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The limited success in the prediction of structure is one of the most serious problems in the
engineering of molecular crystals. Here we show that the packing of high-symmetry molecules
such as ball-shaped rotating fullerenes, cube-shaped cubane and octahedral-shaped mesitylene
dimers give rise to the formation of cubic cocrystals with easily predictable lattice parameters.
We present the synthesis and structure determination of ScsN@Cso-/; cocrystals with cubane
(CsHg) and mesitylene (CoHi2) and compare the new materials with related Cso and C7o based
structures. In this family of materials, most atom-to-atom interactions are averaged out by the
symmetry and the crystal structures can be described in terms of classical molecule-to-molecule
interactions. Size-dependent homo- and heteromolecular contacts control the stability of the ball-
cube and ball-octahedron systems creating several host-guest and recognition-controlled regions.
The analysis of the global phase diagrams explains not only the stability of the observed

materials, but also the instability of a missing derivative.
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Multicomponent crystals of organic and inorganic molecules represent one of the mostly
studied families of cocrystals for their great pharmaceutical importance [1, 2, 3, 4]. The intensive
studies of the structure and the thermodynamics of formation [5, 6, 7] contributed to the better
understanding of these systems, but the rational design of new cocrystals has remained an
unresolved challenge [8, 9]. The structure of molecular crystals is usually controlled by local
atom-atom contacts of the nearest neighbor molecules with often irregular surfaces [10],
resulting in the formation of low-symmetry structures [11]. The flexibility of constituents and the
great variety of these interactions make it very difficult, practically still impossible, to predict
crystal structures [12]. On the other hand, high-symmetry, rigid molecules, or disordered systems
with increased effective molecular symmetry (e.g., a rotating molecule or group) give rise to
high-symmetry structures. In case of cocrystals, homo- and heteromolecular atom-atom
interactions can have equal importance in the stabilization of these structures, distinguishing
cocrystals from host-guest systems, stabilized predominantly by homomolecular interactions.
Constituents of identical effective molecular shapes may also exist in different sizes that
typically lead to isostructurality [13]. The cocrystals of large ball-shaped molecules, like
fullerenes [14] or carboranes [15, 16] represent a special group with interactions controlled by
the recognition of complementary surfaces [17, 18, 19]. The study of supramolecular interactions
in series of such isostructural high-symmetry cocrystals facilitated by the limited number of free
variables may contribute to better understanding of the structures, classifies them into host-guest
or recognition-controlled categories, allows the separation of the shape and size effects, makes
possible the design of related materials and predicts their physical properties.

Freely rotating fullerenes [14], Ceo, C70 and ScsN@Cso (1) (trimetallic nitride endohedral

fullerene, the next fullerene of icosahedral symmetry after Ceo) [20, 21, 22, 23] have average



spherical shape of nanometer size, resulting in face-centered cubic (FCC) molecular crystal
structures at ambient or slightly elevated temperatures [24]. The close-packed arrays with large
sizes of voids are able to accommodate small molecules; therefore, fullerenes readily form
cocrystals with a great variety of organic and inorganic molecules [16]. However, only a few
guest molecules of appropriate shape and size can maintain and stabilize high-symmetry
structures.

Fullerene-cubane cocrystals represent one of the highest possible symmetry heteromolecular
systems [25, 26, 27]. The effective shape and size recognition of the complementary molecular
surfaces of the slightly concave cubanes [28, 29, 30] and the spherical fullerenes gives rise to
unusual crystal dynamics, the so-called rotor-stator properties [25, 31]. The structure and the
dynamics of this family of materials depend on the size and the symmetry of the fullerene
component. As the icosahedral ScsN@Cso stands closest to an effective spherical shape among
larger fullerenes, the next expected member of the fullerene-cubane series is the ScsN@Cgo*CsHs
(2). This cocrystal was prepared and characterized for the first time.

A complementary family of the fullerene-cubane phases is the fullerene-mesitylene system,
consisting of matching spherical and octahedral units. The supramolecular dimer of mesitylene
has a slightly distorted octahedral shape that can stabilize a primitive cubic (PC) arrangement of
various fullerenes. The prototype of this new family of high-symmetry fullerene cocrystals is
C70°(CoHi2)2 (3) [32]. The existence of isostructural cocrystals with smaller or larger fullerenes
or the nature of their supramolecular interactions have not been studied yet.

Here we analyze the scaling of major structural characteristics with molecule size in two
complementary families of the highest possible symmetry fullerene cocrystals, the NaCl (B1)

type fullerene-cubane and the CsCl (B2) type fullerene-mesitylene systems. First, we report on



the formation, structure and stability of two missing members of these families, the cocrystals of
ScsN@Cso (1) with cubane: ScsN@Cgo*CsHg (2) and with mesitylene: ScsN@Cso*(CoHi2)2 (4).
Then we compare the new structures with the previously reported Ceo and C7o cocrystals, as well
as with the FCC crystals of the parent fullerenes. We discuss the size-dependence of the homo-
and heteromolecular interactions in both families and define the structural conditions for
formation of recognition-controlled cocrystals or host-guest systems. We show that all 3
fullerene-cubane cocrystals belong to the former, while the high-symmetry fullerene-mesitylene
crystals to the latter group. Based on our analysis, we also explain the easy formation and high
stability of C70¢(CoH12)2 (3), the lower than expected lattice parameter of ScsN@Cso*(CoHi2)2 (4)
and the formation of a differently packed, lower-symmetry structure of (Ceo)2°CoH12 (5) instead
of an isostructural Ceo cocrystal. Beside the preparation, thermogravimetry — mass spectrometry
(TG-MS) and x-ray powder diffraction (XRPD) experiments, we provide geometrical model and
cohesion energy calculations to support our experimental findings. We end up with a short
outlook of our analysis of supramolecular interactions in terms of other approaches, like
Hirshfeld surface analysis [33, 34]. The results of experimental methods and model calculations
are summarized in Table 1; for the details see the Supporting Information (SI).

The microcrystalline powder of ScsN@Cso*CsHs (2) precipitated from toluene solution of the
components is stable up to 200 °C (Figure S1). It has a rocksalt structure of orientationally
disordered fullerenes and orientationally ordered cubanes (Figures la and S5), similarly to the
structures of previous high-symmetry members of the fullerene-cubane cocrystals [25]. The
present results are consistent with either freely rotating fullerenes or an orientational glass of

static fullerenes.



ScsN@Cso*(CoHi2)2 (4), a new member of the fullerene-mesitylene family, was prepared via
the crystallization of ScsN@Cso (1) from its mesitylene solution, similarly to C7o-mesitylene
cocrystal, reported previously [32]. TG-MS results indicate the stability with 1:2 composition up
to 100 °C, where decomposition starts to take place in 2 steps via a metastable phase with 2:1
composition at 180 °C (Figure S3). According to the XRPD data (Figure S6),
ScsN@Cso*(CoHi2)2 (4) is isostructural to the Cro-mesitylene [32]: fullerenes form a PC
sublattice, with a mesitylene dimer in the center of the unit cell (Figure 1b). Based on the
considerations given below this structure consists of merohedrally disordered fullerenes and has
Pm3m space group. Free rotation, or complete static orientational disorder of fullerenes is
excluded.

In order to investigate its stability, C7*(CoHi2)2 (3), the already known member of the
fullerene-mesitylene family was also prepared and its structure confirmed by XRPD. The 2-step
decomposition path on the TG-MS curve (Figure S2) similar to that of ScsN@Cso*(CoH12)2 (4)
indicates that both (C70)2¢CoHi2 and (ScsN@Cso)2CoHi2 may also exist, at least in metastable
forms. A crystallization attempt of the missing Ceo-mesitylene cocrystal resulted in the formation
of lower symmetry cocrystals of (Ceo)2°CoHi2 (5). Rietveld fit of the XRPD data (Figure S7)
indicates a hexagonal structure closely related to that of the Cgo-m-xylene and Cso-toluene [35,
36, 37], that is completely different from the cubic C7o and Cso derivatives (Figure S8). Upon
heating, this material decomposed to Cep in a single step between 150-230 °C (Figure S4).

Two main structural properties of the above materials, the lattice parameter and the space
filling (volume fraction occupied by molecules) as a function of the effective fullerene diameter
display the nature of the supramolecular interactions in a spectacular way (Figures 2 and 3). In a

geometrical model, where spheres, cubes and truncated octahedrons represent fullerenes,



cubanes and mesitylene dimers, respectively, the cubic lattice parameter is given as the
maximum of 3 terms representing various touching conditions (see the SI, the TOC figure and
the solid lines in Figures 2 and 3). If the maximum is controlled by one of the homomolecular
contacts, the contacting molecules form a host lattice for the other constituent located as guest
among them. On the other hand, if it is controlled by the heteromolecular contact, both
constituents are crucial and the structure, dynamics and stability is controlled by their shape and
size recognition.

Quantitative explanation of the experimental data requires to exceed the geometrical approach
and to consider molecular interactions. While the geometric model returns continuous functions
for structural parameters, a cohesion energy calculation provides discrete values for given
molecules via optimization. The precise calculated lattice parameters are obtained at the
minimum of the total cohesion energies calculated from summation of van der Waals and
Coulomb potentials as described in previous publications [38, 27, 24] and in the SI. The
measured and optimized structural parameters of the crystals are summarized in Table 1, and are
shown together with the graphical representation of the geometrical model, as a function of the
effective van der Waals diameter of the fullerenes (Figures 2 and 3). In terms of this electrostatic
potential calculations, the recognition-control regime is where the heteromolecular terms
dominate the repulsion, and the host-guest region is where the homomolecular interaction of one
of the constituents dominates.

The recognition-controlled nature of all members of the FCC fullerene-cubane system is
indicated by the results shown in Figure 2a. The lines represent the 3 terms of the geometrical
model; the solid line is the actual maximum. A slight deviation of this model from the data points

is due to neglecting the concave cubane faces. The lattice parameters of the parent fullerenes



calculated by the pair potential method are identical to those of the optimized values of the
fullerene sublattices in the fullerene-cubane cocrystals, which are also plotted in Figure 2a. The
lattice parameters of all 3 fullerene-cubane cocrystals are higher, both sublattices are expanded in
the cocrystals. This implies that the fullerene-cubane heteromolecular contacts are under
compression; they keep balance with the expanded fullerene-fullerene and the cubane-cubane
homomolecular contacts. The cubic symmetry of the fullerene-cubane cocrystals is stabilized by
the almost perfect match of the complementary molecular surfaces in a wide range of fullerene
diameters, hence is the name recognition-controlled regime. This shape recognition can only be
realized between the surfaces of rotating fullerenes and static cubanes, as the rectangular atomic
arrangement of the cubane faces cannot match the hexagonal-pentagonal pattern of the fullerene
surfaces. If this condition is not met, the symmetry is lowered, as it was observed in the case of
low temperature structures of Ceo- and Cro-cubane cocrystals [26, 27]. This effect of molecular
bearing also gives rise to enhanced rotation of fullerenes with unusually low orientational
ordering temperature [25]. Although all three cubane cocrystals are in the recognition-controlled
regime, the two approaching lines cross each other at d = 11.55 A, where a host sublattice of the
touching fullerene balls forms, and the cocrystal becomes a host-guest structure. Previously, this
critical value was estimated for Cgg [39]. The present experimental and calculated lattice
parameters of ScsN@Csgo*CgHg (2) confirm this model. The isostructural cubane cocrystals of
larger fullerene diameter are predicted to be host-guest structures with the same or — due to
fullerene-cubane attraction — even smaller lattice parameter, as their parent fullerene structure.
The change in the nature of the structure at the critical diameter is more striking, if we plot the

space filling as a function of the effective fullerene diameter (Figure 2b). For the parent FCC

structures it is constant 0.74 (rr/3+v/2), while for the 3 cocrystals shows increasing values. At the



critical fullerene diameter, where the match of the fullerenes and cubanes is optimal, it takes a
maximal value of 0.84. Beyond that point it starts to decrease due to cubane molecules that do
not completely fill the octahedral voids.

Another good cocrystal series to study the size dependence of supramolecular interactions is
the fullerene-mesitylene system that is somewhat more complicated. The primary difference is
that both the fullerene and the mesitylene form unstable PC sublattices; their parent structure
does not exist. The cocrystal structure can only be stabilized by heteromolecular interactions;
high-symmetry structures can only form at a narrow range of molecular sizes. Furthermore, the
supramolecular mesitylene dimer is not a rigid molecule; thus, the distance of the monomers is
able to compensate for changes in the interactions with the adjacent fullerenes. The PC lattice
parameter as a function of effective fullerene diameter is shown in Figure 3a. Here — in contrast
to the case of cubane — the recognition-controlled regime is rather narrow and all 3 lines
representing the geometrical model are visible. Far away from this region new solutions are
found to yield stable host-guest systems, as it will be shown below.

In the hypothetic Cgo*(CoHi2)2 PC structure the mesitylene sublattice is compressed and the
fullerene sublattice is expanded by about 0.25 A. If this structure existed, it would be a
mesitylene host framework containing fullerene guest molecules. However, mesitylene dimers
cannot survive any compression at the vertices of the octahedrons. This flexibility may be the
primary reason that this structure does not exist, but a significantly different, hexagonal structure
with lower symmetry, less effective packing and different composition is realized in (Ceo)2°CoH12
(5) (Figure S7 and S8).

The crossing points of the lattice parameters in Figure 3a at d = 10.40 A and d = 10.58 A

enclose a narrow recognition-controlled region, where heteromolecular interactions dominate.



Although there is no high-symmetry fullerene here, C70°(CoHi2)> (3) is very close to the upper
crossing point.

Above this region, the mesitylene sublattice is expanded; the adjacent dimers attract each
other. Fullerenes form host systems of slightly repulsive nearest neighbor molecules for the
mesitylene dimer guests. In the case of Cr0 cocrystal, the difference between the lattice
parameters of the sublattices and that obtained from the optimized fullerene-mesitylene
interaction is as low as 0.02 A, showing that both supramolecular interactions have equal
importance in the stabilization of the structure. Thus, cocrystal C70*(CoHi2)2 (3) is considered an
ideal host-guest system where the mesitylene guest molecules occupy the full volume of the
voids of the host framework. The small mismatch can be the reason of the observed lowering of
the symmetry from Pm3m to P43m [32]. ScsN@Cso*(CoH12)2 (4) is a similar host-guest system;
however, the experimental lattice parameter of the cocrystal is 0.13 A smaller, than the van der
Waals diameter, i.e. the nearest neighbor distance of rotating fullerenes. Such a huge
compression is inconsistent with rotating or orientationally disordered fullerenes. This
controversy is resolved by merohedral disorder [14] of fullerenes (Figure 1b). In the two
orientations all nearest neighbor fullerenes are facing each other with hexagons and the smallest
spatial extent of the cage along the cubic lattice directions results in a triply flattened effective
molecular shape and brings the lattice parameter in agreement with the experimental value. (This
is exactly the opposite of the also icosahedral Ceo, where merohedral disorder makes the 66
bonds protuberate at the cubic lattice directions.) A 3D checkered array of fullerenes in
alternating standard orientations is excluded by the absence of superreflections from the XRPD

data (Figure S6). Both the 4-fold disorder of the mesitylene dimers on the 8 faces of the

octahedron and the 2-fold merohedral disorder of fullerenes are consistent with the Pm3m space
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group symmetry, there is no indication of lowering to P43m. Despite its larger average size,
ScsN@Cso*(CoHi2)2 (4) is also an ideal host-guest system. The hexagon-to-hexagon contacts of
the fullerenes stabilize the cubic structure of the host framework, while the mesitylene dimers of
slightly increased intermolecular distances fully occupy the voids of the framework. This
partially ordered stationary structure forecasts an orientational phase transition above room
temperature, if no decomposition takes place before.

The ideal host-guest character of C70°(CoHi2)2 (3) and ScsN@Cso*(CoHi2)2 (4) cocrystals is
also indicated by their space filling ratios (Figure 3b). Both values are around the maximal 0.85
value reached at the crossover with the recognition-controlled regime. For comparison, this is far
the largest of 0.52 (1 /6) for the PC fullerene sublattice, 0.74 for the FCC fullerene sublattice and
0.80 for the FCC fullerene-cubane structures, indicating that these are the most compact
structures.

Large deviation of the experimental and the optimized lattice parameter and space filling ratios
from the values predicted by the geometrical model is a sign of a strongly strained structure that
requires high cohesion energy. In the case of mesitylene cocrytals this properly indicated the
non-existence of PC cocrystals of Ceo*(CoH12)2 and excluded the complete orientational disorder
in ScaN@Csgo*(CoH12)2 (4).

It is instructive to compare our results with the Hirshfeld surface analysis [33, 34] widely
applied in the field of crystal engineering. In the latter method, some quantity, typically the dnhorm
values characterizing local interactions are plotted on a molecular surface representing the
boundary of a molecule in a structure (Figure 4). Negative and positive values — commonly
shown in red and blue colors [40] — indicate repulsion and attraction, respectively. This

representation spectacularly shows the local contribution of the atom pairs to the total interaction
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of the molecule with its neighbors; however, it does not provide quantitative information on the
overall supramolecular interaction. We can equally see repulsion and attraction in the fullerene—
fullerene, the fullerene—cubane/mesitylene and in the mesitylene—mesitylene interaction regions
of the Hirshfeld surfaces of ScsN@Csgo*CsHs (2) (Figure 4a) and ScsN@Csgo*(CoHi12)2 (4) (Figure
4b). However, we cannot estimate the direction or the magnitude of the overall intermolecular
interactions (repulsion vs. attraction) and how they balance each-other in the complete structure.
We cannot derive the value of the lattice parameter and decide which molecule pairs dominate in
defining the size of the lattice. On the other hand, in the course of our calculations we evaluate
the fractional contributions to the total interaction energy (at molecular level) and this makes
possible to separate sublattice interactions. This sheds light on how the supramolecular pair
interactions ultimately control the stability and lattice parameter of the complete structure and
clearly identifies the cocrystal as being in the host-guest or the recognition-controlled regime.

In conclusion, we have systematically analyzed the supramolecular interactions in several
high-symmetry members of two fullerene cocrystal families and provided a consistent model that
explains the size dependence of the structural parameters and stability. To complete the family,
we prepared and characterized new high symmetry cocrystals of an endohedral trimetallic nitride
derivative of Cgo, the B1 type ScaN@Cso*CsHg (2), and the B2 type ScsN@Cso*(CoHi2)2 (4). The
cubic structure of the cubane cocrystal is stabilized by the effective shape recognition at all 3
fullerene sizes. In the mesitylene cocrystals unstable PC frameworks are stabilized by the dimers
of mesitylene. The smaller-than-expected unit cell of the largest fullerene cocrystal is explained
with the hexagon-hexagon contacts of merhohedrally disordered fullerenes. The calculated
supramolecular interactions exclude the possibility of a corresponding cubic cocrystal of Ceo,

that is confirmed by the successful preparation of hexagonal cocrystals with entirely different
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packing and composition of (Ceo)2°CoHi2 (5). The approach of sublattice optimization can be
applied to any cocrystals of rigid constituents, even at lower hexagonal, tetragonal or
orthorhombic symmetry, to reveal how the fractional contributions of supramolecular
interactions contribute to the stability of a cocrystal. This know-how is also beneficial at
assessing the existence of hypothetic cocrystals in crystal structure engineering for specific

applications.
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Table 1. Space group, experimental and calculated lattice parameters of all discussed fullerene-

based crystals. The 5 materials indicated with bold numbers have been prepared and

experimentally characterized in this work, (2), (4) and (5) is reported for the first time. Cohesion

energy calculations and structure optimizations have been performed for all materials. For

mesitylene systems 2 calculated lattice parameters are shown for rotating and merohedrally

disordered fullerenes. Underlines indicate the real orientational state. Starting temperatures of

thermal decomposition are also listed.

Composition Coo Cro SesN@Cso
Fm3m Fm3m Fm3m (1)
Pristine Fullerene  aeq, = 14.15 A dexp = 15.01 A dexp = 15.61 A

Acalc — 14.1414 A

Acalc — 15.0184 A

Acalc — 15.6498 A

= = Fm3m (2)
Fullerene : Cubane £ /3™ Fm3m aexp = 15.87 A
1:1 aexp: 14.74A A aexp: 15.38A A Qeale = 15.8905A
Acalc — 147539 Acalc — 154010 stab]e up to 200 OC
- P43m (3)  Pm3m 4)
Pm3m dexp = 10.59 A dexp = 10.90 A

Fullerene : Mesitylene
1:2

dexp : - (hypothetic)
Acale,rot = 10.1540 A
Acalc,mero — 10.1381 A

acalc,rot = 10.5820 A
Acalc,mero — 10.6199 A
stable up to 140 °C

calc,rot — 10.9635 A
dcalc,mero — 10.8960 A
stable up to 100 °C

Fullerene : Mesitylene
2:1

P63/m (5)
aexp = 23.77 A,
Cexp=10.19 A

stable up to 150 °C

not isolated, but exists
at 200°C as intemediate

decomposition product
of (3)

not isolated, but exists
at 180°C as intemediate

decomposition product
of (4)
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Figure 1. Space fill view of the (a) FCC Sc3sN@Cso*CsHs (2) and the (b) PC ScsN@Csgo*(CoHi2)2
(4) cocrystals. (a) The orientationally disordered fullerenes are shown in random orientations.
The average spherical electron density complies with the highest cubic symmetry. (b) Two
standard orientations of the fullerene units are superimposed, representing the merohedral

disorder. Mesitylene dimers form octahedra with the common C3 axes oriented randomly along

20



the four (111) directions of the lattice, creating an average octahedral electron density. Thus,

both constituents comply with the cubic symmetry.

21



Fullerene - Cubane (FCC)

recognition control host-guest
a .
;S-: 17
(0]
16
&
£
® 151
4]
o
8 14
= L
@
13
0]l sublattice, V2d
s Full. & Cub., d4¢
O experimental
b *  calculated
simple solids
085
=
o)}
=
= 08f
@
Q
©
=%
7]
0.75
CGD CTO @CSO
95 10 10.5 1" 11.5 12

Effective fullerene diameter, d (A)

Figure 2. Lattice parameter (a) and space filling (b) of the FCC fullerene-cubane cocrystals as a
function of the effective diameter of the fullerenes. The lines correspond to the geometrical
model (the 3™ line is out of range), while points are the experimental and calculated values as
explained in the discussion. Bold numbers refer to numbering of compounds. All cocrystals are

in the recognition-controlled regime.
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Figure 3. Lattice parameter (a) and space filling (b) of the PC fullerene-mesitylene cocrystals as
a function of the effective diameter of the fullerenes. The lines correspond to the geometrical
model, while points are the experimental and calculated values as explained in the discussion.
Bold numbers refer to numbering of compounds. The existing cocrystals are in the fullerene host
— mesitylene dimer guest regime. The geometrical model obviously cannot account for
merohedral disorder of fullerenes and non-rigid nature of the mesitylene dimers, explaining the

large deviation of the points from the solid line.
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Figure 4. dnom values plotted on Hirshfeld surfaces of (a) FCC ScsN@Cso*CsHsg (2) and (b) PC
ScsN@Csgo*(CoHi2)2 (4). The boxes indicate the unit cell. F-F, F-C, C-F and F-F, F-M, M-F, M-
M annotations refer to interaction regions of the fullerene, cubane and the dimers of mesitylene.
Local repulsion and attraction are equally visible in all supramolecular interaction regions; their

resultant can be derived from the sublattice optimization within our approach.
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