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Enhancements to the properties based on Hirshfeld surfaces
enable quantitative comparisons between contributions to
crystal packing from various types of intermolecular contacts.

Detailed comparison between molecular crystal structures, even
structures containing the same molecule, is seldom straightfor-
ward, and the rapid growth in the number of published
structures has given impetus to the need to rapidly compare
and contrast molecular crystal structures and, in so doing, to
quantify the similarities and differences. Comparisons of this
kind can be performed at a number of levels,' but where the aim
is understanding of crystal packing, especially for the purposes
of crystal design and crystal engineering, an essential prerequisite
is a whole-of-molecule approach, stripped of the biases inherent
in focusing on a limited number of short atom-atom contacts
that are assumed to be important. This point was emphasised by
Desiraju a decade ago® and, almost by way of a challenge,
Nangia and Desiraju’ observed that “Many will appreciate that
the structure of, say, naphthalene resembles that of anthracene
more than it resembles benzene. Is it possible to quantify such
comparisons? If so, such quantification would amount to pattern
matching and becomes important because crystals that are
structurally similar are also likely to have similar properties”.

The Hirshfeld surface* is becoming a valuable tool for analysing
intermolecular interactions while maintaining a whole-of-molecule
approach. It is defined by the 0.5 isosurface of the weight function
w(r) (equation 1), the sum of spherical atom electron densities from
the molecule of interest (the promolecule) divided by the same sum
for the crystal (the procrystal). Inside the Hirshfeld surface the
electron density of the promolecule dominates the procrystal. For
points on the surface, distances to the nearest atoms outside, d.,
and inside, d;, are readily defined, and we have used these
properties, together with the identity of those atoms, to explore the
type (C-H:--n, O-H---O, H:--H etc.) as well as the proximity of
intermolecular contacts in a molecular crysta1.5 Here, we describe
extensions to the suite of Hirshfeld surface tools with the goal of
enabling quantitative comparison between intermolecular interac-
tions in molecular crystals.
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The distances d,, and ¢; mapped on the Hirshfeld surface provide
a three-dimensional picture of intermolecular close contacts in a
crystal. They are also used to generate a fingerprint plot,® a concise
two-dimensional summary of intermolecular interactions in the
crystal. However, when mapped on the surface d, and d; have the
limitation that they do not take into account the relative sizes of
atoms, so close contacts between large atoms are often not
effectively highlighted. To overcome this we define a normalised
contact distance, doom (equation 2), where WV is the van der
Waals (vdW) radius of the appropriate atom internal or external to
the surface. dyorm 1 negative where contacts shorter than vdW
separations occur, and positive for contacts greater than vdW
separations, and is displayed using a red-white-blue colour
scheme, where red highlights shorter contacts, white is used for
contacts around the vdW separation, and blue is for longer
contacts. Our focus is of course on the shorter contacts, which
become brighter and larger red spots as internuclear separations
decrease. Moreover, because d,,om, 18 symmetric in d, and d;, any
close intermolecular contact will be characterised by two identical
red regions, although not necessarily on the same molecule.
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Red regions on the d, surface for B-oxalic acid (Fig. 1)t
highlight the hydrogen bond acceptor, where d. is short (the
surface is close to the hydrogen nucleus outside the surface), but
the hydrogen bond donor is much less prominent (the surface is
further from the nucleus of the larger oxygen atom outside the
surface). In contrast, the dhom surface (Fig. 1) highlights both
donor and acceptor equally (two large red spots), as well as the
less-prominent C=0- -7t contact (a pair of pale-red regions), which
is not highlighted at all on the d, surface. The difference between
the d. and d,om sSurfaces is more dramatic for o-TTF
(tetrathiafulvalene, Fig. 2), where close contacts to sulfur are
never highlighted on the d, surface because of their larger distance
relative to contacts to hydrogen. In this case, dyom focuses
attention on a single short S---S contact which is not apparent on
the d. surface, while the contacts that were the most prominently
highlighted on the d, surface are less significant.
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Fig. 1 Hirshfeld surface of B-oxalic acid mapped with d, (left) and the
New dyorm property (right).
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Fig. 2 Hirshfeld surface of o-TTF mapped with 4. (left) and d,om
(right).
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Fig. 3 Selective highlighting of O---H and H---O contacts on the d,om
surface of B-oxalic acid.
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Fig. 4 Fingerprint plots for B-oxalic acid resolved into O---H (left) and

O---C contacts (right). The full fingerprint appears beneath each
decomposed plot as a grey shadow.

While the Hirshfeld surface and properties defined by it
emphasise a whole-of-molecule approach to understanding inter-
molecular interactions, they can also be used in conjunction with a
more direct atom---atom based approach to gain a fuller
appreciation of the important interactions in a molecular crystal.
In order to display dyom We require for each surface point both the
distance and identity of the nearest atoms internal and external to
the surface. Using this information it is possible to graphically
highlight those regions of the surface involved in a specific type of
intermolecular contact. Fig. 3 shows the d,., surface of B-oxalic
acid, highlighting only O---H and H---O intermolecular contacts.
Only portions of the surface where hydrogen is the closest atom
inside the surface, and oxygen the nearest atom outside the surface,
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Fig. 5 Relative contributions to the Hirshfeld surface area for the
various close intermolecular contacts in benzene, naphthalene and
anthracene.

or vice versa, are coloured. Most importantly, it is now
straightforward to sum the area of these highlighted surface
patches, to determine that O--*H and H---O contacts (ie.
hydrogen bonding) comprise 50% of the total Hirshfeld surface
area for this molecule.

In the same manner we can decompose fingerprint plots to
highlight particular close contacts. Fig. 4 illustrates this for f-oxalic
acid, highlighting separately the C---O and O---H intermolecular
contacts; to provide context, the outline of the full fingerprint is
shown in grey. This decomposition enables separation of
contributions from different interaction types, which commonly
overlap in the full fingerprint. It also facilitates rapid comparison
between related molecules in the same or different crystals, and as
an example we return to the question raised by Nangia and
Desiraju concerning benzene, naphthalene and anthracene. Fig. 5
shows the relative contributions to the Hirshfeld surface area due
to C---H (ie. C-H---n), H---H and C---C (i.e. - '7) close contacts
for benzene, naphthalene and anthracene. From this simple
analysis, it immediately emerges that naphthalene (45% C---H
area, small C---C area) is more similar to anthracene (51% C---H
area, small C---C area) than it is to benzene (36% C---H area, no
C:--C area). The visual comparison between these three structures
is even more convincing. Fig. 6 shows fingerprints of only the
C:--H contacts in these three molecular crystals. It is clear that the
natures of the C---H contacts in naphthalene and anthracene are
strikingly similar to each other, while the pattern of C---H contacts
in benzene is distinctly different. Fig. 6 also reveals that the
C-H--m contact becomes progressively shorter across the series,
and the changing shape of the shortest region of the contact
reflects the changing nature of the shortest C-H- -1t contact in
these systems.”
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Fig. 6 Fingerprint plots for benzene, naphthalene and anthracene resolved into C---H contacts. The full fingerprint appears beneath each decomposed

plot as a grey shadow.
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Fig. 7 Relative contributions to the Hirshfeld surface for the major
intermolecular contacts in forms I and II of paracetamol.
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Fig. 8 Decomposed fingerprints of the C---H contacts in paracetamol.

In polymorphic crystals understanding the differences between
the chemical environments of identical molecules is a key to
understanding the structure as a whole. This task can be made
considerably more difficult by the fact that the structural
differences being investigated are often quite subtle.
Alternatively, where structural differences are more substantial,
direct comparisons of particular intermolecular interactions are
less meaningful. As an example, we apply the new tools to
polymorphism in paracetamol (p-hydroxyacetanilide), for which a
detailed comparison between the crystal structures of forms I and
11 has been repor‘[ed,8 and limit discussion to the additional insight
that may be gained using the new Hirshfeld surface tools. Fig. 7
shows the contribution to the Hirshfeld surface area for each type
of intermolecular contact for both polymorphs. H---C contacts
comprise 28% of the surface area in form II, and only 22% of the
surface in form I. This breakdown gives information about the
quantity of the H---C contacts in the two polymorphs, and
suggests differing importance of this interaction to the crystal
packing in each case. More can be learned, however, from
inspecting the decomposed fingerprint plots for the two poly-
morphs (Fig. 8), which reveal that form II features significantly
shorter C:--*H contacts. In fact in form II C(phenyl)-H---C
contacts occur on both sides of the benzene ring, at 2.70 A and
2.74 A, while form I features a single C(methyl)-H---C contact at
2.93 A. Finally, Fig. 9 presents doom surfaces of the two forms of
paracetamol with O---H contacts highlighted, along with the
surrounding molecules involved in hydrogen bonding. This clearly
shows that despite significantly different crystal packing arrange-
ments, the paracetamol molecule engages in the same pattern of
hydrogen bonding contacts — both donor and acceptor — in the
two crystalline forms.

We conclude by observing that although some of the structural
insights described in this communication could have been obtained
by more conventional means, many could not. The new d,om
surface and the breakdown of fingerprint plots that we have
documented here greatly enhance the existing techniques and tools

Fig. 9  d,om surfaces of paracetamol molecules in forms I (left) and II
(right), highlighting the hydrogen bonding motifs. The molecules within
the surfaces have the same orientation.

based on the Hirshfeld surface, and already incorporated in
CrystalExplorer.” Together they constitute a powerful resource for
visualising, exploring, analysing, and now quantifying intermole-
cular interactions in molecular crystals with unprecedented ease,
rapidity and immediacy.
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Notes and references

+ Hirshfeld surfaces. CSD refcodes for structures: PB-oxalic acid:
OXALAC04; o-TTF: BDTOLEIO; benzene: BENZENO07; naphthalene:
NAPHTAL6; anthracene: ANTCEN10; paracetamol: HXACANO6 (form
1), HXACAN21 (form II). For the generation of surfaces and properties all
bond lengths to hydrogen atoms were set to typical neutron values (C-H =
1.083 A, O-H = 0.983 A, N-H = 1.009 A),'” and vdW radii from Bondi'!
were used. The methods described in this work have been implemented in
CrystalExplorer.’

1 J. Bernstein, Polymorphism in Molecular Crystals, Clarendon Press,
Oxford, 2002.

2 G. R. Desiraju, Chem. Commun., 1997, 1475-1482.

3 A. Nangia and G. R. Desiraju, in Design of Organic Solids, ed. E. Weber,
Springer-Verlag, Berlin Heidelberg, Editon edn, 1998, vol. 198, pp. 57—
95.

4 M. A. Spackman and P. G. Byrom, Chem. Phys. Lett., 1997, 267,
215-220; J. J. McKinnon, A. S. Mitchell and M. A. Spackman, Chem.—
Eur. J., 1998, 4, 2136-2141.

5 J.J. McKinnon, F. P. A. Fabbiani and M. A. Spackman, Cryst. Growth
Des., 2007, 7, 755-769; J. J. McKinnon, M. A. Spackman and
A. S. Mitchell, Acta Crystallogr., Sect. B: Struct. Sci., 2004, 60, 627-668.

6 M. A. Spackman and J. J. McKinnon, CrystEngComm, 2002, 4,
378-392.

7 In benzene the C-H bond is directed towards the very centre of the
neighbouring benzene ring, in naphthalene it is directed more towards
the edge of the ring, while in anthracene, the shortest C-H---n contact
involves a C-H aimed almost directly towards a single atom and
resulting in a fingerprint more reminiscent of a hydrogen bond.

8 T. Beyer, G. M. Day and S. L. Price, J. Am. Chem. Soc., 2001, 123,
5086-5094; F. P. A. Fabbiani and C. R. Pulham, Chem. Soc. Rev., 2006,
35, 932-942.

9 S. K. Wolff, D. J. Grimwood, J. J. McKinnon, D. Jayatilaka and
M. A. Spackman, CrystalExplorer 1.6, (2006), University of Western
Australia, Perth, http://www.theochem.uwa.edu.au/CrystalExplorer.
Version 2.0 (implementing the methods described in this work) is
undergoing testing and will soon be made available free-of-charge for
academic non-commercial use.

10 F. H. Allen, O. Kennard, D. G. Watson, L. Brammer, A. G. Orpen and
R. Taylor, in International Tables for Crystallography, ed. A. J. C.
Wilson, Kluwer Academic, Dordrecht, Editon edn, 1995, vol. C,
pp. 685-706.

11 A. Bondi, J. Phys. Chem., 1964, 68, 441-447.

3816 | Chem. Commun., 2007, 3814-3816

This journal is © The Royal Society of Chemistry 2007



