
Chapter 1
Chemical Insights from Systematic
Structural Studies. The ‘Stamp Collecting’
Approach to Understanding the Solid
State

Simon J. Coles

Abstract Many industries, most notably pharmaceutical, have for some time been
using compound libraries as a systematic approach to comprehensively under-
standing a chemical landscape. Screening in medicinal chemistry is an obvious
example and Quantitative Structure Activity Relationship (QSAR) takes a similar,
in silico, approach. Understanding packing and structure-determining factors in the
solid state is key in many areas, e.g. polymorphism or crystallisation, and of course
we need to understand this behaviour if we are to control solid-state formation in
any way. It is therefore rather surprising that there are relatively few systematic
studies being conducted on the solid state in the way we now routinely work in
these other areas. This paper presents numerous systematic studies of homologous
series of compounds that have been studied as ‘libraries’ in the solid state—
sometimes these families of related compounds can have as many as 200–300
crystal structures. Results that enable us to derive rules and begin to predict
solid-state behaviour will be presented. Taking this concept further, some series of
ultra-high resolution structural families are presented—from these studies a com-
parison of electron density distributions leads to very detailed correlations between
bonding and reactivity. Finally, in order not only to rationalise the large amounts of
data generated, but also to begin to analyse for prediction purposes, a concept for a
statistical approach to describe and build models of crystal structures is outlined.
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1.1 Background

2014 was the UNESCO International Year of Crystallography and it is at this time
that it is worth reflecting on how far the subject has come and the directions in
which it is heading. In just over a century it has evolved from the first diffraction
experiments and structure determinations, through periods of increasing complex-
ity, i.e. macromolecules, and increasing volume. Over the last 50 years a significant
collection of small molecule structures has been amassed as we have gone from a
time when a PhD student would have determined a handful of structures during the
course of study to one where this number can be achieved in a day. This has a
profound impact on the way we can now conduct the science and the new insights it
can provide. We are at a turning point, where the structural systematics approach is
able to make a significant impact.

Classical systematics studies tend to use crystal structures as a definitive source
of information to probe molecular geometry and, in some cases, link this to physical
properties. A prime example of this approach is a series of eight papers originating
from our laboratory spread over about a decade up until 2006. Under the theme of
“Structural Investigations of Phosphorus–Nitrogen Compounds”, very accurate
analysis of bond lengths and angles across a series (typically between 5 and 8
structures) of very closely related homologues was correlated with properties such
as basicity and electron density and hence linked to reactivity [1].

However, during this time and increasingly of late, a much greater importance
has been put on designing, analysing and understanding the whole crystal
structure-that is the assembly of molecules, and relationship between them, in the
solid state. In fact, in the UK the Directed Assembly [2] initiative has been iden-
tified as one of the most significant challenges that researchers should address in the
coming decades: “The Directed Assembly Grand Challenge Network has been
sponsored by EPSRC [3] to promote research into how assembly processes occur at
the molecular and supramolecular levels, and how they can be controlled to develop
materials with particular properties and function”.

Crystal engineering is predicated on the concept that a solid-state system can be
created where the structure, and often associated properties, are known a priori and
intentionally designed into the system [4]. This can be achieved through utilising
intermolecular interactions either from self-recognition where a molecular entity
associates with an identical second unit or between two different entities that
possess complementary interacting moieties. Crystal engineering, therefore, relies
on being able to control the directing effects of molecular structure on crystal
packing and has given rise to the notion of supramolecular synthons [5]. This
approach was born out of the community concerned with engineering small organic
compounds, however, this has very successfully spread to supramolecular chem-
istry [6], metal organic framework design [7] and the formation of coordination
polymers [8].

In the search for new pharmaceuticals, companies attempt to engineer drug
molecules that have specific interactions with active sites in biological entities. To
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assist in this process it is quite common to build libraries of drug-like compounds
[9] that can be used in screening experiments to find a candidate. Whilst in the early
days of developing this approach these compounds were physically synthesised,
and indeed some still are, as targets become more diverse and complex this rapidly
becomes infeasible. Therefore, to move the approach forward, these studies are now
generally performed in silico—not only does this avoid expensive synthesis, but
also means that large and diverse virtual libraries can be built to probe significant
areas of chemical space [10].

This approach can be very readily applied to crystallographic investigations and
hence structural systematics. The Cambridge Structural Database [11] (CSD) is a
library of crystal structures containing around 700,000 records and has been the
basis for discovering trends and developing crystal engineering rules [12] in many
studies, e.g. a recent paper by Taylor entitled “Which intermolecular interactions
have a significant influence on crystal packing?” [13] to mention just one from tens
or even hundreds. However, the records in the CSD are harvested from the pub-
lished literature, the content of which is governed by characterisation of newly
synthesised compounds. As such the structural ground which is covered can be
sparsely populated and generally it is not of scientific interest to go to the extent of
full crystallographic characterisation of every member of a homologous series—
invariably only a representative study is performed.

Structural systematics can be defined as the comparison of sets of chemically
related crystal structures with the aim to establish and describe relevant similarities
and relationships. This approach is used to increase understanding of the assembly
of organic molecules into crystal structures. Such investigations are invariably
carried out on polymorphs, solvates, salts and molecular complexes, in which a
particular molecule can occur in different crystal structure environments, but also
with families of compounds, whose molecular structures are very closely related,
through small but systematic modifications to a parent molecule [14]. The work
described herein presents results arising from studies on homologous series of
compounds, particularly organic drug-like systems—this begins with normal res-
olution studies and then progresses on to provide an insight into the potential of
employing very high resolution, i.e. electronic distribution, approaches in structural
systematics.

1.2 Similarity and Relationships in Molecular Systems

Systematic studies across a series of crystal structures are a powerful methodology
for linking changes in structure to behaviour and function and was perhaps first
realised as a viable ab initio approach in the form of crystal engineering about two
decades ago [15]. Crystal engineering is the process of developing intentional
properties and structural motifs in a crystal structure [4] and much work has been
done engaging the supramolecular synthon and Aufbau principles put forward by
Desiraju et al. [5, 16].
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Clearly, it is important to be able to develop understanding and rules as to the
behaviour of these synthons when in particular chemical environments and
‘structural systematics’ is our approach to addressing this problem.

Understanding relationships between members in families of molecular crystal
structures requires a careful consideration of three notions—those of polymor-
phism, isostructurality and similarity.

1.2.1 Polymorphism

McCrone’s 1965 definition of a polymorph [17] as “a solid crystalline phase of a
given compound resulting from the possibility of at least two crystalline arrange-
ments of the molecules of that compound in the solid state” leads one to conclude
that polymorphism is a phenomenon where a chemical compound can occur in at
least two crystalline forms. Polymorphs in the solid state can arise not only from the
interplay between different intermolecular interactions and lattice packing, but also
subtle differences in molecular conformation. Polymorphs exhibit different physical
properties, such as melting point and solubility, yet the differences in total energy
holding the lattice together are generally minute.

1.2.2 Isostructurality

The quest for definitions of isostructurality has largely been driven by considera-
tions of how different two structures can be and yet still be considered isostructural.
Fabian and Kalman [18] proposed the following definition: isostructurality refers to
the similarity of the spatial arrangements of the molecules of different compounds
in their crystals. It is traditionally interpreted in three dimensions (i.e. isostruc-
turality involves whole structures), which are infinite in three dimensions. However,
it is possible to extend the interpretation of the phenomenon to one- and
two-dimensional (1D and 2D, respectively) isostructurality. If two crystal structures
contain similar infinite 2D molecular arrangements (layers or sheets) then they are
termed two-dimensionally isostructural. Accordingly, structures with similar rows
of molecules (columns, tapes or threads) are one-dimensionally isostructural.

1.2.3 Similarity

The general concept of similarity is largely overlooked as it is not obviously
quantifiable and does not have a clear-cut definition. It is, however, very important
and actually highly quantifiable in the solid state. For many years crystallographers
have been identifying motifs in their structures and comparing them to other
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structures already known—not just molecular substructure, but also intermolecular
interactions. The XPac program [19], developed in the Southampton laboratory,
allows comparison of different crystal structures through creation of sets of vectors
between the component atoms of an arbitrary “seed” molecule within each crystal
structure to be compared and the equivalent atoms of the neighbouring molecules of
this “seed” within the crystal structures. This has the advantage that it is in principle
possible to compare the arrangement of molecules in crystal structures where those
molecules are really quite different from each other.

The angles and torsions generated by equivalent vectors in a pair of structures
can then be compared with a match being generated when the differences are close
to 0°. The number of matches of bond angles and torsion angles generated from
these vector sets determines the level of similarity between the structures, so that if
all match, they are considered 3D isostructural and if none match there is no
similarity. Values between these two extremes indicate matching planes (2D sim-
ilarity), tapes (1D similarity) or discrete assemblies [e.g. dimers (0D similarity)]
between structures. The advantage of this approach is its flexibility, allowing
comparison of multicomponent systems, Z′ > 1 structures and families of related
compounds as well as polymorphs. The XPac program can compute a quantitative
assessment of each of these types of similarities [20] by means of the angle and
torsion differences (Δa and Δp).

Whilst these topics have been recognised for quite some time, much work has
been performed over the last 15 years or so into the solid-state aspects of these
phenomena. Most work has been performed on identifying crystalline polymor-
phism and this has generally been inspired by the application to the interests of the
pharmaceutical industry. In summary polymorphs relate to different crystal struc-
tures of the same molecular compound, whilst isostructurality is where different
compounds exhibit essentially the same crystal structure arrangement. The notion
of similarity enables comparison of anything occurring between these definitions
and can be applied to collections of structures, be they polymorphs or homologous
series. These topics are very much complicated when one begins to consider phase
transitions, disorder, co-crystals, solvates and hydrates to name but a few, but it is
not the purpose of this article to go into detail on these matters. Research over the
last decade in the group at Southampton has concentrated on developing the XPac
approach and illustrating its utility in defining similarity in large collections of
solid-state structures. The following section summarises some of the highlights of
this work in order to provide the reader with a context for the more detailed studies
that follow.

The concept of supramolecular constructs (or “seeds”), as defined in the XPac
software [20], can be used to assess the degree of similarity between members
within large structural libraries. This was first demonstrated in 2006 [21] when
comparing 25 related crystal structures based on the carbamazepine
(CBZ) molecule. Two fragments of closely packed CBZ molecules, a stack and
dimer, are identified as the dominating motifs in 24 of the 25 structures. The results
of this work highlight the effect that molecular shape plays in the assembly of
molecules in the solid state, even when hydrogen bonds are present.
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In another exceptionally large study [22], over one hundred 4,4′-disubstituted
benzenesulfonamidobenzenes were synthesised and their crystal structures deter-
mined. 74 % of the structures exhibit one of two motifs (dimer or chain) based on
N–H���O=S interactions. The most common type is a series of 22 isostructures
containing the simple dimer motif. A hierarchy for the classification of the 56
distinct structure types of this set was presented. Continuing on from this work,
fourteen 4,5′-substituted benzenesulfonamido-2-pyridines, with tautomeric forms
R1
–C6H4–SO2–N=C5NH4–R

2 or R1
–C6H4–SO2–NH–C5NH3–R

2, and with R1=CF3,
I, Br, Cl, Me, F, H and R2=CF3 or I were compared [20]. All structures display a
common 3D arrangement of N–H���N bonded centrosymmetric dimers. This
isostructural series is exceptional in its completeness and in the diversity of the
substituents involved. XPac plots of individual dissimilarity parameters illustrate
geometrical similarities and differences. This study showed that the ability of two
compounds to crystallise in fundamentally the same crystal structure depends on
how much their molecules differ in shape and also on the flexibility of the crystal
packing arrangement concerned.

Several more similar studies on different systems have been conducted, e.g.
co-crystals of some 3, 5 and 6 monosubstituted salicylic acids with 4-aminopyridine
[23], however, it is not the purpose of this article to comprehensively review the
field, but merely provide an introduction and context.

1.2.4 Theory or Folklore—Testing Halogen Bonding
and π���π Stacking

Halogen bonding, [24–26] and the role of fluorine–fluorine and hydrogen–fluorine
interactions in supramolecular synthons, [27] is a topic of much current interest.
This is a topic that can readily be probed via a systematic approach. The hypothesis
was that F���F interactions are unfavourable and H���F interactions will be preferred
in the arrangement of molecules with respect to each other in the crystal lattice.
Recent work in our laboratory has involved the synthesis and structural charac-
terisation of a range of systematically, fluorine-substituted benzylideneanilines.
This system has been chosen for a number of reasons:

(a) a range of compounds with differing substitution patterns can readily be
synthesised by a simple addition reaction between two components,

(b) they are relatively uncomplicated molecules, which limits the number of
competing factors for crystal engineering,

(c) they are relatively planar, which increases the likelihood of interactions due
to the probable stacking nature of the packing in the crystal lattice,

(d) substitution patterns can be deliberately chosen to test the hypothesis.

Therefore, by observing these design principles it is possible, provided the
molecules stack on top of each other, that systems with ideal complementary,
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perfect clashing and a hybrid of the two, will be produced, i.e. δ+ regions will want
to overlap with δ− and δ− regions will not want to overlap with each other.
A schematic is presented in Fig. 1.1, which illustrates the numbering scheme—
from this a nomenclature for the substitution patterns and combinations can be
derived.

The scheme denotes first the number and position of fluoride substituents on the
aniline ring and then on the benzyl ring, for example (E)-4,5-difluoro-N-
(4-fluorobenzylidene)aniline becomes (4,5-4). When considering all possibilities it
is possible to generate a theoretical ‘matrix’ where each ring is successively sub-
stituted from zero to five fluorides. The diagonals of this table represent structures
that are capable of stacking in a perfectly complementary, or perfectly clashing,
orientation and any structures that are off-diagonal will be ‘frustrated’, in that there
will be a mixture of complementary and clashing groups. There are 20 possible
substitution patterns for each ring, which in principle gives 400 compounds which
can be synthesised and used to test the overall hypothesis and also several other
questions within that scope.

From Fig. 1.2 it can be seen that the hypothesis is upheld, in that the cases of
0-1,2,3,4,5 and 3,4,5-2,6 which should overlap in a complementary fashion do in
fact stack in this way. However, Fig. 1.3 illustrates examples of 2,5-2,5 and 3,5-3,5
which has fluorine groups directly stacked on top of each other—the hypothesis
was that this was unfavourable for crystal structure formation, but on the face of this
evidence it would appear this is not the case. Whilst we do not claim that F���F
interactions are structure determining, it can clearly be seen that they can be present
without adversely affecting the crystal packing. In fact it could also be concluded

Fig. 1.1 The substitution
pattern, and hence notation, of
the benzylideneaniline system

Fig. 1.2 Complementary overlap in (a) 0-1,2,3,4,5 and (b) 3,4,5-2,6
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that the shape packing requirements in this case outweigh those of weak inter-
molecular interactions.

There are also cases, as exhibited by 2,3,6-2,4 in Fig. 1.4, where a combination
of H���F and F���F interactions exist. However, the hypothesis is predicated on the
fact that these molecules will naturally want to stack on top of each other as a result
of π���π interactions. Hunter and Saunders [28] proposed arguments for this effect
based on the fact that electron withdrawing groups reduce the negative quadrupole
of the aromatic ring and therefore favour overlapping arrangements (whereas
electron-donating groups increase the negative quadrupole and thereby favour offset
arrangements). This evidence clearly argues that electrostatic effects are predomi-
nant. However, Rashkin and Waters [29] provide evidence to the contrary where
meta- and para-substituted N-benzyl-2-(2-fluorophenyl)-pyridinium bromides stack
in a parallel displaced conformation as a result of direct interaction of the edge of
hydrogen atoms of one ring with the electronegative substituents on the other ring.

Our studies provide examples of both of these models. Moreover, the ‘frustrated’
systems can often produce ‘head-to-tail’ threads and side-to-side tapes, thereby
avoiding these π–π interactions, in addition to stacks of the nature described above.
With a total of 400 structures that could potentially be synthesised and then
examined to test our hypothesis this study will be ongoing for a while, however, the
first publication is currently in preparation.

Fig. 1.3 Clashing overlap in (a) 2,5-2,5 and (b) 3,5-3,5

Fig. 1.4 The hybrid
complementary—clashing
system, 2,3,6-2,4
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1.2.5 Mandelic Acids

Quasiracemate formation frequency and structure, diastereoisomer resolvability and
structure and the relationship between racemate and enantiomer structure are all
important topics in organic solid-state structure research [30]. As a first stage into
researching these phenomena, we have obtained numerous crystal structures of
monosubstituted racemic mandelic acids and analysed their structural relationships
[31]. Our current work is exploring polymorphism and enantiomeric behaviour of
these substituted mandelic acids with a view to understanding diastereoisomer
resolution in the solid state.

The substituents chosen were fluoro, chloro, bromo, iodo, trifluoromethyl,
methoxyl and methyl and these have been located in the ortho, meta and para
positions as indicated by Fig. 1.5. Of the 21 possible monosubstituted racemic
mandelic acids outlined here, two methoxyl structures have proved elusive,
otherwise it has been possible to compare 19 structures, with the additional
inclusion of some polymorphs, using the XPac methodology [19].

These substituents have been used in previous crystal structure comparisons of
large sets of related molecules and are chosen to probe structural similarity for a
number of reasons. First, they lack strong hydrogen bond donating features, so
avoiding interference with the patterns dominated by the hydroxyl and carboxyl
groups of mandelic acids, which would complicate or obscure comparison and
interpretation. Second, they are sterically undemanding, which further minimises
complications in analysing resulting packing arrangements. For this reason also the
attention of the study has been restricted to monosubstitution in order to avoid
expanding the number and complexity of comparisons unduly.

All structural relationships discovered in this family can be considered as having
the lowest common dimensionality (0D as defined by the XPac program) of either
8- or 10-membered hydrogen bonded dimer rings and these have been denoted
A- and B-type, i.e. with graph set descriptors of R2

2ð8Þ and R2
2ð10Þ respectively

(Fig. 1.6).
Figure 1.7 is a full structural relationship plot. As one moves up from the bottom

of the structural relationship plot from the ‘root’ A- and B-type dimers, the degree
of dimensionality increases at each level. Beginning with the 0D dimers, denoted
A/B01, one moves up, through 1D and 2D to 3D, where the common
supramolecular constructs are denoted A/B1*, A/B2* and A/B3* respectively.
From the figure it can be seen that there are five 1D constructs, seven 2D constructs

Fig. 1.5 Scheme for
substitution patterns of
mandelic acid
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and four 3D constructs. 3D constructs are indicative of isostructurality and in this
study the following isostructural groups are observed: AB31 = 2-bromo and
2-iodo; B31 = mandelic acid (polymorph 1), 4-methyl, 4-fluoro, 4-bromo and
4-trifluoromethyl; B32 = 2-fluoro (polymorph 2), 3-fluoro (polymorph 1), 3-chloro
(polymorph 1); 3-chloro (polymorph 2), 3-methyl and 3-trifluoromethyl;
B33 = 3-bromo and 3-chloro (polymorph 3). Additionally, of particular note, are
three sets of relationships that are labelled AB constructs where a combination of
A- and B-type assemblies are observed.

The structural relationship plot indicates that there are three relationships that are
1D constructs and a single 2D construct that are solely based on the A-type dimer.
There are, however, two structures, 3-iodo and 4-methoxyl, that do not have any
higher dimensional relationships and are based purely on the dimer arrangement.
The B-type dimer construct is more prevalent than the A-type, which might be
considered as contrary to the observation that the carboxylic acid dimer is probably
the most common synthon in supramolecular chemistry [32]. This could be
attributed to a greater degree of flexibility in the 10-membered ring, which enables
the structure to make a strong structure directing contact and also simultaneously
accommodate and/or optimise other packing requirements. The structural rela-
tionship plot also includes three AB labelled constructs coloured in purple. For a
full discussion of the structural aspects of the relationships see reference [31].

The structural relationship plot demonstrates how the hierarchy of dimension-
ality is built up via a series of common 1D and 2D arrangements originating from
just two predominant hydrogen bonding dimer (0D) motifs. Analysing these
common motifs and the sets of structures that exhibit them has the potential to
provide many interesting insights and highlight areas for exploration and further
experimentation. Making a broad observation, it appears that 2-substituted struc-
tures are generally based on A-type dimers whilst 3- and 4-substituted tend to be
B-type and accordingly the B01 group is more frequent than the A01 grouping.

It is not the purpose of this article to reproduce the work published elsewhere so
for brevity and as an example, just one single construct is described in more detail
here. Figure 1.8 illustrates the B12 construct (in red) as it is situated within the
structure of polymorph 2 of mandelic acid. This construct is a superset of B23, B24
and AB22 (see Fig. 1.7). It is therefore also observed in the structures of

Fig. 1.6 A- and B-type dimers of the substituted mandelic acids
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3-fluoromandelic acid (polymorph 2), 4-iodomandelic acid and 4-chloromandelic
acid. This relationship alone is remarkable—prior to performing the crystal struc-
ture similarity analysis there are no indicators that would lead one to predict that the
structures of these compounds would have any similar features!

Fig. 1.7 Relationships between all the substituted mandelic acid structures

Fig. 1.8 The B12 construct highlighted in the structure of polymorph 2 of mandelic acid

1 Chemical Insights from Systematic Structural Studies … 11



More specific observations on the structural relationship plot are that the unusual
phenomenon of two isostructural polymorphs of 3-chloromandelic acid is observed
[33]. The structural relationship plot also has the ability to clearly highlight the
absence of expected structures, e.g. a missing 2-bromomandelic acid based on A21,
a missing 3-methylmandelic acid based on B33 and a missing 4-bromomandelic
acid based on AB22 are noted. An unexpected relationship worthy of note is that
between 2-fluoro- and 3-fluoro-mandelic acids, two compounds that are isostruc-
tural within the B32 group, where the ortho and meta substituent positions lead to
no overall difference in the crystal structure.

This work shows that there are extensive relationships of a 1, 2 and
3-dimensional nature between all the members of the set and indicates that building
blocks comprising arrangements of common motifs can be the basis of varying
degrees of similarity. Accordingly, the substituted mandelic acids appear to be
polymorphically prolific. Two-dimensional relationships, that is sheets of molecules
comprised of similar packing motifs, are the basis for a considerable amount of
similarity.

1.3 Beyond Atomic Resolution—Systematically Probing
the Effect of Weak Interactions

The systematic approach detailed above and illustrated in just a couple of examples
of structural families is based entirely on knowledge of molecular structure and
packing in the crystal lattice. In order to be able to rationalise this behaviour, and to
probe chemistry based on weak intermolecular interactions, it is worthwhile to
study structure at electronic (as opposed to atomic) resolution. Our research in this
area brings together the concept of structural systematics with the advanced tech-
nique of charge density analysis (both experimental and theoretical approaches) in
order to provide the necessary further insight. Experimental charge density analysis
is a well-established technique [34]. Developments over the last 20 years in com-
puting, software and CCD area detectors have allowed crystallographers to collect
ultra-high resolution, exceptional quality diffraction data, needed to model the
electron density distribution in the crystalline state. These advances now make it
possible to adopt a structural systematics approach using the charge density tech-
nique [35].

Analysis of electron density distribution using Bader’s Quantum Theory of
Atoms In Molecules (QTAIM) [36] allows various bonding interactions to be
investigated. In addition to characterising covalent interactions, it is an invaluable
tool for quantifying intermolecular interactions. Analysis of the electron density
distributions across series of related molecules offers the opportunity to explain in
greater depth how alterations to a common molecular scaffold can influence
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electronic and physical properties. Atomic resolution crystallography does not take
into account the effect of chemical bonding, where some electron density is shared
with other atoms. In charge density analysis the Hansen–Coppens multipole for-
malism discretely models the core and valence electron density in a crystal structure
[37]. The (aspherical) valence density describes the deformation from a spherical
electron density distribution, associated with both covalent bonding and the pres-
ence of lone pairs of electrons.

In QTAIM theory space is divided into disjoint regions known as atomic basins.
Various properties relating to the charge distribution may be calculated for these
basins and between different basins, e.g. trajectories of maximum electron density
linking two atoms are known as bond paths and the combination of these bond
paths represents the bonding between the atoms in the crystal structure. Partitioning
the electron density into atomic volumes and integrating across this volume cal-
culates the charges of the atoms in the structure. The Laplacian of the electron
density (∇2ρ(r)), depicts areas of local charge concentrations and depletions and
therefore reveals the fine details of the electron density distribution in the crystal
structure. This ability to calculate properties of the electron density distribution
enables a direct quantitative comparison, which is invaluable for the systematic
approach.

Although the geometric criteria used to identify and classify hydrogen bonding
in standard resolution X-ray diffraction studies are valid for stronger interactions,
they must be viewed with caution when applied to weaker intermolecular interac-
tions. Only charge density analysis can definitively establish the presence of weaker
interactions, with the added attraction of being able to compute numerous properties
associated with them. These, and numerous other, properties of the charge density
may be calculated and compared across families of compounds in a systematic
fashion and a recent review [35] provides a complete background of this type of
work, which is relatively unexploited. Systematic charge density studies can link
observed behaviour to the electronic distribution across molecules in a crystal and
pinpoint how alterations to the structure affect this distribution. A variety of
chemical insights are available from classifying and comparing the nature and
strength of bonds, both covalent and hydrogen bonding interactions, to under-
standing reactivity of compounds with varying substituent patterns.

Our adoption of charge density analysis in regard of the structural systematics
approach is impacting several research areas. Examples include investigating
reactivity between electrophile and nucleophile in close proximity, providing a
solid-state model for bond formation; understanding unusual bonding in transition
and main group coordination chemistry; probing the effect of polymorphism and
providing insights to better understand and predict co-crystal formation. However,
furthering understanding of anion binding in the field of supramolecular chemistry
is the application described below that is used to exemplify the method.
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1.3.1 Systematic Charge Density as a Tool
for the Supramolecular Chemist

Supramolecular chemists design and synthesise molecules to associate with specific
guests of interest via non-covalent intermolecular interactions. For example, the
position and nature of hydrogen bond donor groups in neutral anion receptor
compounds determines the selectivity of the receptor for anions [38], whilst
appending electron withdrawing or electron-donating groups to the parent hydrogen
bond donor scaffold can modulate the acidity of the hydrogen bond donor groups
and hence the strength of the hydrogen bond interactions formed and so modulate
affinity [39]. Systematic charge density studies provide information on the nature of
the host–guest interaction (for example the strength of the hydrogen bonding
interactions and hence the stability of the complex) and the ability to observe how
these interactions change as functional groups on the periphery of the receptor are
altered and as the receptor binds a variety of different guests.

To probe this phenomenon a systematic family (see Fig. 1.9) of urea-based
anion receptor complexes were synthesised and crystallised [40]. By altering the
bound anion across a series whilst maintaining a common receptor molecule, the

Fig. 1.9 The supramolecular family design
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influence of anion basicity on the nature of the interaction between the two can be
probed. Additionally, by further including receptors with functional groups in
different substitution patterns into the family of complexes studied, it is also pos-
sible to assess the effect of this variation on the nature of the interaction with the
anion.

The full details of the charge density analysis are provided in a separate pub-
lication [41] with just a summary outline and some example results below.

1.3.2 Complexing Different Anions

By studying complexes of 1,3-bis(4-nitrophenyl)urea and varying the anion from
chloride to acetate to fluoride, following a trend of increasing basicity, we are able
to study how variations in the electron density distributions across the crystal
structures, 4 versus 5 versus 6 relate to the basicity of the anion. Figure 1.10
presents an example of such an electron density distribution (for 4) along with some
computed properties varying across the series (4–6).

When increasing the basicity of the anion from chloride to acetate to fluoride
(4–5–6), the electron density and Laplacian values increase in magnitude, indi-
cating a stronger interaction. This correlates well with the observed binding
affinities in solution where chloride is shown to have a markedly weaker association
with receptor 1 than acetate.

The suitability of using the D-H���A distance to evaluate hydrogen bond strength
in atomic resolution crystal structures is verified in this series as an exponential
relationship is shown to exist between the H���A distance and electron density (at
the Bond Critical Point, BCP, of the hydrogen bond). Increased electron density is
an indicator of increased hydrogen bond strength.

In this series two distinct types of hydrogen bond are observed. The first type is
of stronger hydrogen bonding, contains the N–H���anion hydrogen bonds of the
fluoride and acetate complexes (5, 6, and 8) and is characterised by electron density
values at the BCPs > 0.19 e Å−3 and H���A distances <1.80 Å with the bond path
between the D���A atoms shorter than the van der Waals radii of the individual
atoms. The second type has weaker hydrogen bonding regions with the electron
density at the BCPs < 0.15 e Å−3 and the H���A distance >2.15 Å and encompasses
the N–H���Cl interactions of the chloride structures (4 and 7) and the C–H���O
interactions in 5.

A supramolecular chemist can therefore begin to tune the strength of interactions
in their system required for their desired function based on the quantified strengths
derived from electron density distributions. If strong affinity is required, hydrogen
bond strength can be increased by moving to a more basic anion and using the first
type of interactions. Additionally, in more involved systems, for example where a
series of loading or unloading steps are required, e.g. in a transport based process,
more desirable, weaker, second type of interactions can be selected.
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1.3.3 Charges

Charge density studies offer the ability to determine the individual charges on atoms
in a crystal structure. Each atom is viewed as being contained within a surface
whose boundaries are minima in the electron density and this is the surface over
which integration of the electron density is approximated to the charge of the atom.
This provides a probe of the charge transfer between individual units in a
supramolecular system and is another handle on how changes to individual com-
ponents affect not only particular areas but also the electron density distribution
across the entire structure. This effect can be further correlated to changes in
properties such as the electrostatic potential.

Electronegative atoms such as the oxygen atoms of the urea and nitro group, are
negatively charged with hydrogen atoms positively charged, as are the nitrogen

Fig. 1.10 An example of a Laplacian plot (Cl−, structure 4), from which trends in the electron
density (top value in units of e Å−3) and Laplacian values (lower value units of e Å−5) can be
computed—in this case at the BCPs between each urea N–H and anion in 4, 5 and 6
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atoms of the nitro groups. The acetate oxygen atoms in 5 are highly negative while
the halide anions in 4 and 6 have less negative charge. From 4–5–6, as the basicity
of the anion is increased, the charges of the urea nitrogen atoms become less
negative and the charge on the urea hydrogen atoms in 6 is significantly lower than
in 4 and 5. This perturbation of charge in the urea portion of the structures is shown
to extend to the peripheral regions of the structure with the charge on the oxygen
atoms of the nitro groups approaching closer to neutrality with increasing basicity.
This is reflected in the electrostatic potential maps displayed in Fig. 1.11.

1.3.4 The Substituent Positional Effect

A further comparison that this family of structures offers is that of different
receptors complexing a given anion. Through the approach described herein, it is
possible to analyse the effect of peripheral modification of the receptor on the
electron density distribution by comparing two sets of structures where a common
anion is complexed to a changing receptor scaffold. In the two acetate complexes (5
and 8) geometric analysis suggests the presence of C–H���O interactions between
the phenyl ring hydrogen atoms and acetate oxygen atoms (with H���A distances
and DHA angles in 5 of 2.510 Å 137.33° and 2.418 Å 136.78° and in 8 of 2.457 Å

Fig. 1.11 Electrostatic potential plots (e Å−1) of (a) 4, (b) 5 and (c) 6
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132.98° and 2.623 Å 132.32°). However, bond paths between the respective H���A
are only present in 5 implying that while these interactions are present in 5, in 8
they are an artefact of the close proximity of the atoms to each other in the structure.
This is a powerful example of how systematic charge density analysis provides
additional information about the interactions in anion–receptor complexes.
Additionally, this work demonstrates how modification of the receptor scaffold in
this case has brought about changes in the intermolecular interactions observed in
the crystal structure, as moving from 5 to 8 the change in receptor substitution
pattern is accompanied by a movement of the acetate anion from co-planarity with
the receptor in 5 to non co-planarity of the acetate and receptor in 8.

The strength of interaction has been determined in a family of solid-state anion–
receptor complexes. This has not been performed before, as the normal approach to
measuring interaction strength is by performing NMR titration studies in solution.
The N–H���anion hydrogen bonding interactions were classified as one of two
types: strong (N–H���acetate and N–H���fluoride hydrogen bonds) and weak
(N–H/C–H���chloride hydrogen bonding). Here we demonstrate new insights that
are only possible from systematic studies using charge density analysis and hence
provide the field of Supramolecular Chemistry, which is heavily reliant on the
crystal engineering type of approach, with a new tool to aid the design of their
systems.

1.4 Data Mining and Statistics as a Tool for the Future
in Structural Science

The work presented above analyses large ‘libraries’ of crystal structures to find
patterns and trends and thereby derive new data and knowledge. This approach is
not entirely new, however, the volume of structures now being generated means we
can no longer take this approach without developing new methods. Furthermore we
live in a ‘Big Data’ age and now it is becoming possible to analyse this data in the
context of other data—for example a trend in a family of crystal structures could be
related to physical properties contained in other, completely unrelated, databases. In
the UK, the EPSRC Chemistry Grand Challenge network ‘Directed Assembly of
Extended Structures’ [2] heralds the medium–long term research future for some
areas of the subject. The challenge can be described in a very simple sentence: “It is
not yet possible to design a material with a particular property”. As mentioned
above, in the last decade the field of Crystal Engineering has become a vast dis-
cipline addressing materials design (although thus far very little attention is being
paid to properties). However, this field focuses on complimentary interactions
between molecules considered to be structure defining motifs. These motifs are then
employed as building blocks in the design of extended structures. Success is
variable, often the resulting structure is serendipitous and there are few real
application areas—we are at a stage where we need to consider alternative
approaches as we reach the limitations of the traditional approach and have a far
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greater amount of data about crystal structures than we can hope to analyse ‘by
hand’.

The approach our research is now taking, inspired and as a result of the structural
systematics work described above, combines structural chemistry and statistical
analysis with the goal of developing an understanding of how structures form from
an information-based route. In order to do this, structurally systematic libraries are
constructed with a view to testing a particular question, e.g. (as above) are H���F
interactions structure forming? Statistical approaches are then taken to look for
correlations between molecular structure, crystal structure and properties. The first
step in this process is to generate ‘descriptions’ for all of these that can be employed
in statistical modelling. So called descriptors are produced—these are computable
values that can be used to describe shape, geometry, connectivity, etc. Then, in
much the way that Quantitative Structure Activity Relationship (QSAR) studies are
performed, statistical tests are made to assess the descriptors and look for corre-
lations. The resulting descriptors for the test set of structures are used to build
statistical models that are capable of determining what the important descriptors are.
Once we have this information it is then possible to make correlations with other
data such as physical properties or the propensity to form a crystal.

1.5 Concluding Thoughts

In conclusion, the next 100 years of crystallography promises to deliver results that
are equally as exciting as the first century of the subject. However, we are now
shifting into a period where the technique itself is mature and we can focus more on
the application. By assembling large related families of crystal structures we will be
able to understand fundamental principles governing the formation of the solid state,
which will in turn enable us to control design and ultimately with devices and
properties in mind. Crystals are, and will continue to be, very important to many
aspects of the world around us and will form the basis of many new innovations, so it
is vital to be able to understand, control and predict their formation and behaviour—
many challenges yet lie in wait.
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