14.7: Supramolecular aggregation via Pb(lp). . .π(arene) interactions in the crystal structures of
(10)–(14) shown in (a)–(e), respectively. Additional colour code: aluminium, brown.

(12) [30] is isostructural with (8) (Figure 14.5b) [26]. Thus, the lead(II) centre is coordin-
ated by a B3C2 donor set, but the atoms comprising the cluster lie to one side of the
molecule, enabling the formation of a Pb(lp)···π(benzene) contact [d = 3.74Å and
θ = 16.9°] with a centrosymmetric benzene molecule, which results in a binuclear,
three-molecule aggregate (Figure 14.7c).

Two of the five lead(II) atoms in pentanuclear bis(μ3-2,4,6-tris-(trifluoromethyl)
phenylthiolato)-(μ3-oxo)-tetrakis(μ2-2,4,6-tris(trifluoromethyl)phenylthiolato)-
bis(2,4,6-tris(trifluoromethyl)phenylthiolato)-penta-lead(II), isolated as a 1 : 2 tolu-
ene solvate (13) [31] forms Pb(lp)···π(arene) interactions [d = 3.55Å and θ = 19.1°;
d = 3.70Å and θ = 17.8°] (Figure 14.7d). The common feature of the two interacting
lead(II) atoms is that they exist in pyramidal coordination geometries, defined by S3
donor sets, exposing the lone-pair to the rings. By contrast, the remaining lead atoms
have higher coordination numbers, i.e. 4 and 5.
[Lead(II) bis(tetrachloridoaluminium(IV))]n (14) [32] is a coordination polymer

that was isolated as a benzene solvate, with the ratio between lead atoms and solvent
molecules being 1 : 1, enabling each lead atom to form a Pb(lp)···π(arene) contact
[d = 2.78Å and θ = 1.1°]. As seen from Figure 14.7e, each lead atom, despite being
coordinated by six chlorido atoms, is in a distorted pentagonal-bipyramidal coordin-
ation geometry with the benzene ring lying to one side of the pentagonal plane.
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14.3.3 Group V

14.3.3.1 Arsenic(III)
Three arsenic(III) solvates, (15)–(17), featureAs(lp)···π(arene) interactions in theirmo-
lecular packing. Chemical diagrams for these are shown in Figure 14.8.

Fig. 14.8: Chemical diagrams for (15)–(17).

Each of the trichloroarsane arsenic(III) centres in bis[trichloroarsane(III)] hexaethyl-
benzene (15) [33] associates with the hexaethylbenzene ring via a As(lp)···π(arene)
interaction [d = 3.14Å and θ = 0.0°], with the entire three-molecule aggregate (Fig-
ure 14.9a) having crystallographic 3-fold symmetry. In (16), a binuclear compound,
(μ2-5,11,17,23-tetra-t-butylcalix(4)arene-25,26,27,28-tetraolato)-(μ2-oxo)-di-arsenic(III)
benzene solvate [34], both arsenic(III) atoms have three-coordinate, pyramidal geo-
metries defined by an O3 donor set, but only one centre forms a As(lp)···π(arene)
interaction [d = 3.57Å and θ = 3.6°] (Figure 14.9b).

In the heterometallic complex, (μ4-7H-5,13-arsano(1,3,2)benzodiphospharsolo
(1,2-b)(1,2,4,3)benzotriphospharinine)-icosacarbonyl-tetra-tungsten toluene solvate
(17) [35], two distinct coordination environments are noted for arsenic(III). One is pyr-
amidal and based on a P3 donor set, whereas the other is also pyramidal, but based
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Fig. 14.9: Supramolecular aggregation via As(lp). . .π(arene) interactions in the crystal structures
of (15)–(17) shown in (a)–(c), respectively. Additional colour code: tungsten, indigo; phosphorous,
pink; hydrogen, green.

on a HP2 donor set. It is the latter that forms the As(lp)···π(arene) interaction leading
to a two-molecule, zero-dimensional aggregate [d = 3.72Å and θ = 10.5°].

14.3.3.2 Antimony(III)
The first four structures in this category, (18)–(21), are examples of classic Mens-
chutkin complexes [36, 37]. Chemical diagrams for these and for two further struc-
tures featuring Sb(lp)···π(arene) interactions in their crystal structures, (22) and (23),
are shown in Figure 14.10. Although the common feature of (18)–(21) is the pres-
ence of mononuclear species, in trichlorido-antimony toluene (18) [38] and tribrom-
idoantimony(III) mesitylene (19) [39] solvate a single interaction occurs between
antimony(III) and the solvent molecule. In (18), there are two independent com-
plex:solvent pairs and each of these forms a Sb(lp)···π(arene) interaction [d = 3.10Å
and θ = 7.7°; d = 3.16Å and θ = 9.0°]. The structure of (19) is even more remarkable
in that there are four independent pairs ofmolecules in the asymmetric unit, and each
of these forms a Sb(lp)···π(arene) interaction [d = 3.22Å and θ = 8.8°; d = 3.22Å
and θ = 9.4°; d = 3.30Å and θ = 5.3°; d = 3.33Å and θ = 5.0°]. One of these
complex : solvent pairs is shown in Figure 14.11a. In each of bis(trichlorido-antimony)
benzene solvate (20) [40] and bis[trichloridoantimony(III)] p-xylene solvate (21) [41],
each solvent molecule forms two Sb(lp)···π(arene) interactions. The absence of sym-
metry in (20) (Figure 14.11b) implies two independent set of parameters [d = 3.25Å
and θ = 7.6°; d = 3.33Å and θ = 7.4°] whereas the solvent in (21) lies about a centre
of inversion [d = 3.14Å and θ = 11.5°].

The hexa-antimony(III) cluster complex constructed about a {SbO}6 ladder,
bis(μ-diphenylsilanediolato)-bis(μ-hydroxo)-hexakis(μ-oxo)-octaphenyl-hexa-anti-
mony(III), crystallises as a 1 : 1 toluene solvate (22) [42]. From the formulation and as
illustrated inFigure 14.11c, only oneSb(lp)···π(arene) interaction is formed [d = 3.67Å
and θ = 9.6°].
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Fig. 14.10: Chemical diagrams for (18)–(23).

The final antimony(III) complex to be described is that of heterometallic and organo-
metallic tris[μ4-di-antimony(III)]-[μ3-di-antimony(III)]-tetrakis(tetracarbonyl-bis(η5-
cyclopentadienyl))-di-copper(I)-octa-molybdenum(0) bis[tetra-chlorido-gallium(III)]
benzene solvate (23) [43]. The antimony(III) atom that formally does not form an inter-
action to a copper(I) atom forms the Sb(lp)···π(arene) contactwith the solvent benzene
molecule [d = 3.47Å and θ = 1.6°] (Figure 14.11d).

14.3.3.3 Bismuth(III)
With nine structures featuring Bi(lp)···π(arene) interactions, bismuth(III) compounds
are themost frequently represented in the present survey. Thenuclearity of the species
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Fig. 14.11: Supramolecular aggregation via Sb(lp). . .π(arene) interactions in the crystal structures of
(19), (20), (22) and (23) shown in (a)–(d) respectively. Additional colour codes: molybdenum, indigo;
copper,mauve.

ranges from 1 up to 14; therefore, a large number of distinct structural motifs are ob-
served. The first three structures to be discussed, (24)–(27) (Figure 14.12) are formally
mononuclear BiCl3 and are typical Menschutkin complexes. Despite these similarit-
ies, three quite distinct structural motifs are observed in their crystal structures. In
trichlorido-bismuth(III) toluene (24) [44] (Figure 14.13a), two independent molecules
comprise the crystallographic asymmetric unit and each bismuth(III) centre forms a
single Bi(lp)···π(arene) interaction to a toluene molecule [d = 3.04Å and θ = 3.6°;
d = 3.09Å and θ = 7.9°]. In the other two structures, significant supramolecular
association occurs, owing to strong Bi···Cl secondary bonding interactions. Thus, in
catena[(bis(μ2-chlorido))-chlorido-bismuth(III) (η6-m-xylene)] (25) [45], a coordina-
tion polymer is observed (Figure 14.13b), decorated with m-xylene molecules held in
place by Bi(lp)···π(arene) interactions [d = 2.99Å and θ = 5.8°]. By contrast, an
oligomeric aggregate is observed for bis(hexamethylbenzene) tetrakis(μ2-chlorido)-
octachloro-tetra-bismuth(III) (26) [36] (Figure 14.13c). The oligomer features four bis-
muth(III) centres and is disposed about a crystallographic four-fold inversion centre.
The independent bismuth(III) atom associates with a hexamethylbenzene molecule
[d = 3.07Å and θ = 2.6°].

The next four structures to be described, (27)–(30) (Figure 14.12), are tetranuclear
bismuth(III) compounds. In bis(μ3-oxo)-tetrakis(μ2-1,1,1,3,3,3-hexafluoro-2-propoxo)-
tetrakis(1,1,1,3,3,3-hexafluoro-2-propoxy)-tetra-bismuth(III) toluene solvate (27) [46],
the cluster is situated about a centre of inversion. There are two distinct coordina-
tion environments for bismuth(III): the endocyclic atoms based on a O5 donor set
and the exocyclic bismuth(III) atoms, which are coordinated within a O4 donor
set. Are the exocyclic bismuth(III) atoms that form the Bi(lp)···π(arene) interac-
tions [d = 3.56Å and θ = 15.5°] leading to distorted trigonal bipyramidal geo-
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Fig. 14.12: Chemical diagrams for (24)–(30).

metries (Figure 14.13d). There are three tetranuclear structures that differ only in
the pattern of fluoride substitution in the benzoate anions. These are exemplified
in Figure 14.13e by bis(μ3-oxo)-octakis(μ2-3,4,5-trifluorobenzoato)-tetra-bismuth(III),
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Fig. 14.13: Supramolecular aggregation via Bi(lp). . .π(arene) interactions in the crystal structures of
(24)–(28) shown in (a)–(e), respectively.

characterised as a 1,4-dimethylbenzene disolvate (28) [47]. The centrosymmetric mo-
lecular framework of the cluster may also be described as comprising endocyclic and
exocyclic bismuth(III) atoms. The coordination numbers here, each based on donor
sets provided by oxygen atoms, are 7 and 6 respectively. The exocyclic bismuth(III)
centres form the Bi(lp)···π(arene) interactions [d = 3.13Å and θ = 5.6°], leading
to distorted pentagonal bipyramidal geometries. Very similar structures and modes
of association with solvent are found in both (29), i.e. having benzene rather than
1,4-dimethylbenzene as the solvent [d = 3.02Å and θ = 3.4°] [47], and (30) having
toluene as the solvent [d = 3.13Å and θ = 2.7°] [48].

Themolecular structures of (31) and (32) contain eight and 14 bismuth(III) atoms,
respectively (Figure 14.14). Compound (31) has compositionbis(μ4-5,11,17,23,29,35,41,47-
octa-t-butyl-49,50,51,52,53,54,55,56-octaoxycalix(8)arene)-tetrakis(μ4-oxo)-octa-bis-
muth(III) acetonitrile diethyl ether toluene solvate [49]. The cluster is disposed about
a four-fold inversion centre. There are two independent bismuth(III) atoms and each
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Fig. 14.14: Chemical diagrams for (31) and (32).

exists within a five-coordinate geometry defined by oxygen atoms. One of these as-
sociates with a toluene molecule [d = 3.51Å and θ = 6.4°], leading to a heavily
distorted octahedral geometry (Figure 14.15a).

The final bismuth(III) structure revealed to possess Bi(lp)···π(arene) interactions
is that of hexakis(μ4-t-butylphosphonato)-bis(μ4-t-butylhydrogenphosphonato)-de-
cakis(μ3-oxo)-tetrakis(μ3-t-butylphosphonato)-tetradeca-bismuth(III) benzene solv-
ate tetrahydrate (32) [50]. There is a high degree of crystallographic symmetry in the
compound, and both the cluster and benzene molecules havemmm symmetry. Six of
the 14 bismuth(III) centres associate with benzene molecules, because there are two
independent interactions [d = 3.19Å and θ = 0.0°; d = 3.21Å and θ = 5.8°]. Four
of the interactions are terminal, but two are bridging, leading to the formation of a
linear supramolecular chain (Figure 14.15b).

14.3.4 Group VI

14.3.4.1 Selenium(II)
The two main oxidation states for selenium in their molecular compounds are +IV
and, especially, +II leading to, one and two lone-pairs of electrons, respectively. The
element in both oxidation states has been shown to form Se(lp)···π(arene) interac-
tions in the crystal structures of its molecular compounds [7, 8]. When the accepting
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Fig. 14.15: Supramolecular aggregation via Bi(lp). . .π(arene) interactions in the crystal structures of
(31) and (32), leading to zero- and one-dimensional aggregation patterns in (a) and (b), respectively.

π-system is a solventmolecule, all four examples having Se(lp)···π(arene) interactions
(33)–(36) (Figure 14.16) feature selenium in the +II oxidation state.

Compound (33), 3,4:7,8-bis(1,2-dicarba-closo-dodecaborano(1,2))-1,2,5,6-tetra-
selenacyclo-octane toluene solvate [51], is a zero-dimensional aggregate whereby
the centrosymmetric molecule, with the eight-membered [CSe2C]2 core being based
on a chair, is connected to two solvent toluene molecules [d = 3.30Å and θ = 0.5°]
to form a three-molecular aggregate, as shown in Figure 14.17a. By contrast, when the
same compound is recrystallised from benzene, which results in a non-symmetric,
1 : 1 solvate, a one-dimensional supramolecular chain is formed [52]. As shown in Fig-
ure 14.17b, the solvent benzenemolecules provide almost equivalent Se(lp)···π(arene)
links between the selenium(II) centres [d = 3.45Å and θ = 13.3°; d = 3.46Å and
θ = 13.4°] to generate the chain.

Compounds (35) and (36) (Figure 14.16) are heterometallic and feature four
and eight selenium(II) centres respectively. The molecular structure of the com-
plex in (35), (tris(t-butylimido)tetraselane)-dichlorido-palladium benzonitrile solv-

 EBSCOhost - printed on 2/13/2023 8:12 PM via . All use subject to https://www.ebsco.com/terms-of-use



336 | 14 Main group element(lone-pair)···π(aryl) interactions

Fig. 14.16: Chemical diagrams for (33)–(36).

Fig. 14.17: Supramolecular aggregation via Se(lp). . .π(arene) interactions in the crystal structures of
(33)–(36) shown in (a)–(d), respectively.
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ate [53], features a buckled, seven-membered [SeNSe2NSeN] ring with two selen-
ium(II) atoms coordinated to a palladium atom. One of the non-coordinating sel-
enium(II) atoms forms a Se(lp)···π(arene) interaction with the benzonitrile ring
[d = 3.57Å and θ = 14.4°] (Figure 14.17c). In the second heterometallic complex,
octakis(μ3-selenido)-hexacarbonyl-hexa-cobalt benzene solvate (36) [54], each face
of the central Co6 octahedron is capped by a selenium(II) atom. One of these selenium
atoms is connected to the benzene ring via a Se(lp)···π(arene) interaction [d = 3.94Å
and θ = 15.8°] (Figure 14.17d).

14.3.4.2 Tellurium(II)
There is a sole example of a tellurium compound with a Te(lp)···π(arene) interac-
tion between tellurium and a solvent molecule, namely (μ3-1,4-ditelluridopertellura-
cyclohexane)-tris[(η5-pentamethylcyclopentadienyl)rhenium(III,VII)] benzene solv-
ate (37) [55] (see Marsh and Clemente [56] for a space group revision). In (37) (Fig-
ure 14.18), there are eight potential tellurium acceptors. It is one of the tellurium(II)
atoms directly bound to a rhenium atom and not part of the Te6 six-membered ring
that forms the interaction [d = 3.75Å and θ = 8.7°] (Figure 14.19).

Fig. 14.18: Chemical diagrams for (37). Cp* represents the η5-
pentamethylcyclopentadienyl anion.

Fig. 14.19: Supramolecular aggregation via a
Te(lp). . .π(arene) interaction in the crystal structure
of (37).
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14.4 Conclusions

In the foregoing sections, examples of main group element(lp)···π(arene) interactions
have been described for elements in oxidation states, consistent with the presence of a
lone-pair of electrons. These interactions usually lead to zero-dimensional aggregates
with a few rare examples where, owing to the presence of bridging solvent, supra-
molecular chains are observed. The bonding description for element(lp)···π(arene)
interactions is akin to that accepted for halogen bonding. The energies of these in-
teractions are not high, as was shown in a recent computational chemistry study [38].
This suggests that the (gas phase) energy of attraction in the series of Menschutkin
complexes, SbCl3.benzene, SbCl3.toluene (18) and SbCl3.hexamethylbenzene, might
vary systematically with increasingmethyl substitution, i.e. 7.7, 8.5 and 15.5 kcalmol−1

respectively [38]. With this information in mind, it is apposite to recall the series of
BiCl3 structures (24)–(26), i.e. co-crystallised with similar solvents such as benzene,
m-xylene and hexamethylbenzene. Increasing themethyl content in the rings resulted
in very different supramolecular architectures; a result thatmay correlate with the en-
ergies of attraction between rings and steric effects. In summary, the experimental and
theoretical studies both indicate that the insight offered by systematic study within
this fascinating area of supramolecular chemistry will be significant.
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