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Controlling the Confinement and Alignment of Fullerene C,, in
para-Substituted Calix[S]arenes
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Abstract: In toluene fullerene C,,
forms 2:1 complexes with p-benzylca-
lix[S]arene (1) and p-phenylcalix[S]ar-
ene  (2), [CyCl,)6(C;Hg) and
[C0C2,])+7(C;Hy). The fullerene mole-
cules are completely shrouded by two

ments relative to the principal axis of
the fullerene; for [C,;,C1,]-6 (C,Hy) the
oxygen planes of the two calixarenes
are skewed by 37.0 and 47.5°, whereas
in [C;,C2,]-7(C;Hyg) the principal axes
of the fullerene and the two encapsu-

lating calixarenes are more closely
aligned with the corresponding angles
at 9.7 and 8.6°, and features a penta-
phenyl inter-calixarene embrace. The
Hirshfeld surfaces of these two com-
plexes have been investigated for a de-

calix[5]arenes in addition to terminal
benzyl groups from other supermole-
cules, [C;,C1,], and solvent. Within the
capsule-like supermolecules the calixar-
enes have distinctly different arrange-

The ability to control the encapsulation of fullerene Cg,
by one or more host molecules is well documented as is the
control of the interplay of fullerene Cy, molecules into con-
tinuous arrays using host—guest chemistry.!! In the case of
C; the ability to control both encapsulation and interplay of
the fullerene is developing, and appears to be problematic.”!
This is highlighted by the recent structural authentication of
the C;, complex with the oligophenolic macrocycle p-tBu-
calix[6]arene where the fullerene does not reside in the
cavity of the calixarene,” which is at odds with earlier pre-
dictions.P! Difficulties in predicting the nature of complexes
of C;, with host molecules are associated with the larger size
of the fullerene and its shape anisotropy which is relayed in
inefficiencies in its packing in continuous structures contain-
ing fullerene--fullerene interactions.

p-Benzylcalix[5]arene (1) and p-phenylcalix[S]arene (2)
are bowl-shaped molecules possessing hydrophobic cavities
having size and shape complementarity relative to Cg,, and
their process in binding this fullerene has been established
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tailed understanding of the orientation
and nature of interactions of C,, with
the cavitand-type molecules and tolu-
ene.

self-assembly -

both in solution and in the solid state.**! Calix[5]arene 1
with its dangling benzyl groups forms 1:1 and 2:1 supermole-
cules in toluene, crystallising as the 2:1 complex, [CyC1,]+8
(C;Hg), where the fullerene is shrouded by two calixarenes,
centred 180° apart, and solvent molecules.*! The rigid ex-
tended phenyl groups in calixarene 2 creates a deeper cavity
and in the solid state a 2:1 complex forms, [C¢C2,]-1.5
(C;Hg), with most of the surface of the C4, shrouded by two
calixarenes but these are now
centred 157.5° apart with the

R
phenyl groups interdigitated in
one hemisphere of the super- B
molecule.’) The host-guest in- S;Eﬁ 212))
terplay between Cg, and 1 and 2

OH

in their cone conformations in-
volves me-m interactions made
possible by the complementari-
ty of curvature of the two components. In addition, the
alignment of the Cs symmetry axis of the calix[5]arene in 1
in the cone conformation with a Cs symmetry axis of elec-
tron deficient Cy, is favoured energetically.”! In the case of 2
the non-linear arrangement of the calixarenes results in the
fullerene being “confused”, and this is manifested in the Cy,
molecule being disordered.”

As part of a systematic study on the interplay of fullerene
C,, with container molecules we have investigated the com-
plexation of the fullerene with the same calixarenes, 1 and
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2, in the same solvent as for the corresponding studies for
Cy, namely toluene. This offers scope for a direct compari-
son between the two fullerenes, in determining the effect of
different size and shape of the fullerenes, and any orienta-
tion effects of the C,, molecules.

Attempts in establishing the nature of the host-guest spe-
cies present in toluene solutions of either calixarene 1 or 2
with fullerene C,, were unsuccessful. In the solid state, how-
ever, we have isolated and structurally authenticated a 2:1
complex for each calixarene, respectively [C,,C1,]-6 (C;Hyg)
and [C;,C2,]7 (C;Hg). In both complexes the C,, molecules
are shrouded by two container molecules, but the orienta-
tion of the calixarenes relative to each other within each su-
permolecule is distinctly different to that in the correspond-
ing supermolecules for the fullerene Cg complexes.*f
These C,, complexes represent the simplest case for the
supramolecular chemistry of the fullerene, where the fuller-
ene is devoid of any fullerene--fullerene interactions.
Herein we also report a detailed study of the Hirshfeld sur-
faces of these two complexes, as a starting point for under-
standing the orientation and interplay of C,, with cavitand-
type molecules, with a view that this approach can be ex-
tended to C;s and higher fullerenes. In general, Hirshfeld
surfaces”®! and related graphical tools”!” provide a means
of exploring the nature of the intermolecular interactions
between molecules. Generating Hirshfeld surfaces is now
possible for disordered systems, as for the disordered Cj
molecules in [C;,C1,]+6 (C;Hy).

Results and Discussion

Advances in the preparation of deep cavity phenyl- and
benzylcalixarenes using benign synthetic methologies!"!
have facilitated exploring their host-guest chemistry with a
variety of globular guest molecules."” Slow evaporation of
toluene solutions of p-benzylcalix[S]arene (1) and p-phenyl-
calix[5]arene (2) with half an equivalent of C; in toluene, as
a saturated solution of the fullerene, afforded hexa- and
heptatoluene solvates, respectively, [C,,C1,]:6(C;Hg) and
[C70C2,]+7 (C;Hg). The first omplex crystallizes in the mono-
clinic space group P2,/c, Z=4, with the asymmetric unit
comprised of one C,, fullerene encapsulated by two p-ben-
zylcalix[5]arene molecules and six toluene molecules. The
fullerene and two toluene molecules are disordered (50:50
ratio), the former being along its principal axis. All non-hy-
drogen atoms were refined anisotropically and H-atoms
were calculated from geometrical considerations and con-
strained during refinement to the appropriate positional and
thermal parameters of bonded C and O atoms. The C;, mol-
ecule resides unsymmetrically with respect to the cavity of
the calixarene, the principal axis of the fullerene is canted
relative the C; axis of the calixarenes at angles of 37.0 and
47.5°, respectively. In contrast the corresponding C4, com-
plex of 1, the C; axes of the calixarenes coincide with a Cs
axis of the fullerene.” This so-called “symmetry matching”
of the components has been effective in preparing host—
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guest complexes of Cg,!") but clearly not so for the present
C;, complexation.

Complex [C;,C2,]-7 (C;Hyg) crystallizes in the same space
group, but with the principal axis of C,, almost aligned with
the symmetry axis of each of the two calixarenes bound to
the fullerene as depicted in Figure 1. In this complex the
“symmetry matching” of the components has been effective,
although for the corresponding Cy, complex this is not the
case (see below).[! Here the asymmetric unit is this “molec-
ular capsule”-like arrangement along with five toluene mol-
ecules which fill the space between the arms of the calixar-
enes, and two other solvate molecules. The two calixarenes
and five toluene molecules effectively shroud the fullerene.

Figure 1. Projections of the supermolecules showing the orientation of
C;, fullerene molecules: a) [C;,C1,]-6 (C;Hy); b) [C,C2,]-7(C;Hg) (tolu-
ene solvent molecules are omitted for clarity).

The calixarene molecules in both C,, complexes are ar-
ranged eclipsed relative to each other (see Figure 1 and see
Hirshfeld surfaces below), which is distinctly different to the
staggered arrangement in the analogous Cg, complexes.™® It
is noteworthy that the staggered arrangement for the Cy,
complex of 1 is associated with the supermolecules residing
on crystallographic inversion centres. The eclipsed arrange-
ment is most striking in [C;,C2,]-7 (C;Hyg). The inclination of
C,, and the skewing of the “molecular capsules” in
[C;0C1,]:6 (C/Hy) is ascribed to the calixarenes maximizing
the interactive envelope around the fullerene C,; the curva-
ture of that part of the fullerene in the cavity of the calixar-
ene still maintains complementarity of curvature of the com-
ponents. Further inclination of the principal axis of the full-
erene would distort the essentially symmetrical bowl shape
of the lower rim of the calixarene. In this context we note
that for the structure of the 1:1 complex of C,, with para-H-
calix[5]arene, the angle between the principal axes of the
two components is 40° although in this case fulle-
rene--fullerene interactions present in the extended struc-
ture may perturb this angle. Even so the angle is within the
two corresponding angles in the structure of [C,,CL,]-6
(CH).

The bowl-shape conformation of the calixarenes in both
structures is related to the dihedral angles between the
plane of the five oxygen atoms and the planes of the five
phenolic rings in each calixarene. For [C;,C1,]-6(C,Hy)
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where the fullerene is disordered and less tightly confined
by the calixarenes and solvent molecules, there is a spread
of angles ranging from 131.0 to 139.6°, and 126.3 to 140.7°
for the two calixarenes. For [C;,C2,]-7(C/Hy), the tightly
shrouded fullerene is associated with a significantly smaller
narrow distribution of angles, ranging from 131.1 to 138.5°
and 133.7 to 139.0° for the two calixarenes.

The eclipsed arrangement of the calixarenes in the pres-
ent complexes creates windows which are occupied by tolu-
ene solvent molecules for [C;,C2,]-7 (C;Hg) while in complex
[C0C1,]+6 (C;Hy), toluene molecules are concentrated on
only one side of the hemispheric belt of the “molecular cap-
sule”. The difference relative to the Cg, complexes relates to
the difference in size and shape of the fullerenes. For calix-
arene 2 bound to spheroidal Cy,, interdigitation of the p-
phenyl substituents is possible, effectively shutting down any
direct fullerene interaction with solvent molecules. This is
unlike in the C;;, complex where alignment of the fullerene
along the axes of the calixarenes pushes the calixarenes suf-
ficiently apart along the principal axis of the fullerene to
allow intimate contact of the ends of the phenyl groups of
one calixarene with the ends of the other calixarene while
maintaining a snug fit of the fullerene inside the “molecular
capsule”. The interplay of the phenyl groups from the two
calixarenes can be described as a pentaphenyl embrace
which is related to the well known triphenyl embrace identi-
fied by Dance etal. for tetraphenyl phosphonium cations
and related species."¥

The overall packing in both structures features the colum-
nar arrays of the capsular-like supermolecules with toluene
molecules filling the interstitial space. The columnar arrays
are stacked and are offset with respect to each other by one
calixarene molecule. In [C;,C1,]-6 (C,Hy), the columns are
interlocked via the benzyl substituents directed to the hemi-
spheric belt of another capsule as part of the complete en-
capsulation of each fullerene, and are also directed to the
clefts at the base of the calixarenes. In [C;,C2,]-7 (C;Hy) the
stacking is simpler with no interplay of the arms of the calix-
arenes with other fullerene molecules. Full encapsulation of
the fullerene also involves five toluene solvent molecules oc-
cupying the exposed gaps in the capsule (see Figure 2a and
b), one having s interactions, whereas the other four
have C-Hem interactions. C-H--m interactions involve
methyl groups of some toluene molecules and the aromatic
hydrogens of others with distances ranging from 3.09 to
3.8 A, in addition to a mem interaction involving the
carbon of the six-membered rings of the fullerene and the
aromatic ring of toluene with carbon--centroid short dis-
tance of 3.13 A. Moreover, intricate hydrogen bonding be-
tween either the aromatic or methyl hydrogens of toluene
with the phenyl of the calixarene are also found with short
C—H-~ring centroid distances of 2.8 A.

The Hirshfeld surfaces”®! and related graphical tools®™!'”!
provide a means of exploring the nature of the intermolecu-
lar interactions between the calixarene, toluene and C,, mol-
ecules, and facilitate comparison between the two different
supermolecules. The surface partitions space in the crystal
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Figure 2. Projections of the packing diagram showing the assembly of col-
umnar arrays in a) top view for [C;CL]6(C;Hg); b) side view for
[C5C2,]7(C;Hy) (toluene solvents molecules highlighted in green for
clarity).

into smooth non-overlapping volumes associated with each
molecule. Inside the Hirshfeld surface the electron distribu-
tion due to a sum of spherical atoms for the molecule (the
promolecule) dominates the corresponding sum over the
crystal (the procrystal), and the Hirshfeld surface is defined
implicitly where the ratio of promolecule to procrystal elec-
tron densities equals 0.5. Because the local nature of the sur-
face is dictated by the proximity of all neighbouring atoms,
both inside and outside the surface, it reflects in considera-
ble detail the immediate environment of a molecule in a
crystal, and summarizes all intermolecular interactions in a
convenient graphical fashion. Figures 3-6 show various pro-
jections of the supermolecules for [C,,C1,]:6(C;Hg) and
[C7C2,]-7(C,Hg) with Hirshfeld surfaces mapped with d.,
the distance from the surface to the nearest nucleus external
to the surface. Using a colour mapping which spans the
range 1.0A (red) < d. < 25A (blue) for all surfaces
shown, regions associated with close intermolecular contacts
are identifiable as bright red spots on the surface, while re-
gions associated with no close contacts are blue.

Figure 3 displays side-on projections of the two supermo-
lecules, with front and back views for each. Hirshfeld surfa-
ces are shown for both calixarene molecules and C,,, while
the toluene molecules in close proximity are shown as tube
models. The difference between the two supermolecules is
immediately evident. In [C;,C2,]-7 (C;Hg) calixarene mole-
cules tightly encapsulate the fullerene, with eclipsed pendant
arms on opposing calixarenes in close contact through nu-
merous He-H interactions. The gaps between the pendant
arms leave five windows which are occupied by solvent tolu-
ene molecules (one is disordered, see the right of Fig-
ure 3d); the remaining two toluene molecules occupy inter-
stices between the supermolecules in the crystal. Figure 3
also clearly shows that the toluene molecules in the windows

— 3909

www.chemeurj.org


www.chemeurj.org

CHEMISTRY—

C. L. Raston et al.

A EUROPEAN JOURNAL

of the structure are not simply occupying interstices—they
are intimately involved in the supermolecular structure.
That this is the case is evident from three of the toluene
molecules visible in the windows in Figure 3c and d. The
leftmost in Figure 3c is involved in a close s+ interaction
with the fullerene, and at the same time several C-Hem
donor interactions with the adjacent pendant arms of the
calixarenes. The toluene on the right of Figure 3c (also visi-
ble on the left of Figure 3d) makes a single C-H--m donor
contact, with the C—H bond pointing almost directly to-
wards the centre of one of the six-membered rings of the
fullerene; it also participates as a C-H-m acceptor in inter-
actions with the calixarene arms. The toluene in the centre
of Figure 3d makes two C-H--m contacts to the fullerene,
one involving a hydrogen atom of the methyl group.

Figure 3. Hirshfeld
[Cr0C1,]-6 (C7Hy), (a) and (b), and [C;C2,]-7 (C;Hy), (c) and (d); toluene
molecules are represented as tube models. The two views for each capsu-
le are related by a 90° rotation about the vertical axis.

surfaces for the “molecular capsules” in

The importance of the solvent toluene molecules is most
strikingly revealed in Figure 4, which depicts unit cell con-
tents for [C;C2,]-7(C;Hg), with toluene molecules repre-
sented by Hirshfeld surfaces mapped with d,, fullerene mol-
ecules by plain, undecorated Hirshfeld surfaces, and calixar-
enes as tube models. The toluene molecules are not only in-
timately involved in the structure of the supermolecules,
they participate in numerous C-H--m contacts with both the
calixarene molecules and with one another, and these are
quite obvious as red dots on the surfaces in the projection
down the a axis.

In contrast with [C;,C2,]-7(C;Hg), the supermolecule in
[C4C1,]+6 (C;Hy) is a much more open structure (Figure 3a
and b). Whereas the calixarene molecules are eclipsed as in
[C;0C2,]7 (C/Hy), their pendant arms make only tenuous
contact with one another on one side of the supermolecule
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Figure 4. Unit cell contents for [C;,C2,]-7 (C;Hy) projected down a, b and
c cell axes. Toluene molecules are represented by Hirshfeld surfaces
mapped with d,, fullerene molecules as undecorated Hirshfeld surfaces,
and the calixarenes by tube models.

(Figure 3b), and they make no contact on the other side
(Figure 3a). Only two of the toluene molecules are intimate-
ly involved in the supermolecular structure; all remaining
close contacts with the fullerene are made by neighbouring
calixarene molecules in such a way that the supermolecules
interdigitate with one another.

Figure 5 views the two supermolecules approximately
down the pseudo-fivefold axis defined by the calixarenes, in
this case with solvent molecules omitted. Figure 5a and c
compare the bowl-shaped cavities of the calixarenes for the
two complexes, and the uniform green-blue colour of the
inner surfaces results from the close match between the cur-
vature of the calixarene with that of the fullerene. The tops
of the Hirshfeld surfaces of the fullerenes depicted in Fig-
ure 5b and d show the same smooth features, and these two
figures also enable investigation of the contacts between the
eclipsed arms of the calixarenes in the two cases. In
[C50C2,]-7 (C/Hy) (Figure 5d) numerous C-H--H-C close con-
tacts are identified by the orange-red spots on the surface of
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the bottom calixarene, and in close proximity with hydrogen
atoms of the top calixarene. This is not the case for
[C;0C1,]:6 (C;Hy), where there are almost no such contacts
evident. The bonding nature of close hydrogen-hydrogen in-
teractions in molecular crystals has been the topic of consid-
erable recent discussion,'>!” and the precise orientation of
the calixarene arms with respect to one another in
[C70C2,]7(C;Hg), and the close H-+H contacts between
them, strongly suggests that this is an attractive interaction
in the present case.

Figure 5. Hirshfeld surfaces for [C;,C1,]-6(C;Hg), (a) and (b), for
[CC2,)7(C;Hg), (c) and (d), showing cut away sections viewed down
the axis of the “molecular capsules”, with toluene molecules excluded.

Figure 6 compares Hirshfeld surfaces of the two C;, mole-
cules. The surface in [C,,C1,]-6 (C;Hy) reflects the nature of
the close s+t contacts at the top and bottom, and the wide
belt of numerous C—H--xt contacts in the centre of the fuller-
ene and between the two calixarene molecules, while for
[C70C2,]+7 (C/Hy) there is evidence of only a small number
of specific C-H-m contacts, and a greater area associated
with g7t interactions. This is seen more directly from the
fingerprint plots below each of Figure 6a and b. These plots
are two-dimensional histograms of the relative frequency of
points with individual (d;, d.) pairs on each of the Hirshfeld
surfaces, d; being defined analogous to d,, but referring to
the distance to the nearest nucleus internal to the surface.”
Pixels associated with each pair of distances are coloured
from blue (for very low frequency of occurrence), through
green, to yellow and red (for highest frequency). There are
two distinct regions in these plots, one resulting from large
numbers of close contacts around d, ~d; ~1.8 A, and asso-
ciated with st (or C-+C) contacts, and the other near (d,
d) ~(1.82.0A, 1.3-1.5 A), arising from the C-He-m (ac-
ceptor) contacts. Even the most cursory inspection of the
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fingerprint plots reveals that the fraction of surface area as-
sociated with these two broad contact types differs signifi-
cantly between the two supermolecules, and a breakdown of
the plots™® confirms this: in [Cy,C2,]-7 (C;H;) 41% of the
fullerene Hirshfeld surface is involved in C---C contacts, and
59% in H--C contacts, while for [C;,C1,]-6 (C,Hy) the frac-
tions are 30 and 70 %, respectively.

28 d, [Cro C 121%6(C7Hg) 28 d, [Cro C 25]x7(CHg)

26 26

2.4 24

22 2.2

20 2.0

1.8 1.8

1.6 1.6

1.4 1.4

12 1.2

1.0 T 1 1 1 q 1.0 1 T 1 1 n

[Al ~70121416182022242628 Al 10121416182022242628

Figure 6. Hirshfeld  surfaces for the fullerene molecules in
[C5CL,]6 (C;Hy) and [C,,C2,]-7 (C;Hg), with 2D histograms (fingerprint
plots) of the relative frequency of points on contact below each “molecu-
lar capsule”.

Conclusion

We have established the interplay of non-spheroidal C;,
with two calix[5]arenes, both with extended phenyl arms,
but they differ in the ability of these arms to be involved in
fullerene interactions in the host-guest complexes. While
the complexes are similar in composition in having two cal-
ixarenes bound to the fullerene, they have remarkably dif-
ferent structures. The structure of [C;,C1,]-6 (C;Hg) has ad-
ditional calixarene interplay in the equatorial plane of the
supermolecule, as well as solvent molecules. The fullerene is
disordered, and this possibly reflects the less compact inter-
play of the components which is evident in the Hirshfeld
surfaces. In [C;,C2,]+7(C;Hg) the fullerene snugly fits into
the confines of the two calixarenes and five solvent mole-
cules, in an intricate way involving C-H--mt and st---7t interac-
tions, which is readily mapped out using Hirshfeld surfaces.
Overall, we have shown that the use of Hirshfeld surfaces,
now possible for disordered systems, is a very powerful tool
in visualising and understanding the nature of interactions
in large supramolecular systems, and is destined to be a ver-
satile tool in providing valuable information regarding struc-
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tural design, and understanding the nature of interaction of
molecules, and more.

Experimental Section

General: All solvents and starting materials were obtained from Aldrich
and used without further purification. p-Benzylcalix[S]arene (1) and p-
phenylcalix[5]arene (2) were prepared according to the reported
method.""! NMR spectra were recorded on a 300 MHz Bruker DRX300
spectrometer. X-ray data was recorded on an Bruker AXS CCD diffrac-
tometer.

Preparation:

[CCL,]6 (C;Hy): To a solution of C; (Smg) in toluene (5mL) was
added 1 (11 mg). Slow evaporation over 2d (to 1 mL) afforded reddish
prisms which were collected and washed with toluene (0.5 mL) then
hexane (2x1 mL). Yield: 6 mg (42 %).

[CC2,]7(C;Hy): To a solution of C; (5Smg) in toluene (1 mL) was
added 2 (11 mg). Slow evaporation over 2 d (to 1 mL) afforded dark-red-
dish needles which were collected and washed with toluene (0.5 mL)
then hexane (2x1 mL). Yield: 6 mg (50%). As the crystals of the com-
plexes were solvent dependent, microanalyses were not performed.

X-ray crystallography: The X-ray diffracted intensities were measured
from single crystals at about 173 K on a Bruker CCD instrument using
monochromatized Moy, (4=0.71073 A) Data were corrected for Lor-
entz and polarization effects and absorption correction applied using
multiple symmetry equivalent reflections. The structures were solved by
direct methods and refined on F* using the Bruker SHELXTL crystallo-
graphic package. A full matrix least-squares refinement procedure was
used, minimizing w(F? — F2), with w = [s*(F?) + (AP)* + BP]™', where
P = (F} + 2F}/3. Agreement factors (R=X||F,| — |F.||/S|F,],
wR2=(S[w(F? — F2YYS[w(F2)))" and GOF = (S[w(F? — F27l/(n—p)}”
% are cited, where n is the number of reflections and p the total number
of parameters refined). Because of the solvent dependency of the crys-
tals, three additional unit cell collections were performed on randomly
selected crystals to confirm the content of the bulk material for each
complex.

Crystal and refinement details for [C,C1,]-6(C;Hg) (1=p-benzyl-cal-
ix[5]arene); formula C,;, 2(C;HgOs), 6(C;Hy): Cy5,H 30,9, M =3355.86,
F(000)=7040e, monoclinic, P2,/c, Z=4, T=173K, a=19.927(2), b=
29.458(4), ¢=28.591(4) A, B=92509(2)°, V=16767(4) A>; peea=
1.329 gem™; sin6/ A, = 0.6838; N(unique) =41780 (merged from 151639,
R;,y=0.044, R;,,=0.054), N, (I > 2s(I))=26691; R=0.0920, wR2=0.2231
(A,B=0.11,19.4), GOF=1.066; | APy |=1.0(1) e A=,

Crystal and refinement details for [C;C(2),]-7(C;Hg) (2=p-phenylca-
lix[S]arene); formula C,, 2(C¢:Hs05), 7(CHg): C,Hi5c0,, M=
3307.74, F(000) =6920 ¢, monoclinic, P2,/c, Z=4, T=173 K, a=18.101(9),
b=18.240(9), ¢=50.52(3) A, $=91.202(9)°, V=16675(14) A% pouea =
1.318 gecm3; sin6/A, = 0.5946; N(unique) =27403 (merged from 98054,
R =0.188, Ry, =0.244), N, (I > 2s(I))=12513; R=0.1100, wR2=0.
2281 (A,B=0.12, 112.39.4), GOF =0.99; | Apy. | =0.6(1) e A=,
CCDC-617754 ([C,,C1,)+6 (C;Hy)) and -617755 ([C;,C(2),])-. 7(C;Hy)) con-
tain the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Hirshfeld surface analysis: Hirshfeld surfaces and fingerprint plots were
produced with CrystalExplorer!™” with bond lengths to hydrogen atoms

set to standard values.?” Orientational disorder of the type encountered
in these structures can be treated in two ways: i) defining the Hirshfeld
surface incorporating fractional occupancies of the atoms; or ii) examin-
ing surfaces and plots due to each of the possible molecular orientations
in turn. The results differ little, and all plots in Figures3-6 were produced
using the first method.
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