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Molecules create crystals via intermolecular interactions that embody long-range order. Previously, close
approaches between the aromatic rings of halobenzene molecules, designated ‘Symthons’, were found to
be highly effective in creating long-range order in their crystal structures. Here, analysis of 42 ‘blind test’
crystal structures extends the application of ‘Symthons’ to fused rings, heterocycles and five-membered
rings. This concept is further adapted to identify hydrogen-bonded approaches which create symmetry.
Most of the 42 crystal structures contain at least one Symthon, some of which create long-range order.
Other aromatic approaches and hydrogen bonds help to create symmetrical interactions, providing an
alternative route to long-range order. In this dataset, hydrogen bonds were both less frequent and less
effective at creating long-range order. However, hydrogen bonds were more effective at linking different
molecules in salts, hydrates and cocrystals. Implications for nucleation, supramolecular synthons and graph
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Introduction

Synthons are molecular fragments used to design and construct
larger molecules in chemical synthesis. Supramolecular
synthons® are energetically favourable close approaches
between identical or different functional groups that help to
create intermolecular interactions. Supramolecular synthons
may exist in liquids, solutions, amorphous solids or crystals.
Some supramolecular synthons link different molecules, some
link identical molecules, and some may incorporate local
symmetry. More recently, analysis of halobenzene crystal
structures revealed ‘Symthons’ which are close approaches
between aromatic rings that embody symmetry and are building
blocks for crystal structures.®™

Close aromatic approaches are characterized by heavy (non-
hydrogen) atoms occupying hollows above and below aromatic
rings.® In crystal structures of halobenzenes containing
chlorine, bromine and/or iodine, the dominant approaches
have specific geometries and embody translational symmetry in
a variation of m-m stacking called ‘Symthon I'.>* Two other
Symthons and their derivatives were more frequent in crystal
structures of halobenzenes containing fluorine.” These three
Symthons are displayed in Fig. 1. In Symthon I the molecules
are parallel, embodying translation (grey) symmetry directly.
Symthon II embodies either screw (green) or glide (magenta)
symmetries, which repeat in ‘zig-zag’ motifs to give chains. In
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Symthon III the molecules are anti-parallel,
inversion (yellow) symmetry, without creating chains.

Symthons accounted for long-range order in at least one
direction in 100 out of 111 halobenzene crystal structures. The
associated intermolecular interaction energies increased with
the number of halogen substituents.” Fig. 2 compares these
interaction energies, calculated using Crystal Explorer,”® with
interaction energies for supramolecular synthons calculated
previously using PIXEL.> This suggests a simple energy
hierarchy: H-bond pairs > single H-bonds ~ Symthons I and III
> C-H---O/Cl pairs ~ Symthon II.

The success of Symthons in explaining how molecules create
long-range order in halobenzene crystal structures was qualified
because there are few alternative ways in which halobenzene
molecules can interact. A fairer test of the utility of Symthons
was sought, requiring a small dataset of crystal structures,
ideally selected independently, that better reflected the diversity
of crystal structures within the Cambridge Structural Database
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Fig. 1 Symthons, with their translation, screw, glide and
symmetries.
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Fig. 2 Typical interaction energies for supramolecular synthons? and
aromatic Symthons.®

(CSD). It was noted previously’ that one of the mixed
fluorobenzenes in the halobenzene dataset was molecule XIII in
the fourth ‘blind test’ for crystal structure prediction.’ This
prompted exploration of all fifty experimental crystal structures
that were determined as targets for the seven ‘Blind Tests’ and
subsequently included in the CSD.'*™"*

The ‘Blind Test’ dataset

Table 1 gives all the crystal structures that constitute the
blind test dataset - ‘the dataset’ used in this study. Eight
crystal structures had Z’' > 1 and were set aside for future
study, with the consequence that compounds XI and XXIX are
not represented. The remaining 31 compounds include
molecules with a variety of H-bond donors and acceptors, as
well as a variety of aromatic rings, sometimes within the same
molecule. There are also several multi-component crystals,
including salts, hydrates and co-crystals. Several compounds
were also polymorphic.

The 42 crystal structures in the dataset were examined
systematically for Symthons. The method used to search the
crystal structures was based on that used previously for
halobenzenes.” Hollows above and below each aromatic ring
were considered ‘occupied’ if a heavy (non-carbon) atom was
within 4 A of the ring centroid and directly above the ring
when viewed exactly perpendicular to the ring plane. In this
dataset, some of these heavy atoms belonged to different
aromatic rings or other functional groups, as discussed in

Table 1 The blind test dataset, with compound numbers and REFCODES
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more detail below. The contribution of these aromatic
approaches to the creation of long-range order was also
assessed - see SI for further details.

Aromatic approaches in the dataset

36 out of the 42 crystal structures contain a total of 82
aromatic rings, which is broadly consistent with the
distribution of aromatic rings in the entire CSD.'® Hence
there are 82 x 2 = 164 hollows, each being a potential site for
accepting an aromatic approach such as a Symthon. In
halobenzenes studied previously, each molecule contains only
one aromatic ring, so any approach between aromatic rings
in crystal structures with Z’ = 1 necessarily involved symmetry.
In the dataset studied here there were many more options for
occupying each hollow. Several molecules contain multiple
aromatic rings, including five- and six-membered rings,
heterocycles and fused rings - so close approaches could be
between different aromatic rings, without embodying
symmetry. Asymmetric approaches may also involve other
functional groups - for example methyl---n approaches. In the
four co-crystals in this dataset, both components contain
aromatic rings: close approaches between them are
necessarily asymmetric.

Symthons are defined by geometry and symmetry.” These
definitions were also suitable without alteration for
heterocycles, five-membered rings and individual rings that
were fused together. This broader applicability greatly enhances
the potential utility of Symthons. 26 Symthons were found,
distributed across 21 crystal structures in the dataset. A
summary is presented in Table 2. Selected Symthons are
illustrated in Fig. 3-6 together with the corresponding
interaction energies, E_ calculated using Crystal explorer.”*"”
Further details of these calculations are given in the SI.

Fig. 3 shows how the fused rings adopt Symthon I in
XATMIP. The six fused aromatic rings are in a ‘3 x 2’
configuration and this approach occupies all 12 hollows
above and below the plane of the fused rings. Five other
crystal structures also contain Symthon I, including the
halobenzene SOXLEX01 as noted previously.”

Blind test Compound Crystal

(vear published) number structures REFCODES/polymorphs

First (2000) I-1I1, VII 5 XULDUD/XULDUDO1, GUFJOG, QAMTAZ, JAYDUI

Second (2002) IV-VI 4 BOQQUT, BOQWIN, UJIRIO/UJIRIO05

Third (2005) VIII-X 3 PAHYONO1, XATMIP, HAMTIZ01

Fourth (2009) XII-XV 4 AXOSOWO01, SOXLEX01, WIDBAO, WICZUF (co-crystal)

Fifth (2011) XVI-XXI 9 OBEQUJ (zwitterion), OBEQOD, OBEQET, XATJOT (salt), OBEQIX
KONTIQ/KONTIQ01/KONTIQ05/KONTIQ 06 (monohydrates)

Sixth (2016) XXII-XXVI 7 NACJAF, XAFPAY/XAFPAY01/XAFPAY03, XAFQON
(monohydrated salt), XAFQAZ (co-crystal), XAFQIH

Seventh (2024) XXVII-XXVII, XXX-XXXIII 10 XIFZOF, OJIGOGO1, MIVZIE and MIVZEA (1:1 and 2:1 co-crystals),
ZEHFUR/ZEHFURO01/ZEHZURO02, JEKVII, ZEGWAN/ZEGWANO1 (salts)

Totals 31 42

This journal is © The Royal Society of Chemistry 2025
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Table 2 Symthons in the dataset

Symthon Frequency Examples Repeat (A)
I 6 XATMIP (Fig. 3) 3.8-4.3
I (offset) 2 XIFZOF (Fig. 4) 9.3
HAMTIZ01 (Fig. 5) 4.9
I 4 XULDUD (Fig. 6) 5.3-7.7
11 2 GUFJOG (%2, Fig. 6) 7.5
8 XIFZOF (Fig. 4) —
I (offset) 4 UJIRIO05 —
Fig. 3 Symthon I in XATMIP (-77.3 kJ mol ™).
J’/
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Fig. 4 Symthon Il (left, -113.8 kJ mol™) and offset translation (right,
-66.3 kJ mol ™) in XIFZOF.

Fig. 5 Offset translation and H-bond in HAMTIZ01 (-46.0 kJ mol™).

XIFZOF (Fig. 4) contains a molecule with a row of five fused
aromatic rings which adopts two different aromatic approaches.
The approach on the right occupies two hollows below the
central molecule and embodies an offset translation, giving a =
9.296. The next molecule in this chain (omitted for clarity)
occupies the three hollows on the left above the central
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Fig. 6 Symthon Il in XULDUD (left, -12.5 kJ mol™), 2 x Symthon Il in
GUFJOG (right, -29.0 kJ mol™, -21.7 k3 mol™).

molecule. The approach shown on the left below the central
molecule occupies two hollows and embodies inversion; the
terminal rings overlap each other and their neighbouring rings.
Attached hydrogen atoms (centre, far left) occupy the next
aromatic rings in the fused rows.

In HAMTIZ01 (Fig. 5), the two hollows above and below
the aromatic ring are occupied by a methyl group and an
oxygen atom from a nitro group respectively. The approach
embodies offset translation, giving b = 4.853 A. This
resembles the offset translation of 1-fluoro-4-iodobenzene in
FACQEF01,” in which fluorine and iodine atoms occupy
hollows, giving b = 4.893 A. In HAMTIZ01 this approach is
supported by an H-bond between the ¢rans-amide groups.

All four examples of Symthon II embody short repeats of
in the range 5.3-7.7 A which are generated by repeated screw
or glide approaches. Fig. 6(left) shows this motif in XULDUD.
Carbon atoms from one edge of the five-membered
heterocycle occupy hollows in corresponding rings of
neighbouring molecules. The centroid---C distance is 3.575
A; repetition of this motif gives a translation repeat of 5.31 A
in the vertical direction of Fig. 6.

GUFJOG contains two subtly different face---face
approaches embodying Symthon III, as shown in Fig. 6
(right). In the upper approach, sulphur atoms occupy the
hollows of neighbouring rings, with centroid:--S distances of
3.554 A. In the lower approach, carbon atoms occupy the
hollows of neighbouring rings, with centroid---C distances of
3.358 A. These two approaches combine to give a translation
of 7.52 A in the vertical direction of Fig. 6. Similar repeats
were noted previously for this variant of n-n stacking.’

Symthons create long-range order in thirteen -crystal
structures in this dataset. They form centrosymmetric motifs
in a further eight crystal structures, without creating long-
range order. Overall, 54 of the 164 hollows accept Symthons.
56 hollows are either unoccupied or only occupied by
hydrogen atoms. The other 54 hollows are occupied by heavy
(non-hydrogen) atoms but do not possess the symmetry of
Symthons. This is often because the heavy atom (usually
carbon) belongs to a different aromatic ring. Some examples
are presented in Fig. 7-9, together with the corresponding
interaction energies calculated using Crytal Explorer.”*"”

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Aromatic approaches in QAMTAZ (-37.8 kJ mol™).

Fig. 8 Aromatic approaches in XAFPAYO01 (-16.8 kJ mol™).

Fig. 9 Aromatic approach in XAFQAZ (-32.5 kJ mol™).

In QAMTAZ (Fig. 7), phenyl rings occupying both hollows
on one face of the fused heterocycle. These are asymmetric
face:--face approaches; the aromatic planes are not quite
parallel, with interplanar angles of 7.1°. These asymmetric
approaches assist the formation of an intermolecular
interaction with inversion symmetry, occupying three of the
six hollows of each molecule. Overall, fifteen hollows in the
dataset are occupied by asymmetric approaches that assist in
centrosymmetric interactions.

Fig. 8 shows a close edge---face approach in XAFPAYO01,
occupying one hollow. This approach has Symthon II
geometry (as indicated by the distances shown) but is
between different aromatic rings (as indicated by the atom
numbering). This asymmetric approach assists in forming an
interaction with translational symmetry, giving a repeat of

This journal is © The Royal Society of Chemistry 2025
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7.805 A = b, in the horizontal direction in Fig. 8. Overall, 29
hollows in the dataset are occupied by asymmetric
approaches that assist in translation, screw or glide
interactions leading to long-range order.

Fig. 9 illustrates another option, in which an asymmetric
approach between two different molecules forms part of an
asymmetric interaction. The two components of the cocrystal
in XAFQAZ are depicted in blue and green; both contain C6
aromatic rings. There is an asymmetric face---face approach
between ‘green’ and ‘blue’ aromatic rings with an interplanar
angle of 1.1°. Two hollows are occupied. Similar asymmetric
face:--face approaches between co-crystal components are
seen in two of the three other cocrystal structures (WICZUF
and MIVZEA). Overall, 14 hollows in the dataset are occupied
by asymmetric approaches that assist in necessarily
asymmetric interactions between different molecules.

Further details of all these aromatic approaches are given
in the SI. This analysis identifies three different types of
aromatic approaches: Symthons, symmetry assistants, and
approaches between different molecules. The final step of
this analysis was to ascertain how these aromatic approaches,
individually or in combination, contribute to long range
order. Long-range order may be achieved by individual
approaches such as Symthon I or Symthon II, or by assisted
interactions embodying symmetry, or by combinations of
other aromatic approaches - further details are in the SI.
Long-range order may be created in one direction (chains),
two directions (sheets) or three directions (networks).

The results were obtained by careful inspection of the
aromatic approaches and their combinations in each crystal
structure. This was compared with the number of aromatic
rings in each compound, to test the expectation that more
aromatic rings in a compound would lead to higher
dimensionality of resulting long-range order in its crystal
structure(s). The results are presented in Table 3.

For example, HAMTIZ01 (one aromatic ring) and XATMIP
(six fused aromatic rings) both adopt Symthon I which
occupies all the hollows. This precludes further aromatic
interactions, giving one-dimensional chains. Three crystal
structures that contain Symthon II (XULDUD as shown in
Fig. 6(left), OBEQU]J, and OBEQIX) form two-dimensional
sheets of aromatic interactions in a similar way to benzene
and monohalobenzenes.” Two of the three aromatic rings in
XAFPAY01 are almost mutually perpendicular, as shown in
Fig. 8. A combination of edge---face and face---face aromatic
approaches involving all six aromatic hollows facilitates a 3D

Table 3 Crystal structures grouped by number of aromatic rings and
dimensionality of aromatic approaches

Number of aromatic rings

Total
Dimensionality 0 1 2 3 4-6 frequency
Zero 6 7 0 1 1 15
1 - Chains — 7 4 1 4 16
2 — Sheets — 3 0 1 1 5
3 — Network — — 2 3 1 6

CrystEngComm, 2025, 27, 6314-6323 | 6317
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Table 4 Symmetry-forming H-bonds in the dataset
Symmetry REFCODES Functional group Repeat (A) Fig.
Translation HAMTIZ01 trans-Amide chain 4.9 10
Screw KONTIQO06 Water 3.6 10
Glide BOQQUT cis-Amide chain 7.7 10
Inversion KONTIQ/KONTIQO06, XAFPAY/XAFPAY01/XAFPAY03 Carboxylic acid rings — 10
WICZUF Pyrimidine ring — 13
Inversion x 2 PAHYONO1 2 cis-amide rings 12.2 11
Inversion x 2 0OJIGOGO01 +--Cl-Cu-N-H- - 5.3 11

network or aromatic approaches in XAFPAY01 - further
details are in the SI.

Overall, aromatic approaches were found to create long-
range order in 27 of the 42 crystal structures in the dataset.
As expected, they are less dominant than in halobenzenes
(100 out 111 crystal structures®) but still significant. What
approaches are responsible for the creation of long-range
order in other directions and in other crystal structures in
the dataset? Given the pre-eminence of H-bonds in
supramolecular synthons,"” it was expected that H-bonds
would provide the answer.

Strong H-bonds in the blind test dataset

The search for H-bonds was greatly simplified by using the
default definition of H-bonds in the Mercury software
provided by CCDC."® It was noted that version 2024.3.0 of this
software includes revised van der Waals radii,'” causing some
inconsistencies with earlier analyses. Further details are given
in the SI. 25 of the 42 crystal structures contained between
one and seven H-bond donors each, with an excess of H-bond
acceptors - broadly consistent with the entire CSD.'® There
are 71 H-bond donors in this dataset, all of which are
satisfied. Each crystallographically independent H-bond was
identified by the atom label of the hydrogen atom.

The next step was to identify which H-bonds created
symmetry, in the same way as aromatic Symthons. A starting
point was provided by the graph set classification system®’ in
which H-bonds are either intramolecular (S), link different
molecules (D) or create rings (R) or chains (C). From the

S\i AN
AN
2
Fig. 10 H-Bonds embodying symmetry in (from left to right)

HAMTIZOL (-46.0 kJ mol ™), water in KONTIQ06 (-10.8 kJ mol™),
BOQQUT (-31.7 kJ mol™) and KONTIQ (-73.3 kJ mol™).

6318 | CrystEngComm, 2025, 27, 6314-6323

perspective of symmetry creation, only types R and C can be
symmetry-forming, and only type C gives long-range order.
This classification system was modified here for comparison
with aromatic Symthons, in which one hollow of an aromatic
ring accepts an aromatic approach donated from another,
equivalent aromatic ring. These donor/acceptor links for
Symthons I, II and III are shown in Fig. 1. Hence an inherent
property of aromatic Symthons is that the donor and acceptor
belong to the same functional group - an aromatic ring.

Extending this concept to H-bonding requires functional
groups that accept and donate H-bonds. This includes amides,
carboxylic acids and pyrimidines, in which donors and
acceptors are chemically bonded to the same atom. It also
includes hydroxyl groups, primary and secondary amines and
water molecules. The dataset was searched for examples of
these functional groups that formed H-bonds with themselves.
These were classified by symmetry, as shown in Table 4.

The ten crystal structures in Table 4 contain a total of 13
H-bond approaches that embody symmetry. In five of these
crystal structures, H-bonds embody long-range order, each in
a different way, as illustrated in Fig. 10 and 11.

HAMTIZ01 is the only example in which H-bonds give rise
directly to translation; accommodated with an offset translation
of aromatic rings as shown in grey in Fig. 10(left). The H-bonds
are parallel and coplanar with the ¢trans-amide group, fixing the
translational repeat at ~4.9 A (see Fig. 5). In KONTIQO6 the
H-bonds from water molecules form a ‘zig-zag’ chain of water
molecules which embodies 2-fold screw symmetry, as shown in

Fig. 11 Inversion pairs creating H-bonded chains in PAHYONO1 (left,
-61.2 kJ mol™, -50.6 kJ mol™) and OJIGOGOL1 (right, -153.3 kJ mol™).

This journal is © The Royal Society of Chemistry 2025
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green in Fig. 10(centre left). Here the hydrogen atoms lie
outside the plane of the oxygen atoms, accommodating a
translational repeat of 3.6 A. This matches the -7 stacking of
the gallic acid molecules in this crystal structure, which create
Symthon I in the same direction. In BOQQUT the H-bonds form
a ‘zig-zag’ chain and are coplanar with the cis-amide group,
embodying glide symmetry with a fixed translational repeat of
~7.7 A, as shown in magenta in Fig. 10(centre right). Six other
H-bonded approaches embody only inversion symmetry - five
of which are carboxylic acids featuring anti-parallel H-bonds as
exemplified by gallic acid in KONTIQ in yellow in Fig. 10(right).
These six approaches do not generate long-range order.

However, combinations of inversion interactions can
create long-range order, as shown in Fig. 11. In PAHYONO1
(Fig. 11 left) two different antiparallel H-bonded pairs (H3,
H4) each embody inversion symmetry, combining to give
infinite chains. In OJIGOG01 (Fig. 11 right), the
centrosymmetric molecule itself occupies a crystallographic
inversion centre. Antiparallel H-bonds (H1, H1A) create an
H-bond ring embodying inversion, which combines with the
molecular inversion centre to give an infinite chain.

The remaining 58 H-bonds in the dataset do not create
symmetry directly, showing three different behaviours. There
were five intramolecular H-bonds - making no contribution to
crystal symmetry. Fig. 12(top) shows one of many examples of
an extended ring; here amines H-bond to carboxylic acid
groups.

This is the H-bond equivalent of the ring built from aromatic
approaches in Fig. 7 - asymmetric approaches between different
functional groups assist the creation of a centrosymmetric
interaction. This motif occurs seven times in this dataset.
Fig. 12(bottom) shows an alternative arrangement in which
H-bonds between different functional groups (-OH and -CN)
combine in GUFJOG to give chains. This is similar to the chain
built from asymmetric aromatic approaches in Fig. 8. There are

iz T2

Fig. 12 H-Bonds assisting in symmetry creation in XAFQON (top,
-138.9 kJ mol™) and GUFJOG (bottom, -34.3 kJ mol ™).

This journal is © The Royal Society of Chemistry 2025
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Fig. 13 H-Bonding in WICZUF, coloured by symmetry equivalence
(top) and symmetry operation (bottom), showing asymmetric (-71.4 kJ
mol™) and inversion (-52.6 kJ mol™) H-bonded pairs.

fifteen examples in this dataset of H-bonded chains with
translation, screw or glide symmetry assisted by asymmetric
H-bonds between different functional groups.

Fig. 13 shows three H-bonds in the co-crystal WICZUF. In
the middle of the molecular complex, the centrosymmetric
pyrimidine---pyrimidine pair of anti-parallel H-bonds is
created by H2. This is similar to the centrosymmetric
approach of carboxylic acid groups in KONTIQ (Fig. 10 right)
and is the H-bond analogue of Symthon III. There are also
two pyrimidine---carboxylic acid H-bonded pairs created by
H1 and H15. These are necessarily asymmetric as they link
different (green/blue) molecules. The net result of these three
H-bonds (H1, H2 and H15) is a centrosymmetric complex of
four molecules, but still no long-range order. The twelve
multi-component crystal structures in the dataset contain 31
asymmetric H-bonds between different components, 16 of
which are within asymmetric units. Further details of all 71
H-bonds are given in the SI.

The contribution of H-bonds to long-range order in this
dataset was established rapidly by examining each structure
and using the ‘expand all’ option once all H-bonds had been
selected. The results are presented in Table 5, in analogous
format to Table 3 for ease of comparison. 17 crystal
structures contained no H-bond donors and a further ten
contained one, two or three H-bonds that were all either

Table 5 Crystal structures grouped by number of H-bonds and
dimensionality of H-bonding

Number of H-bonds

Total
Dimensionality 0 1 2 3 4-7 frequency
Zero 17 4 5 1 0 27
1 - Chains — 3 3 2 0 8
2 - Sheets — 0 0 0 0 0
3 - Network — — 0 0 7 7

CrystEngComm, 2025, 27, 6314-6323 | 6319


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ce00618j

Open Access Article. Published on 02 September 2025. Downloaded on 10/15/2025 4:45:22 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

intramolecular, asymmetric or embodied or assisted in
inversion symmetry. Eight crystal structures, including five
crystal structures listed in Table 4, contained only chains of
H-bonds. There were no crystal structures in this dataset that
included only H-bonded sheets. The seven crystal structures
with three-dimensional H-bonded networks included five
hydrates.

This analysis revealed four different roles for H-bonds in
crystal structures - intramolecular, embodying symmetry,
assisting symmetry, or linking different crystal components.
The trans-amide group is the only H-bonding functionality in
this dataset that directly embodies a specific crystallographic
repeat (4.9 A). During preparatory work for the current study,
two analogous trans-sulphonamide chains, embodying
slightly longer translations of 5.5 A, were found in crystal
structures of the free acid of the salt in ZEGWAN.

The contrasting roles played by H-bonds are further
illustrated here by XATJOT which is a hydrogen fumarate salt
of a dicarboxylic acid. One proton is transferred to the cation
and takes part in an asymmetric charge-assisted H-bond with
the anion to create this salt. The other H-bond connects
hydrogen fumarate anions in chains to create long-range
order. This exemplifies how this dicarboxylic acid creates
crystalline salts.

Eight crystal structures were studied in more detail to
rank strong interactions and compare them with lattice
energies. The eight crystal structures (XULDUD, XATMIP,
SOXLEX01, QAMTAZ, GUFJOG, HAMTIZ01, UJIRIO and
UJIRIOO05) from the first four blind tests®* all contained
aromatic Symthons. The energies of intermolecular
interactions in each crystal structure were ranked
systematically and expressed as a % of the total lattice
energy. Hitherto, interaction energies have been expressed
per mole of interactions. For ranking and lattice energy
purposes, the energies must be expressed per mole of
molecules.'”” Here this meant halving the energies of
interactions embodying inversion.

Symthons were either part of the strongest interactions, or
of the next strongest after H-bonds, in seven of these eight
crystal structures. The exception was QAMTAZ, where the
strongest interaction was the assisted inversion shown in
Fig. 7. The next four interactions in QAMTAZ, in order of
decreasing strength, were a side---side interaction, Symthon
III, a ‘step’ interaction and Symthon II. Similar ‘step’
interactions were noted previously in halobenzenes® and are
being investigated separately. In the absence of H-bonds,
interactions containing Symthons contributed 24-34% of the
lattice energy; in the presence of H-bonds the contributions
were in the range 13-28%. Further details are given in the SI.

Discussion

Comparison of Fig. 1 and 10 reveals underlying similarities
between aromatic Symthons and symmetry - forming H-bond
approaches. The chains formed by parallel H-bonds
embodying translation (Fig. 10 left) could be designated ‘H-

6320 | CrystEngComm, 2025, 27, 6314-6323

View Article Online

CrystEngComm

Table 6 Sources of long-range order in the dataset

Source of long-range order Number of crystal structures

Aromatic approaches & H-bonds 8
Aromatic approaches only 19
H-bonds only 7
Other 8
Total 42

bond Symthon I'. The zig-zag chains of H-bonds chains
embodying screw and glide symmetry (Fig. 10 centre) could
be designated ‘H-bond Symthon II’. The antiparallel H-bond
pairs embodying inversion (Fig. 10 right) could be designated
‘H-bond Symthon III’. Further research is underway to test
the broader applicability of this proposal.

Table 6 summarises the sources of long-range order in the
42 crystal structures in the dataset, based on the data
presented previously in Tables 3 and 5. Aromatic approaches
create long-range order in 27 (=19 + 8) of the 42 crystal
structures in the dataset. H-Bonds create long-range order in
15 (=7 + 8) of the 42 crystal structures in this dataset. This
finding, that aromatic approaches were more effective than
H-bonds at creating long-range order in this dataset, was
contrary to expectations.

There are three reasons for this surprising finding. Firstly,
although the total numbers of H-bonds (71) and aromatic
rings (82) are similar, each aromatic ring can accept two
approaches, one on each face - giving over twice as many
options for aromatic approaches. Secondly, seventeen crystal
structures contain no H-bonds at all, whereas only six
contain no aromatic rings. Thirdly, as noted previously, there
are ten crystal structures in which H-bonds are present but
do not create long-range order.

31 out of 71 H-bonds in the dataset were asymmetric,
linking different molecules in all twelve multi-component
(salts, cocrystals and hydrates) crystal structures. This
compares with only 14/164 asymmetric aromatic approaches
linking different molecules, mostly (12/14) in cocrystals. This
difference arises because all the co-crystal formers in this
dataset contain aromatic rings, whereas the counter-ions
(and water!) do not. This is indicative of the more general
situation that most solvate-forming solvents and common
counterions can take part in H-bonds but do not contain
aromatic rings.

H-bonds and aromatic approaches were treated differently in
previous discussions of these 42 crystal structures,”™® which
identified all of the H-bonded chains and networks shown in
Table 5. Descriptions of aromatic approaches included ‘layers’
of molecules in QAMTAZ,'® PAHYONO01"* and XATMIP,** ‘offset
face:--face  interactions/stacking’ in HAMTIZ01" and
SOXLEX01° and ‘herring-bone motifs with f---f arene---arene
interactions’ in WICZUFE.’ This illustrates how the general
agreement on the precise geometric definitions of H-bonds, as
enshrined systematically in the Mercury software,'® makes
H-bonds easier to recognise. The systematic use of geometric
definitions, symmetry relationships and consistent terminology
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in this study gave a very different perspective on aromatic
approaches in this dataset. A recent systematic study of
aromatic approaches in co-crystals®® found that they were at
least as important as H-bonds in co-crystal formation. Similar
systematic studies of aromatic approaches in other structures
are necessary, to test the possibility that these conclusions
about their importance may be more widely valid.

H-Bonds show a slight advantage over aromatic approaches
(seven v. six crystal structures) in creating networks with three-
dimensional order. As noted above, five of these seven
H-bonded networks are hydrates. The five water molecules all
donate two H-bonds and accept two H-bonds - corresponding
to ‘type 6’ hydrates.”” The tetrahedral disposition of these
bonds helps to create the three-dimensional H-bonded
networks in these five crystal structures. In contrast,
compounds containing several fused (Fig. 3 and 4) or coplanar
aromatic rings favour the creation of chains, as also seen in
phthalocyanines.”®

Comparison of the H-bonding in Fig. 12 illustrates one further
difference between complexation and crystallization. Both
approaches yield one H-bond per molecule in the crystal
structure. Fig. 12(top) shows a complex of two molecules
featuring two H-bonds. In Fig. 12(bottom), a complex between
two molecules contains one H-bond. As the chain in
Fig. 12(bottom) grows, the number of H-bonds per molecule
increases towards unity. Complexes of the type shown in
Fig. 12(top) with inversion symmetry may be more prevalent in
solutions. This consideration also applies to centrosymmetric
H-bonded pairs formed by carboxylic acids and pyrimidines. The
presence of these centrosymmetric complexes in solutions/melts/
amorphous phases may aid nucleation of crystal structures that
incorporate these centrosymmetric complexes on inversion
centres and may hinder nucleation of alternative crystal
structures that do not. For example, H-bonded pairs of tetrolic
acid molecules were found by IR spectroscopy in chloroform
solution, leading to the initial crystallisation of metastable
o-tetrolic acid (P1), which contains H-bonded centrosymmetric
pairs like those shown in Fig. 10(right). This polymorph later
transforms to the more stable B-tetrolic acid, (P2,), in which the
carboxylic acid groups are linked by chains of H-bonds.**
Similarly, H-bonded pairs of cis-amide groups in carbamazepine
were found by NMR spectroscopy in chloroform solution.>*®
Centrosymmetric cis-amide pairs, like those in PAHYONO1
(Fig. 11 left), are found in four polymorphs of carbamazepine.
cis-Amide chains, like those in BOQQUT (Fig. 10), were present in
a predicted polymorph of carbamazepine. This form V could not
be prepared from solution but was made by templating from the
vapour phase.>”®

Graph set analysis® is also available within the Mercury
software’® and was mentioned for three of the 42 crystal
structures in the ‘blind tests’.'™'* The H-bonded rings in
WICZUF (Fig. 13) are both classified as “R2,2(8)”. Full graph set
analysis identifies one H-bond ring as “R2,2(8) > b > b 1st
order”, and the other as “D1,1(2)a 1st order + D1,1(2)c 1st order
= R2,2(8) > a > c 2nd order”. The ready availability of atom
numbering and colouring by symmetry equivalence/operation
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within Mercury, as shown in Fig. 13, offers an alternative way of
explaining the differences between the symmetric (H2) and the
asymmetric (H1, H15) rings.

The interaction energies presented here (Fig. 3-13) are
broadly consistent with the simple energy hierarchy displayed
in Fig. 2: H-bond pairs > single H-bonds ~ Symthons I and III
> Symthon II. Most molecules in this dataset contain more
than one functional group, so interaction energies between
whole molecules will sometimes be larger than the energies of
close approaches of functional groups that form part of these
interactions. For example, the proximity of copper atoms in
OJIGOGO1 (Fig. 11) contributes to an interaction energy of
-153.3 kJ mol ™, twice the energy typically associated with an
H-bond pair. Other larger interaction energies are associated
with salt formation (XAFQON, Fig. 12, -138.9 k] mol™) and
extended face---face approaches of fused aromatic rings
(XATMIP, Fig. 3, -77.3 k] mol *; XIFZOF, Fig. 4, —66.3 k] mol *,
-113.8 k] mol ™). The energy of the interaction shown in Fig. 5,
(HAMTIZ01, —46.0 k] mol ™) is consistent with a combination of
a single H-bond and an offset Symthon I. The H-bond chain of
water molecules in KONTIQO6 (Fig. 10, —10.6 k] mol ™) is weaker
than typical H-bonds.> This H-bond geometry may be sub-
optimal, as a compromise with Symthon I between gallic acid
molecules (-18.6 k] mol™") in the same direction, combining to
embody b = 3.641 A.

For a further perspective on the results obtained here,

compatible symmetries for the 18 common H-bonded
supramolecular ~ synthons identified  previously” were
determined by inspection. trans-Amides are the only

supramolecular synthon in that set that embody translation
directly. Two other supramolecular synthons, both alcohols,
only specify long-range order. Pyrazoles, carboxylic acids and
cis-amides (Fig. 10 and 11) can form either centrosymmetric
H-bond pairs or chains of single H-bonds. Nine supramolecular
symthons contain H-bond pairs, five of which are
centrosymmetric and four are between different molecules
(Fig. 13). This is consistent with the finding here that H-bonds
frequently create asymmetric and centrosymmetric complexes,
without necessarily creating long-range order.

This study shows that Symthons are not confined to
aromatic rings containing six carbon atoms in halobenzenes.
They are also formed by five-membered rings, heterocycles
and fused aromatic rings. They occur for aromatic rings with
a wide variety of substituents. This concept of ‘symmetry
forming close approaches’ can also be extended to certain
H-bonds which embody translation, screw/glide and
inversion symmetries in H-bond versions of Symthons I, II
and III respectively, as shown in Fig. 10. Only one out of the
42 crystal structures in this dataset contains a halobenzene;
this investigation revealed aromatic or H-bond Symthons in
28 of these 42 crystal structures.

Conclusions

From the perspective of symmetty, there are three distinct types
of close approaches; those that embody symmetry directly,
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those lacking local symmetry that assist interactions embodying
symmetry, and those that are part of asymmetric interactions.
This classification applies to both aromatic approaches and
H-bonds. In this dataset, aromatic approaches and H-bonds
that embody symmetry are in a significant minority. Many
embody inversion symmetry and could occur in amorphous
phases, solution or in melts as well as in crystals. In this
dataset, aromatic Symthons were more prevalent than their
H-bonded analogues. Aromatic approaches were better than
H-bonds at forming long-range order, either directly through
Symthons or indirectly by assisting in the creation of chains,
sheets or networks. H-bonds were more prominent in multi-
component crystals, particularly salts and hydrates. This is
consistent with the dominant role of H-bonds in creating
supramolecular synthons, leaving fewer H-bonds available to
create crystals.
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