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Abstract 

We demonstrate that solvates of fullerene C60 form very predictable structures with finely 

tunable properties through the choice of the second component or solvent. Cubic co-crystals 

of C60·12CCl2Br2 and C60·12CBr2(CH3)2 were grown at room temperature in saturated 

solutions of fcc C60 and the respective solvents (with C2v molecular symmetry) They are 

unstable in air and transform spontaneously into the hexagonal co-crystals C60·2CCl2Br2 or 

C60·2CBr2(CH3)2. Whereas, the cubic co-crystals have positive excess volumes (+2% and 

+5%, respectively), the stable hexagonal crystals, for which structures are given for the first 

time, possess negative excess volumes (-5% and -4.3%, respectively). The unit-cell volumes 

for both cubic and hexagonal co-crystals depend exclusively on the van-der-Waals volumes of 

the constituents and this correlation has been confirmed using previously published data.  
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1. Introduction 

The face-centered cubic (fcc) structure of fullerene C60 has a unique closed-cage 

structure and often forms solvates by incorporating solvent molecules into a host structure 

governed by C60. Production, purification, and also functionalization of fullerenes involve 

their dissolution in solvents with simple molecular structures. The formation of solvates may 

interfere with these processes, because they have the tendency to reach saturation at lower 

concentrations than fcc C60. Solvates commonly exhibit incongruent melting giving rise to fcc 

C60 and its saturated solution. Only above the incongruent melting temperature does the 

saturated solution reflect the solubility of fcc C60, whereas below this temperature the 

solubility of its solvate will be obtained [1-7].That these fundamental phenomena [8-12]. are 

linked to practical issues is demonstrated by one of the most typical fullerene derivatives used 

in photovoltaic cells, [6,6]-phenyl C61 butyric acid methyl ester (PCBM), an electron-

acceptor fullerene derivative, for which the solar cell efficiency strongly depends on the 

difference in molecular packing with toluene, chlorobenzene, or dichlorobenzene [13,14]. It is 

therefore obvious that the stability and composition of fullerene solvates have been the focus 

of a large number of studies [15-21]. 

A large number of fullerene solvates containing aromatic solvents has been studied, 

see for example the review of Korobovet al. [18]. This compilation reveals that solvate 

structures are “typical van-der-Waals complexes”, with small negative excess volumes and 

high packing coefficients (between 0.72 and 0.78). In C60 solvates containing tetrahedral 

molecules with stoichiometry 1:2, such as C60·2YCCl3 (Y = H, CH3, Br, Cl) and C60·2HCBr3, 

previous results have demonstrated that the van-der-Waals volume of the solvent molecules 

has a proportional relationship with the unit-cell volume of the solvates. However, the 

external atoms on highly symmetrical solvent molecules appear to be less important, at least 

within the considered temperature ranges [22]. For example, solvates containing the solvent 

molecules chloroform, HCCl3, and bromoform, HCBr3, with molecular symmetry C3v possess 

a hexagonal crystal symmetry (space-group P6/mmm) in which the C60 and the haloform 

molecules are stacked in alternating layers (the [001] hexagonal planes) [23]. For solvates 

containing the solvent molecules (CH3)CCl3 and BrCCl3 with the same C3v symmetry or CCl4 

with the higher molecular symmetry Td, similar results were found for the solvate’s crystal 

symmetry and for its crystal lattice anisotropy [24-28]. 

The packing in the two groups of solvates is determined by different weak 

intermolecular interactions, however, induced polarization of C60 may play a more important 
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role in the solvates C60·2HCCl3 and C60·2HCBr3 [23,29] than in solvates containing 

(CH3)CCl3, BrCCl3, and CCl4 due to the lower dipole moment of these solvent molecules, 

which in addition show a noticeable lower packing coefficient [22,24,25] than C60·2HCCl3 

and C60·2HCBr3
 [23,29] solvates. Because of the low number of solvates studied so far, the 

overall trends remain tentative and more data on the physical properties of other C60 solvates 

related to lattice symmetry and packing will be necessary to improve our understanding of 

these systems. 

In this work solvates of C60 with two brominated polar solvents CBr2(CH3)2 and 

CBr2Cl2 are described. The aim is two-fold. Firstly, it is well known that C60 forms stable co-

crystals with bromoform (HCBr3) that possesses considerable orientational disorder in the co-

crystals. Thus, comparison with different brominated polar solvents can shed light onto the 

stability and other properties of these solvates. Secondly, the crystallographic packing and the 

crystal anisotropy of the solvates will be explained on the basis of the van-der-Waals volume 

of the constituents and a general relationship will be proposed. 

 

2. Experimental Section 

Fullerene C60 was purchased from TermUSA (purity > 99.98%). 2,2-dibromo-propane 

(CBr2(CH3)2) was purchased from Aldrich with a purity of 95% and was fractionally distilled. 

The purified compound showed a melting temperature (255.0 K) in agreement with the 

literature [30]. Dibromo-dichloro-methane(CBr2Cl2) was purchased from Across with a purity 

of 98% and was used without further purification.  

Solvates were prepared at room temperature by mixing fcc C60 crystals and 

CBr2(CH3)2 or CBr2Cl2 solvents in screw-cap tubes. The heterogeneous mixtures were stored 

for several months in the absence of light and they were periodically monitored by optical 

microscopy. After about 2 weeks, the fcc C60 crystals started disappearing and new crystals 

with a different morphology appeared, which has been confirmed by scanning electron 

microscopy (SEM, a JEOL-7100F, scanning voltage20 kV).  

Differential scanning calorimetry (DSC) experiments were performed on a Q100 

analyzer from TA Instruments (New Castle, DE, USA) with masses from 10 to 50 mg and 

heating rates from 0.2 up to 2 K min−1 were used. The measurements were carried out on 

samples in hermetically sealed high-pressure stainless steel pans from Perkin–Elmer to resist 

the vapor pressures of the solvents. 



 5 

Thermogravimetry (TG) experiments were conducted at a 2 K min-1 rate under a 

nitrogen flow with a Q50 thermobalance from TA Instruments (New Castle, DE, USA). The 

initial sample masses ranged between 2 and 10 mg. 

High-resolution X-ray powder diffraction data were recorded by a horizontally 

mounted INEL cylindrical position-sensitive detector (CPS-120) using Debye-Scherrer 

geometry (angular step ca. 0.029o-2θ over a 2θ-range from 2 to 115o) and monochromatic Cu 

Kα1 (λ =1.5406 Å) radiation (40 kV and 25 mA). The system was equipped with a liquid 

nitrogen 700 series Cryostream Cooler from Oxford Cryosystems possessing an accuracy of 

0.1 K. Samples were placed into 0.5-mm-diameter Lindemann capillaries, which were 

rotating around their axes during data collection to reduce the effects of preferential 

orientation. The 4096 detector channels were converted to 2θ degrees through a calibration by 

cubic spline fitting of the diffraction pattern ofthe cubic phase of Na2Ca2Al2F4. The peak 

positions were determined after pseudo-Voigt fitting of the peaks. Lattice parameters were 

determined using DICVOL [31] and refined with the FullProf Suite [32] using the LeBail 

method [33], which does not require any structural model. 

The Rietveld analysis of the two hexagonal co-crystals have been analyzed using the 

FullProf Suite [32]. The C60 molecule on Wyckoff site 1a of space group P6/mmm has been 

modeled with spherical harmonics describing a homogeneous distribution of 60 C-atoms 

positioned on a sphere with a radius of 3.59 Å. The CCl2Br2 molecule has been described as a 

rigid body with the C-atom at the center of the molecule, two Cl-atoms at a distance of 1.77 Å 

and two Br-atoms at a distance of 1.93 Å. For simplicity the angle between the ligands has 

been set to that of a perfect tetrahedron. The variable structural parameters within the Rietveld 

refinement process were the lattice constants, the position of the CCl2Br2 molecule and its 

orientation. An overall isotropic temperature factor has been refined for all involved atoms 

and the background has been described by a linear interpolation. No symmetry constraint has 

been assumed for the position of the molecule (Wyckoff site 24r). 

 

3. Results 

3.1. The binary system C60-CBr2Cl2. Cubic crystals of the solvate C60-CBr2Cl2 immediately 

after removal from the mother liquor can be seen in Fig. 1A. 
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Fig. 1. Scanning electron microscopy photographs of crystals formed by the C60-CBr2Cl2 

system: (A) Cubic crystals of C60·12CBr2Cl2 directly obtained from the mother liquor, (B) 

Enlargement of the center of Fig. (A), showing intercalated twinning of the fluorite type with 

two cubes rotated about [111] [35,36]. 

 

Because the cubic co-crystal is not stable in open air, mixtures of the crystals in their 

mother liquor were placed in stainless steel high-pressure pans for differential scanning 

calorimetry (DSC) studies. The resulting DSC curve can be seen in Fig. 2B. The endothermic 

peaks p1 and p2 correspond to transitions of crystalline CBr2Cl2: the monoclinic (C2/c) to fcc 

transition followed by melting of the fcc phase [37]. The onset temperatures are virtually the 

same as those of pure CBr2Cl2; hence, the transitions correspond to degenerated invariant 

equilibria in the C60-CBr2Cl2 binary system. Peaks p3 and p4 in Fig. 2B reflect the peritectic 

invariants (L+C60·12CBr2Cl2+ C60·2CBr2Cl2) and (L+C60·2CBr2Cl2+C60), respectively. For 

verification, X-ray diffraction of cubic crystals with mother liquor in a closed capillary was 

carried out as a function of temperature. The diffraction patterns confirm the characterization 

of the different invariants observed in the DSC measurements (see Fig. 2B).  
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Fig. 2. (A) Thermogravimetric (open circles) and DSC (line) curves for the cubic solvate of 

C60·12CBr2Cl2 in an open pan after the mother liquor had evaporated. (B) DSC curve for the 

cubic crystals in a closed pan demonstrating the monoclinic to fcc transition of CBr2Cl2 (p1), 

melting of CBr2Cl2 (p2) and the peritectic invariants C60·12CBr2Cl2 + C60·2CBr2Cl2 + liquid 

(p3) and C60·2CBr2Cl2 + liquid+C60 (p4). (C) CBr2Cl2 – C60 phase diagram. S1 and S2 are the 

respective co-crystals C60·12CBr2Cl2 and C60·2CBr2Cl2. Inset: Tammann diagram for the 

C60·12CBr2Cl2 + C60·2CBr2Cl2 + liquid peritectic equilibrium. 

 

Mixtures of cubic crystals in mother liquor were introduced in pierced pans and 

maintained isothermally at 303 K within the thermogravimetric analyzer to determine the 

stoichiometry of the solvate. Immediately after the mother liquor had evaporated, the sample 

was heated to 525 K with a heating rate of 2 K·min-1. The measured mass loss is presented in 

Fig. 3A and it exhibits two steps over an extensive temperature interval. The final mass loss is 

about 78%, very near the expected value of 80% for the desolvation process C60·12CBr2Cl2 

(solid) → C60 (solid) + 12 CBr2Cl2 (vapor). As for the first step, the mass loss of 68% agrees 

very well with the transformation from C60·12CBr2Cl2 (solid) → C60·2CBr2Cl2 (solid) + 10 

CBr2Cl2 (vapor), i.e., the transformation from cubic to hexagonal co-crystals, with an 

expected mass loss of 67%. 

DSC measurements in pierced pans (Fig. 2A) provide the enthalpy change related to 

the desolvation process. The complete desolvation enthalpy of the cubic co-crystals, peaks a 

and b together, equals 124-148 joule per gram of C60·12CBr2Cl2 (38-45 kJ/mol of solvent). 

As for the desolvation of the C60·2CBr2Cl2 hexagonal solvate (peak b in Fig. 2A), the 

desolvation enthalpy is found to be 36-49 joule per gram of solvate (i.e., 22-29 kJ/mol of 

solvent). Using the experimental stoichiometries and the DSC thermal events, a binary phase 

diagram of C60 and CBr2Cl2 can be constructed (Fig. 2C) with the two co-crystals at mole 
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fractions X=1/13 (C60·12CBr2Cl2) and X=1/3 (C60·2CBr2Cl2), which, as determined above, 

possess fcc and hexagonal symmetries, respectively. The enthalpy of the peritectic invariant 

C60·12CBr2Cl2 + C60·2CBr2Cl2 + liquid was determined by DSC observing samples with 

compositions between X=0 (CBr2Cl2) and X=1/13 (∼0.08, i.e. the C60·12CBr2Cl2 co-crystal 

composition). The enthalpy associated with the peritectic transition at T=382.4 K was found 

to be 17 joule per gram of cubic co-crystal (see inset of Fig. 2C). 

To obtain structural information on these co-crystals, while avoiding loss of solvent 

molecules, a Lindeman capillary was filled with crystals in the mother liquor for X-ray 

measurements at room temperature. Diffraction patterns (Fig. 3A) were indexed using 

DICVOL [31] and a cubic unit cell, presumably Fm 3m (a=27.884(5) Å, V/Z=2710.1(8) Å3 

and Z=8), was found. While the solvent evaporated slowly, hexagonal crystals appeared and 

the X-ray pattern demonstrated the presence of a new crystal structure (Fig. 3A). After 

complete evaporation of the solvent, Bragg reflections of the cubic co-crystal have 

disappeared and they have been replaced by those corresponding to a hexagonal symmetry in 

line with what is commonly found for solvates of related solvents [22,24,27,34,38]. After 

pattern indexing and refinement (Fig. 3A), lattice parameters were found to be a =10.1101(8) 

Å, c= 11.022(9) Å with V=982.7(1) Å3. 
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Fig. 3. (A) Experimental (points) and calculated (lines) diffraction patterns along with the 

calculated Bragg peak positions (vertical bars) for the cubic C60·12CBr2Cl2 (red) in the 

mother liquor and for the hexagonal C60·2CBr2Cl2 (blue) solvate. For C60·2CBr2Cl2 the 
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calculated pattern is the result of a Rietveld refinement (the residuals are plotted between the 

diffraction pattern and the Bragg peak positions), whereas for C60·12CBr2Cl2 the calculated 

pattern has been obtained by the LeBail [33] method (see text). The gray pattern in the center 

is an intermediate pattern between cubic and hexagonal co-crystals while the mother liquor is 

evaporating. (B) Patterns as a function of temperature from cubic solvate in an excess of 

mother liquor in a sealed capillary. The range between 45 and 115o is not shown due to the 

absence of Bragg peaks with significant intensity. However, the Rietveld refinement included 

and reproduced the complete pattern. 
 

3.2. The binary system C60-CBr2(CH3)2. Cubic crystals were grown at room temperature 

from a heterogeneous mixture of fcc C60 in CBr2(CH3)2 in screw-cap flasks, protected from 

light in the timespan of several weeks. SEM photographs of the crystals are presented in Fig. 

4. For X-ray diffraction studies, the crystals were placed in a Lindemann capillary with the 

mother liquor, because the solvates degraded rapidly when exposed to air. The X-ray pattern 

(Fig. 5) was indexed using DICVOL resulting in an fcc system and a lattice parameter of 

a=28.282(3) Å, which, assuming Z=8, gives rise to a lattice volume per molecular unit of 

V/Z=2827.7 Å3. 
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Fig. 4. Scanning electron microscopy photographs of crystals formed by the C60-CBr2(CH3)2 

system: (A) Cubic C60·12CBr2(CH3)2 co-crystals (B) Small hexagonal C60·2CBr2(CH3)2 co-

crystals grown by heating the cubic co-crystals. (C) Detail of photograph B showing the 

hexagonal plates of C60·2CBr2(CH3)2. 
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Fig. 5. Experimental (points) and calculated (lines) diffraction patterns along with the 

calculated Bragg peak positions (vertical bars) for the cubic C60·12CBr2(CH3)2 (red) and for 

the hexagonal C60·2CBr2(CH3)2 (blue) co-crystals. For C60·12CBr2(CH3)2, the calculated 

pattern is obtained through the LeBail method (see text), whereas for C60·2CBr2(CH3)2,the 

calculated pattern is the result of a Rietveld refinement containing 2.9 % of fcc C60 (see text) 

indicated by the longer blue vertical bars among the Bragg peak positions. The residuals 

between calculated and experimental patterns are plotted between the patterns and the Bragg 

peak positions. The range between 45 and 115o is not shown due to the absence of Bragg 

peaks with significant intensity, however, the Rietveld refinement included and reproduced 

the entire 2θ range. 

 

The stoichiometry of the cubic co-crystals was determined by measuring the mass loss 

as a function of time of the crystals in their mother liquor at 303 K. It can be seen in Fig. 6 

that first the mother liquor evaporates followed by the desolvation of the cubic co-crystals. 

The mass loss of the latter process equals 81% counting from point ‘a’ as indicated in Fig. 6, 

at which point the mother liquor had fully evaporated. The observed percentage corresponds 

closely to a 1:12 (C60: CBr2(CH3)2) stoichiometry, which is equal to 77%. 
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Fig. 6. Isothermal evaporation at 303 K of a sample consisting of cubic co-crystals and 

mother liquor. The initial segment up to point a corresponds to the evaporation of the mother 

liquor at a rate of 0.072 mg·min-1. For t>ta, spontaneous desolvation of the cubic co-crystals 

occurs. Inset: Close-up of the graph starting at point ‘a’, the initial mass of the cubic co-

crystals. The mass loss is expressed in % of the initial mass of the co-crystals at ta. 

 

          DSC measurements of the cubic crystals together with the mother liquor result in two 

endothermic peaks (Fig. 7A) corresponding to the degenerate solid-solid phase transition 

(214.7 K) and fusion (255.0 K) of pure CBr2(CH3)2 (peaks p1 and p2, respectively) and an 

additional endothermic peak at 338.2 K (p3). To investigate which transition was associated 

to the latter endothermic peak, X-ray diffraction measurements were carried out of crystals in 

mother liquor in a closed capillary. Fig. 7B reveals that the cubic solvate transforms to 

crystals with a different symmetry at around 338 K and that at approximately 343 K the latter 

crystals desolvate and become fcc C60. It is clear that the peritectic equilibrium involving the 

three phases: cubic co-crystal, a new co-crystal, and the liquid, is very close in temperature to 

the next peritectic equilibrium between the new co-crystal, fcc C60, and the liquid. To identify 

the symmetry of the new crystals, several mixtures were heated to about 338 K and then 

cooled to room temperature. The resulting crystals were examined by SEM and 

pseudomorphs of the cubic co-crystals partly transformed into hexagonal-shaped plates were 

observed (see Fig. 4). 

Some hexagonal-shaped crystals were subjected to TG, DSC, and X-ray analyses. Fig. 8, 

presenting the TG and DSC measurements, demonstrates that desolvation of the hexagonal 

crystals starts around 340 K and accounts for a mass loss of 32%, close to the expected 35.9% 
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for a 1:2 stoichiometry of C60·2CBr2(CH3)2. The desolvation enthalpy is found to be 60.5 

joule per gram of solvate, i.e. 168 joule per gram of solvent (or 34 kJ/mol of solvent). 

The X-ray pattern (Fig. 5) was indexed and a hexagonal unit cell was found with 

lattice parameters a= 10.072(2) Å and c= 11.333(3) Å, which assuming Z=1 results in 

V/Z=995.6 Å3. The pattern also contains a few Bragg peaks corresponding to fcc C60, most 

likely due to the proximity of the peritectic equilibrium C60·2CBr2(CH3)2 + C60 + liquid. The 

presence of fcc C60 may also explain the difference between the experimental (32%) and the 

theoretical (35.9%) mass loss. 
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Fig. 7. (A) DSC curve obtained in a sealed pan of cubic solvate of C60·12CBr2(CH3)2 in the 

presence of mother liquor. The solid-solid transition (p1) and melting (p2) of CBr2(CH3)2 can 

be observed as well as a peak consisting of the convoluted peritectic invariants 

C60·12CBr2(CH3)2 + C60·2CBr2(CH3)2 + liquid and C60·2CBr2(CH3)2 + liquid + C60 (p3). (B) 

X-ray diffraction patterns of the cubic solvate in mother liquor in a closed capillary as a 

function of temperature, 293 K: cubic solvate (C60·12CBr2(CH3)2) + liquid (mother liquor); 

338 K: cubic solvate (C60·12CBr2(CH3)2) and hexagonal solvate (C60·2CBr2(CH3)2) + liquid; 

343 K: hexagonal solvate (C60·2CBr2(CH3)2) and fcc C60 + liquid; 373 K: fcc C60 + liquid. 

The pattern on top is that of fcc C60 and is provided for reference. 
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Fig. 8. TG and DSC desolvation measurements of the hexagonal solvate C60·2CBr2(CH3)2.  

 

3.3. Structural characterization of the hexagonal solvates 

Because the cell metrics are very similar to those of chloroform solvates of fullerenes 

[39] the starting positions of the C60 and the guest molecules for the refinement process have 

been chosen accordingly. However, different starting orientations of the guest molecules have 

been tested in order to avoid convergence in a local minimum. The result of the refinement 

(Fig. 3 for X-ray patterns and Fig. 9 for the structure) demonstrates that the CCl2Br2 molecule 

is situated approximately at the prismatic hexagonal void with the refined position of 

[0.377(4), 0.689(4), 0.507(4)] (Note that the position of the guest molecule refers to the 

position of the central C atom). The distance to the position (1/3, 2/3, 1/2) is 0.5 Å, which 

may be due to the fact that the center of mass of the molecule does not coincide with the 

central C-atom. The refined angles do not reveal any special orientation of the molecule with 

respect to the high symmetry directions of the unit cell resulting in a rather spherical 

distribution of the Br- and Cl-atoms, when dynamic disorder is taken into account. The 

starting orientation did not have an influence on the result of the Rietveld refinement, i.e. the 

final orientations were always symmetry equivalent which corroborates the validity of our 

result. The refined lattice constants are a=10.09(1) Å and c=11.10(1) Å. The agreement 

factors are R=14.9 and χ2=1.55. Very similar results have been obtained for the CBr2(CH3)2 

solvate. This molecule too was simplified to a perfect tetrahedron with bond lengths C-

Br=1.95 Å and C-C=1.53 Å taken from reference [41]. Because of their low X-ray contrast, 

the H-atoms of the methyl groups have been neglected in the description of the rigid body 
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molecule. The position of the central C-atom was refined to [0.358(4), 0.633(2), 0.519(2)] 

being at a distance of 0.47 Å from the prismatic hexagonal void. The lattice parameters are 

a=10.07(1) Å and c=11.40(1) Å (R=11.3, χ2=1.82). The fcc C60 phase is present in the 

solvates, as demonstrated by a some weak peaks in the diffraction pattern (see Fig. 5). The 

Rietveld refinement yields a volume fraction of less than 2.9(2)%. 

 

 

 
Fig. 9. Structure of the C60·2 CCl2Br2 hexagonal solvate along [001] (left) and [110] (right) 

directions. The orientational disorder of the CCl2Br2 molecules at the prismatic positions is 

highlighted by several compatible orientations in grey. 

 

4. Discussion 

The excess volume of a crystal is defined by ∆V/V=[(V/Z)exp-(V/Z)cal]/(V/Z)cal, where 

(V/Z)exp and (V/Z)cal are the experimental and calculated volumes of the crystal lattice per 

molecular unit. The excess values of the cubic and hexagonal solvates have been calculated 

using the molecular volumes from the literature for C60 (VC60=710Å3/molecule), 

CBr2Cl2(VCBr2Cl2=162.03Å3/molecule) for the high-temperature fcc phase [41] and 

CBr2(CH3)2 (VCBr2(CH3)2 = 165.2 Å3/molecule) according to the available density values [30]. 

The excess volumes for the cubic solvates, which are not stable in air, were found to be 

positive: C60·12CBr2Cl2 has a ∆V/V of +2% and C60·12CBr2(CH3)2 has an excess volume of 

+5% similar to the positive excess volumes of cubic C60 solvates reported in previous studies 

[24,25,26,28].  Negative values were found for the hexagonal solvates, that appear to be more 

stable in air: the ∆V/V of C60·2CBr2Cl2 equals -5% and that of C60·2CBr2(CH3)2 is -4.3%. 

Fig. 10A shows the volume per molecular unit (Z’) in the hexagonal solvates as a 

function of the van-der-Waals volume of the solvent molecules calculated with 

Kitagorodskii’s approach [41]. The linear trend demonstrates that the lattice volume of 
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hexagonal solvates is governed by molecular size, the larger the guest molecule, the larger is 

the unit cell of the co-crystal. The result is independent of the dipole moment of the guest 

molecule as can be inferred from the fact that they range from 0.2 D (for CBr2Cl2 and CBrCl3) 

to 2.11 D (for CCl3(CH3)) [37.42,43]. The inset of Fig. 10A demonstrates that the same seems 

to be true for the reduced number of cubic solvates obtained in this work as well as reported 

previously in the literature [22]. They all correspond to the stoichiometry 1:12 for the 

C60/solvent ratio. 

Intermolecular interactions can also be related to the packing coefficient κ = 

Vvdw/(V/Z), which is defined as the ratio between the sum of the van-der-Waals molecular 

volumes of the individual molecules, Vvdw, and the unit-cell volume V divided by Z, the 

number of molecular entities in the unit cell. Hence the van-der-Waals volume for the C60 

solvates is: Vvdw=aVvdw(solvent)+Vvdw(C60), where ‘a’ is 12 or 2. The resulting packing 

coefficients have been plotted in Fig. 10B as a function of the van-der-Waals volumes of the 

single solvent molecules. For the hexagonal solvates, two different trends are observed. For 

solvates containing solvent molecules with C3v (CCl3Br, CCl3(CH3)), C2v (CBr2Cl2 or 

CBr2(CH3)2) and higher symmetry (as CCl4 with Td symmetry), but without an H-atom bound 

to the central carbon, the packing coefficients increase linearly. However, they are much 

lower than packing coefficients of solvates possessing an H-atom attached to the central 

carbon atom. It implies that the molecules CCl3H, CBr3H, and CBr2ClH fit better in the 

interstitial sites between the layers of C60 molecules in the a-b planes along the c axis. It has 

been shown previously [23] that the solvent molecules fill the prismatic hexagonal voids in 

the primitive hexagonal packing of the solvates (space group P6/mmm). It has been 

demonstrated that for the CCl3H and CBr3H molecules a three-fold disorder exists [23]. Thus, 

taking the molecules in Fig. 10B with a three-fold molecular symmetry axis CCl3H, CBr3H, 

and CBr2ClH (assuming disorder with respect to the halogen atoms) and an H-atom bonded to 

the central carbon atom, the more efficient packing can be explained by placing their three-

fold axis, i.e. the C-H bond, parallel to the c axis of the hexagonal unit cell. This is supported 

by the observed C60-C60 distances in the (00l) hexagonal planes. Fig. 11 depicts the hexagonal 

lattice parameters as a function of the van-der-Waals volume of single solvent molecules. A 

clear anisotropy of the hexagonal lattice exists for the [001] planes and (001) direction. The 

C60-C60 distances in the [001] planes, i.e. the a lattice parameter, are virtually constant 

irrespective of the solvent volume (the average hexagonal lattice parameter is 10.14±0.05 Å 

for all analyzed solvates), whereas the hexagonal lattice strongly increases along the c 

direction depending on the solvent; however, this effect is almost absent for the solvates with 
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the C-H three-fold symmetry axis (including CBr2ClH). Any increase in the lattice parameter 

a as a function of the van-der-Waals volume is most likely due to disorder around the C-H 

three-fold axis. For the other solvent molecules, the disorder appears to extend over all four 

positions, explaining the increase of the lattice parameter c with the solvent size. 
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Fig. 10. (A) Volume of the hexagonal solvate per molecular unit (Z’) and (B) packing 

coefficient as a function of the van-der-Waals volumes of a single solvent molecule. Insets: 

the same graphs for the cubic solvates, which are not stable in air. 
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Fig. 11. Hexagonal lattice parameters a (solid circles) and c (open circles) as a function of the 

van-der-Waals molecular volumes of the solvents.  
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5. Conclusions 

The solvates C60·2CBr2Cl2 and C60·2CBr2(CH3)2, stable in open air, possess a hexagonal 

structure (space group P6/mmm), as revealed by X-ray diffraction. The solvent molecules are 

positioned close to the prismatic hexagonal voids between the fullerene C60 molecules and 

they are orientationally disordered. The hexagonal solvates possess negative excess volumes 

(-5% and -4.3% for C60·2CBr2Cl2 and C60·2CBr2(CH3)2, respectively), whereas the cubic 

solvates, which are not stable in open air, have positive excess volumes (+2% and +5% for 

C60·12CBr2Cl2 and C60·12CBr2(CH3)2, respectively). The excess volumes correlate with the 

relative stabilities of the solvates.  

A comparison with previously reported C60 solvates reveals that the unit-cell volumes of the 

hexagonal solvates increase with the size of the guest molecule, which in first instance may 

appear rather straightforward. However, taking the molecular symmetry into account, it has 

been shown that for molecules with a three-fold symmetry axis around a C-H bond, the axis is 

found to be parallel to the c hexagonal axis, increasing the packing efficiency along this 

direction. Solvent molecules that lack the hydrogen atom attached to the central carbon atom 

exhibit disorder over all four atoms covalently bonded to the central atom, which explains the 

linear increase of the hexagonal c axis with solvent size. 
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