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ABSTRACT 

We present a full characterization of the orientationally disordered co-crystal of C60 with (1,1,2)-

trichloroethane (C2H3Cl3) by means of x-ray diffraction, Raman spectroscopy and broadband 

dielectric spectroscopy. Our results include the determination of molecular conformations, lattice 

structure, positional disorder, and molecular reorientational dynamics down to the microsecond 

timescale. We find that, while in the disordered solid phase of pure C2H3Cl3 the molecules exist 

only in the gauche conformation, both gauche and transoid conformers are present in the solvate, 
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where they occupy the largest interstitial cavities between the fullerenes species. The two 

C2H3Cl3 conformers exhibit separate, independent relaxations, both characterized by simply-

activated behavior. The relaxation of the transoid conformer, which has twice the dipole moment 

of the gauche isomer, is significantly slower than that of the latter, due to the high polarizability 

of C60 resulting in an electrostatic drag against the reorientations of the dipolar C2H3Cl3 species. 

The observation of two distinct, simply-activated relaxations freezing at distinct temperatures 

indicates that they are not truly many-body relaxations, which may be rationalized considering 

that the C2H3Cl3 molecules are separated by the relatively bulky C60 spacers.  
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Introduction 

Molecular solids can display complete translational and rotational order (molecular crystal), 

sometimes with the existence of distinct crystallographic phases (polymorphism), or complete 

rototranslational disorder (molecular glass). In between these two extremes, molecular solids 

also display phases with only partial disorder: for example, phases in which all molecules have 

the same or similar orientation but no translational order (liquid crystals), or phases in which the 

molecules’ average centers of mass occupy lattice positions while their orientations are 

disordered (orientationally disordered solids, a prominent example of which are plastic crystals). 

Last but not least, molecules possessing distinct isomers may be present in the same phase in 

different isomeric forms (conformationally disordered solids). Orientationally disordered (OD) 

phases exhibit many of the phenomenological features of glass formers, including a continuous 

slowing down of reorientational motions upon cooling which in some cases leads to the 

formation of an orientational glass in which all rotations are frozen.1,2,3 Contrary to structural 

glasses, which do not exhibit any long-range order, OD solids are characterized by a 

translationally ordered structure and can therefore be more thoroughly characterized with the 

help of methods that exploit the translational symmetry such as Bragg diffraction, lattice models, 

or solid-state NMR spectroscopy.4 OD phases are thus model systems for the experimental 

investigation of the glass transition, which is one of the unsolved fundamental problems of 

condensed matter science, and especially of the effect of translational invariance, anisotropy, and 

low-dimensionality on the glassy behavior.5,6 

OD solids are generally formed by small molecules such as methane7,8,9 or ethane 

derivatives,6,10,11,12 or by globular molecules such as adamantanes13,14 or fullerenes.15,16 

Research on OD phases has lead to important, in some instances unexpected, discoveries: for 
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example, studies on orientationally disordered fullerene (C60) films have highlighted that 

orientational melting and solid-solid transitions are fundamentally modified at the surface of an 

OD phase.17,18 Studies on solvents that display below their melting point either a supercooled 

liquid phase or an OD solid phase depending on the thermal treatment showed quite surprisingly 

that the glass transition is governed to a large extent by the freezing of the orientational degrees 

of freedom rather than translational ones.1,19,20,21,22 A recent study has shown that solid OD 

phases can also display features typical of liquids such as viscous drag against molecular 

diffusion, leading to the validity of the Stokes-Einstein and Walden relations.3,10 Also, it has 

been recently shown that the anisotropy of intermolecular interactions in OD solids can give rise 

to “bimodal” primary relaxations, with distinct cooperative molecular motions contributing to the 

primary dielectric loss.23,24 

Fullerite (solid C60) is a particularly simple and interesting example of OD phase. At room 

temperature, fullerite displays a so-called crystalline “rotator” phase in which the molecules spin 

as free rotors. Below 260 K the free-rotor motion is reduced to a merohedral ratcheting motion 

between two preferred orientations,15,16 which freezes out at the glass transition temperature of 

90 K.25,26 OD phases with free-rotor or merohedral disorder have been identified also in many 

C60 intercalation compounds, such as inorganic co-crystals like alkali fullerides,18,27 or molecular 

co-crystals of C60 with organic intercalants.28,29,30, 31  Binary C60 co-crystals are simple systems 

to study the effects on rotational degrees of freedom of heteromolecular interactions 

(specifically, between C60 and the organic intercalants).29,30,32,33,34,35 Solid-state NMR studies and 

molecular dynamics simulations on these systems showed that the C60 rotational motion is 

generally unhindered even when it is intercalated with guest molecules,36,37 a prominent example 

being the “rotor-stator” C60 solvate with cubane.29 
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While several studies focused on the molecular dynamics of C60 inside binary co-crystals, very 

few studies focused on the dynamics of the intercalant molecules, most of which limited to 

establishing the existence of dynamic disorder of the intercalants.30,36,38,39,40 Studies on the 

intercalant dynamics were performed on the C60 solvate with Fe(C5H5)2,37 and on the cubane 

solvate, where however the intercalant molecules have fixed orientations.41 Probing the 

dynamics of both host and guest molecules can shed light on possible correlations between the 

dynamics of different species, and thus help understand from an experimental perspective the 

dynamic interactions (steric, van der Waals, dipolar, etc.) taking place between different 

molecules. Such knowledge may have a direct relevance for organic and biological systems, 

where the different chemical species present generally display correlated dynamics.42,43,44 

In this contribution, we study the binary system consisting of the polar solvent (1,1,2)-

trichloroethane (C2H3Cl3) and the nonpolar Buckminster fullerene molecule (C60). This binary 

system is particularly interesting because both C60 and C2H3Cl3 display disordered solid 

phases,15,16,25,26,45 and together they form a stable solvate (fullerene solvates are translationally 

ordered compounds obtained by evaporation of C60 solutions in suitable solvents).32 We find that 

the C60:C2H3Cl3 solvate is a dynamically disordered crystal in which the ethane derivatives, 

which exist in two different conformations, are mainly surrounded by fullerene first neighbors. 

This results in two distinct reorientational relaxation processes (one for each conformer), both of 

which exhibit pronounced non-cooperative character due to the limited interactions between 

C2H3Cl3 molecules and the large polarizability of the C60 spacers.46,47,48 

Experimental Methods 

Sample preparation 
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Buckminsterfullerene C60 and (1,1,2)-trichloroethane (C2H3Cl3) were purchased from Aldrich 

with purities 99.5 % and 99 %, respectively. The C2H3Cl3 solvent was distilled twice at 385 K 

before use. The formation of the C60:C2H3Cl3 solvate was already reported in Ref. 32, in a study 

which also specified the symmetry of the solvate structure and the stability inside the mother 

liquor for prolonged periods of time. Briefly, dissolutions of C60 in C2H3Cl3 were allowed to 

evaporate in the dark at room temperature, yielding a powder composed of plate-like and needle-

shaped crystals. The sample was probed by thermogravimetry, calorimetry, powder and single-

crystal X-ray diffraction, Raman spectroscopy and broadband dielectric spectroscopy. Grinding 

and application of hydraulic pressure to the samples were avoided due to the tendency of the 

solvate to decompose under mechanical treatment,32 as observed also in other C60 solvates.49 

Thermogravimetry characterization of the solvate powder (not shown) shows a mass loss of 

about 15% upon desolvation, which is consistent with the 1:1 stoichiometry of the solvate. The 

phase behavior of the synthesized powder, as measured by calorimetry, was similar to that 

reported in Ref. 32. Thermal analyses carried out on the solvate polycrystalline powder indicate a 

desolvation temperature of 420 K, slightly lower than that of the solvate single crystal (440 K).32 

 Sample characterization 

High-resolution X-ray powder diffraction (XRPD) profiles were recorded with a vertically 

mounted INEL position-sensitive cylindrical detector (CPS120). Monochromatic Cu Kα1 

radiation was filtered with an asymmetric-focus curved quartz monochromator. The solvate 

powder was placed in a Lindemann capillary tube (0.5 mm diameter). The detector was used in 

the Debye-Scherrer geometry (transmission mode), yielding diffraction profiles over a 2θ range 

between 4° and 40° with an angular step of 0.029° (2θ). Analysis of the diffraction data was 

carried out using the Fullprof software by comparing the experimental data, including the single 
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crystal data published in Ref. 32, with different microscopic models for the molecular 

arrangements. The FullProf package offers the possibility to refine a single structure model on 

multiple data sets (such as a powder and a single-crystal data set) with relative weights. Instead, 

a structure analysis based exclusively on the single-crystal data (which included only 29 

reflections) was not possible due to the large number of refinement parameters. 

For dielectric measurements, the solvate powder was mechanically pressed between two 

stainless steel disks to obtain a pellet inside the parallel plate capacitor formed by the metal 

disks. The dielectric spectra were acquired in the frequency range from 10–2 to 106 Hz with a 

Novocontrol Alpha analyzer. Temperature control was achieved by nitrogen-gas flow, which 

allowed measuring in a temperature interval between 120 and 300 K with a temperature stability 

of 0.2 K. 

Raman Microscopy was employed to record spectra at room temperature in the wavenumber 

range between 50 cm–1 and 2500 cm–1 (at higher wavenumbers a fluorescence signal dominated 

the spectra). For this purpose, a LabRam HR 800 system with excitation laser wavelength of 532 

nm (green) was used. The Raman scattering spectra were measured with ten accumulations (with 

acquisition time of 30 s) and low laser power (0.05 mW) so as to avoid any photodecomposition. 

Pure C60 powder and liquid (1,1,2)-trichloroethane were also characterized for comparison. For 

the liquid only 5 accumulations were used each with acquisition time of 5 s, and the laser power 

was set to 5 mW. 

Results and Discussion 

XRD Patterns and Structural Modeling 

When co-crystallized with solvent or guest molecules, C60 forms a large variety of structures 

depending on the size of the solvent/guest molecules compared with that of the C60 species.28 In 
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the case of the C60:C2H3Cl3 solvate, a single-crystal study32 reported orthorhombic lattice metrics 

but with monoclinic symmetry of space group P21/n. The monoclinic symmetry departs from the 

orthorhombic symmetry of similar C60 solvates with 1:1 stoichiometric ratios, such as the ones 

with n-pentane, n-hexane or dichloroethane.34,35,50 The room-temperature powder XRD pattern 

of C60:C2H3Cl3 (Figure 1) is consistent with the monoclinic symmetry. A symmetry lower than 

orthorhombic could be due to an anisotropic orientational disorder of the ethane derivatives or 

result from the fact that the C2H3Cl3 molecules do not possess a mirror plane symmetry. To 

explore this issue, we modeled both powder and single-crystal diffraction patterns using different 

assumptions on the conformation, position and orientation of each molecular species. 
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Figure 1. Experimental X-ray powder diffraction patter of the C60:C2H3Cl3 solvate (red 

markers), together with its fit (superposed solid line) and the respective difference (lower solid 

line). Vertical bars indicate the refined angular Bragg peaks. 

The powder diffraction pattern and the single-crystal intensities were analyzed using a rigid-

body model for both the C60 and the C2H3Cl3 molecules. The data was also analyzed using 

symmetry-adapted spherical harmonics in order to mimic a possible orientational disorder of the 

C60 molecules, yielding similar results. This suggests that the C60 molecules might display 

dynamic orientational disorder, as found in several solvates.29,30,51 Refined parameters of the 

crystal structure were the lattice constants, the positions of the molecules, their orientation, the 

isotropic temperature factors and the occupation factors. The quite broad diffraction profiles 

could only be described by introducing positional and orientational disorder of the C60 moieties. 

The C60 positional disorder was simulated by considering two nonequivalent molecular positions 

in the unit cell, p1 and p2, and fixing the sum of the respective occupation factors to unity. 

The refinement of the powder data clearly reveals the positions of the C60 molecules and 

provides the lattice symmetry and parameters. The average lattice parameters deduced from the 

powder data are a = 10.1302(5) Å, b = 31.449(2) Å, c = 10.1749(5) Å, with a monoclinic angle 𝛽 

= 90.14(8)°. The matrix formed by the fullerene units can be described as the stacking, along the 

b crystallographic axis of C60 layers parallel to the ac plane with a square-like base of side equal 

to the closest inter-fullerene separation (∼10 Å). This is visible in Figure 2, where the refined 

structure of the C60:C2H3Cl3 solvate is depicted. The stacking order of the square-like planes is of 

the type AB-B’A’-AB. In units of the unit cell parameters, B is shifted by (x+½, –y+½, z+½) 

with respect to A, and B’ and A’ are shifted by (–x+½, y+½, –z+½) with respect to A and B, 

respectively, where the fractional coordinates x, y and z refer to the position (p1 or p2) of a C60 
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molecule within the A layer. The positions p1 and p2 of the centers of mass of the two 

nonequivalent fullerene molecules in the A layer are listed in Table 1. The positional disorder is 

mainly along the b axis, and leads to a significant overlap of p1 and p2 molecules in the unit cell. 

The positional disorder corresponds to a locally-varying separation (orthogonal distance) 

between the AB and B’A’ bilayers. It is worth pointing out that two nonequivalent C60 positions 

were also reported in the fullerene solvate with benzene (C60:4C6H6).52 We argue that the 

existence of different C60 sites is related to a static structural disorder associated with the 

relatively poor crystallinity of the powder, rather than to a dynamic translational disorder. 

 

Figure 2. Visualization of the refined crystal structure of the C60:C2H3Cl3 solvate. The cuboid 

represents the monoclinic unit cell. For clarity, only the averaged centers of mass of the C60 

molecules are shown, and some fullerenes are displayed with a transparency to better visualize 

the positions of the other molecules. Both transoid and gauche C2H3Cl3 conformers are present, 

and for each conformer both refined positions are shown, to emphasize the filling of the 

interstitial cavities between the C60 molecules (two C2H3Cl3 molecules occupy each cavity).  
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The excess electron density between the C60 species is attributed to the contribution of 

orientationally disordered C2H3Cl3 molecules. The C2H3Cl3 positions were refined by 

reproducing the extra diffraction intensity not accounted for by the contribution of the C60 

species. As visible in Fig. 2, relatively large interstitial cavities separate fullerene molecules 

along the direction parallel to the b axis. These interstitial sites are large enough to accommodate 

at least two ethane derivatives (instead, the C2H3Cl3 molecules are too big to fit in the octahedral 

cavities of pristine fullerite), and due to the symmetry of the crystallographic space group and the 

obtained positions of the C2H3Cl3 molecule, there are always two molecules within a cavity, 

connected by an inversion center. 

Two distinct positions and orientations of either two transoid, two gauche or one of each 

conformer were refined, restricting the total occupation to one molecule per formula unit. From 

the powder data alone it was not possible to deduce the distribution of the different conformers, 

because also populations of 100% transoid or 100% gauche conformers yielded comparable 

results (RF = 4.02). However, a correlated refinement between the powder and the single crystal 

data strongly favors the scenario with two conformers (the agreement factors of the correlated 

refinement are RF,p = 8.95 and RF,sc = 22.1, while the refinements using exclusively transoid or 

gauche diverged). The existence of both conformers is confirmed by the characterization by 

dielectric spectroscopy and Raman (see the next subsection). 

The obtained positions of both the transoid and gauche conformers are listed in Table 1. As 

visible in Figure 2, the stacking of fullerene planes along the b direction is interrupted by 

interstitial C2H3Cl3 molecules arranged in pairs; the translational disorder of the C60 molecules 

along the b axis is therefore related to the disordered arrangement of the (1,1,2)-trichloroethane 

molecules in the interstitial cavities. Inspection of the refined atomic positions indicates that the 
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ethane derivatives display a tendency to orient themselves with a C–halogen bond rotated 

towards the closest C60 neighbor, as reported for example also in the case of the C60 solvates with 

bromobenzene (C60:2C6H5Br) and with benzene and diiodomethane (C60:CH2I2:C6H6).53,54 Both 

the C60 and the C2H3Cl3 molecules occupy a single general 4e Wyckoff site, which in particular 

means that all the C2H3Cl3 molecules of the same conformation have the same crystallographic 

environment. The detailed structural data are available as CIF file as Supporting Information. 

Table 1. Molecular center-of-mass positions obtained by correlated refinement between powder 

and single-crystal diffraction data.* 

 C60 p1 C60 p2 C2H3Cl3 transoid C2H3Cl3 gauche 

x 0.218(4) 0.193(2) 0.90(3) 0.76(1) 

y 0.169(2) 0.122(2) 0.67(1) 0.571(4) 

z 0.004(3) -0.003(2) 0.06(6) 0.09(1) 

occupancy 0.46(2) 0.54(2) 0.25(1) 0.75(1) 

*The positions of each molecule (two of each kind) are given in units of the lattice constants 
deduced from the powder data. 

 

Dielectric Relaxations and Raman Spectroscopy Results 

The dielectric spectra of the solvate are shown in Figure 3. It is clear from visual inspection of 

e.g. the spectra at 180 and 195 K that two distinct relaxation features are present, with 

comparable dielectric strength (see inset to Figures 3 and Figure 4(b)). Both dielectric features 

are due to dipolar moieties present in the solvate. Since C2H3Cl3 is polar while C60 is apolar, we 

ascribe both relaxations in the solvate to the dynamics of (1,1,2)-trichloroethane molecules. The 

observation of dynamic processes indicates that the disorder highlighted by the analysis of XRD 

data is actually dynamic in character, at least for what concerns the ethane derivatives. 
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Figure 3. Dielectric loss spectra of the C60:C2H2Cl3 solvate, at selected temperatures. Continuous 

lines are fits assuming a Cole-Cole profile of each loss feature (see the text). Inset: visualization 

of both components (dashed and dash-dotted lines) in the fit of the spectrum acquired at 195.5 K. 

In order to carry out a quantitative analysis, both dielectric loss features were fitted by a Cole-

Cole function, whose analytic expression is:55,56 

(Eq. 1) 𝜀𝐶𝐶(𝑓) = 𝜀∞ + Δ𝜀
1+(𝑖2π𝑓𝜏)𝛽

 . 

Here ∆ε = εs – ε∞ is the dielectric strength, ε∞ and εs are the high-frequency and static low-

frequency limits of the real permittivity, β is a (temperature-dependent) shape parameter in the 

range from 0 to 1, and τ represents the characteristic time of molecular motions, defined as the 

time at which the dielectric loss is maximum and referred to as relaxation time. Figure 4(a) 

shows the relaxation time τ for both C2H3Cl3 relaxations as a function of the inverse temperature 
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(Arrhenius plot). The dielectric strength of each process, depicted in Figure 4(b), is found to be 

basically independent of temperature, while the exponent 𝛽 of the Cole-Cole distribution (Figure 

4(c)) is found to decrease with decreasing temperature. A lower Cole-Cole exponent implies a 

wider distribution of relaxation times, consistent with the increased spectral width at low 

temperature (compare for example the loss spectra at 195.5 and 150.5 K in Fig. 4). Such increase 

in spectral width with decreasing temperature is common to many systems.57 

It is observed in figure 4(a) that both relaxations exhibit, at least approximately, a simply-

activated (Arrhenius) temperature dependence, i.e., a functional dependence of τ(T) of the form: 

(Eq. 2) 𝜏(𝑇) = 𝜏∞exp �− 𝐸𝑎
𝑘𝐵𝑇

�. 

Here, Ea is the activation energy and τ∞ is the so-called attempt time, corresponding to the 

value of the relaxation time in the high-temperature limit (T → ∞, i.e. 1/T → 0). The activation 

energies of both solvate relaxations (see Figure 4(a)) are virtually identical, namely 0.37±0.02 

eV for the slower (lower-frequency) relaxation and 0.36±0.03 eV for the faster (higher-

frequency) one, or equivalently, approximately 36 kJ/mol in both cases. By extrapolating the 

Arrhenius behavior to high temperature, the attempt time of the two relaxations are obtained as 

Log(τ∞) = –14 and Log(τ∞) = –15 for the slower and faster relaxations, respectively. These 

values are in agreement with the expectation for a non-cooperative process at high temperature, 

and are typical values found for dielectric relaxations in glass-forming systems. We point out 

that, since at low temperature we cannot reliably separate both contributions to the dielectric loss 

due to the increased spectral width, we cannot exclude a deviation from the simply-activated 

behavior (Eq. 2) at low T. 

It is worth pointing out that both the simply-activated nature and the Cole-Cole profile of the 

relaxation features are uncommon for α relaxations associated with a glass transition,1 and are 
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instead typical of primary relaxations in non-viscous, non-polar solvents or of so-called 

secondary (local) relaxations in glass formers.57 In the solvate, the C2H3Cl3 molecules are 

expected to interact only weakly with one another. Each C2H3Cl3 has only one C2H3Cl3 first 

neighbor, namely the molecule that shares the same cavity, while all other next-neighbors are 

fullerenes (Fig. 2). Apart from the solvent molecules sitting in the same interstitial site, the 

separation between ethane derivatives is thus larger than the van der Waals diameter of the C60 

molecule, which is of the order of 1 nm,58 leading to a relatively large inter-molecular separation 

compared with pure C2H3Cl3. In other words, the polarization interactions with the quasi-

spherical fullerene molecules are particularly strong, while interactions between C2H3Cl3 

molecules (dipole-dipole or steric) are less important. This discussion indicates that the observed 

relaxation dynamics are at most only weakly cooperative, and can be classified as (local) 

secondary relaxations. 
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Figure 4. (a) Arrhenius plot of the relaxation times τ of C2H3Cl3 molecules in the solvate 

(markers), together with their Arrhenius fits with Eq. 2 (dashed lines). (b, c) Dielectric strength 

Δε (b) and Cole-Cole exponent 𝛽 (c) of both solvate relaxations, as a function of temperature 

(see Eq. 1). In all panels, open circles (respectively, squares) represent the transoid (resp., 

gauche) relaxation.  

Given that all the crystallographic sites occupied by the solvent molecules are very similar, the 

observed difference in relaxation time between both dynamic processes cannot be due to the 

different positions occupied by the C2H3Cl3 molecules. Instead, it is likely that the origin of the 

two relaxations is the isomerism of the ethane derivatives. The two C2H3Cl3 conformers have 

quite different dipole moments, of magnitude 1.44 D for the gauche isomer and 2.95 D (i.e., 

more than twice as much) for the transoid isomer. 59,60  We thus assign each relaxation process to 

the reorientational dynamics of a different (1,1,2)-trichloroethane conformer. On the other hand, 

transoid-gauche and/or gauche–gauche isomer fluctuations would not result in two relaxations 

well separated in frequency. Moreover, conformational relaxations are expected to be 

significantly faster than the observed dynamics. A preliminary study on the conformationally-

disordered solid phase of (1,1,2)-trichloroethane, where isomeric fluctuations take place, 

indicates that the corresponding dynamics is indeed significantly faster than either dynamic 

process in the solvate, confirming our interpretation of the dielectric loss features as being 

associated with a dynamic orientational disorder. 

To confirm the presence of both conformers, we carried out a Raman spectroscopy 

characterization. Vibrational and NMR studies on the pure solvent have shown that the C2H3Cl3 

molecules exist in both conformations59 in the liquid phase, with comparable 

concentrations,61,62,63,64 and that each conformer has a specific vibrational signature.60,65 Given 
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that two conformers are present in the solution used to form the solvate, it is possible that they 

are also present in the solvate; however, the occurrence and relative concentration of conformers 

varies according to the nature of the system,66 and depends on the subtle balance of 

intramolecular strains and the effects of the molecular environment.45 For example, the gauche 

conformer is energetically more stable and by far the most abundant in the gas phase,65,60 where 

intermolecular interactions are negligible. In the disordered solid phase of pure C2H3Cl3 only 

gauche conformers are present, and they undergo dynamic conformational changes between 

isomers of different chirality.45 Quite oppositely, in the fully ordered crystalline solid phase of 

(1,1,2)-trichloroethane only transoid conformers are observed.  
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Figure 5. (a) Raman microscopy image of solvate crystallites. The bright green spot is produced 

by the excitation laser and indicates the position where the Raman spectrum of the solvate in (c) 
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was acquired. (b) Raman spectra of the C60:C2H3Cl3 solvate (wine, upper curve) and of liquid 

C2H3Cl3 (blue, lower curve) between 200 and 1400 cm–1. The vibration wavenumbers of modes 

corresponding exclusively to either the transoid or gauche C2H3Cl3 conformers are highlighted 

with vertical (red) dashed lines and (green) solid lines, respectively. (c) Raman spectra of liquid 

C2H3Cl3 (blue upper curve), of the C60:C2H3Cl3 solvate (wine, middle curve) and of pure solid 

C60 (orange, lower curve), in the region between 200 and 400 cm–1. The peaks in the spectral 

regions highlighted in green are due to skeletal deformations of the gauche conformer, while that 

in the red shaded region is due to skeletal vibrations of the transoid conformer. 

We acquired Raman spectra both on the polycrystalline C60:C2H3Cl3 powder, on pristine C60 

and on the pure liquid solvent (always using the same substrate), to positively identify the weak 

features corresponding to different conformers. Figure 5(a) shows a Raman micrograph of 

solvate crystallites, where a rectangular platelet and a ten-sided prism can be observed. The 

crystallite shapes are similar to those observed in the SEM photographs of the solvate in Ref. 32.  

Figure 5(b) shows the Raman spectrum of the C60:C2H3Cl3 solvate, compared to that of the 

pure C2H3Cl3 solvent. The solvate spectrum includes vibrations of both solvent and C60 

molecules, the contribution of (1,1,2)-tricloroethane being relatively small due to the relatively 

small volume density of these molecules in the solvate. The relatively poor signal-to-noise ratio 

in the solvate spectrum might also be due to possible inhomogeneities in the material. Based on 

the Raman results presented in Ref. 59, we are able to assign some of the vibrational modes of 

the C60:C2H3Cl3 solvate to either gauche or transoid C2H3Cl3 conformers, and thereby conclude 

that both conformers are present in the solvate. In particular, the vibrations at wavenumbers of 

335, 391, 666, 730, 774, 1211 and 1325 cm–1 (solid vertical lines in Fig. 5(b)) correspond to the 

gauche isomer, and those visible at 285, 525, 1008 and 1241 cm–1 (dashed lines) stem from the 
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transoid isomer. While the position of these bands did not change significantly with respect to 

liquid C2H3Cl3, their intensities in the solvate were in general different from those of the pure 

solvent. The fact that the gauche Raman bands are more numerous and more intense on average 

suggests that the majority of ethane derivatives are in the gauche conformation. 

Figure 5(c) shows a different Raman spectrum of the solvate platelet of Fig. 5(a) in the range 

between 200 and 400 cm–1 (middle curve), together with that of the liquid solvent (upper curve) 

and that of pristine fullerite (lower curve) for comparison purposes. In panel (c) the gauche 

isomer bands at 335 and 391 cm–1 are clearly visible, as is the transoid peak at 285 cm–1. While 

all three bands are also visible in liquid C2H3Cl3, they are absent in the Raman spectrum of 

pristine fullerite. These results show that both conformations of (1,1,2)-trichloroethane are 

present in the solvate. 

In organic binary systems containing C2H3Cl3, between the two conformers the intermolecular 

interactions of C2H3Cl3 with the other organic co-solvent shifts the conformational equilibrium 

due to the large difference in dipole moment of the two conformers; their relative abundances 

depend on the dielectric constant of the mixture and the molecular structure of co-solvent.60 In 

the solvate with C60, dipolar interactions between the ethane derivatives are weaker than in the 

solid phases of C2H3Cl3 due to the presence of the C60 spacers.67,68 Moreover, due to the disorder 

present in this phase they might be more isotropic compared to solid C2H3Cl3 phases and similar 

in strength to those of the pure liquid solvent, which might rationalize the occurrence of both 

isomers in the solvate.  

As mentioned, both solvate relaxations exhibit very close activation energies (36 kJ/mol in 

both cases), which might be due to the fact that the molecular environment of both conformers is 

the same. On the other hand, the two dynamic processes are observed at quite different relaxation 
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times; such difference is likely due to the fact that the motion of the C2H3Cl3 dipoles in the 

solvate is hindered by the high polarizability of the C60 matrix,46,47,48,69 resulting in a polarization 

cloud which must rearrange at each reorientation of the C2H3Cl3 molecule and therefore to an 

effective electrostatic drag acting against the orientational dynamics. Since the induced 

polarization is larger in the case of the larger permanent dipole of the transoid conformer, we 

assign the slower reorientational motion at lower frequency (longer characteristic times) to the 

transoid isomer, and the faster one to the gauche isomer. The freezing temperature of the two 

motions, defined as it is customary as the temperature at which a given process reaches a 

characteristic relaxation time of 100 seconds,70 can be extrapolated assuming that their simply-

activated behavior holds for all temperatures; the freezing temperature of the transoid relaxation 

is found to be approximately 170 K while that of the gauche relaxation is around 100 K. If the 

relaxation of the (1,1,2)-trichloroethane molecules were a cooperative process, one would expect 

a single (glass-transition) temperature to mark the simultaneous freezing of the cooperative 

dynamics. The observation of two non-converging relaxations corroborates therefore the non-

cooperative, single-molecule-like nature of the molecular dynamics in the solvate, and 

rationalizes the observation of separate dynamics for each conformer (i.e., for distinct magnitude 

of the molecular dipole). 

With this assignment, it is found that the dielectric strength (Δε) of the transoid relaxation 

(Δεtransoid = 1.1±0.1) is roughly twice that of the gauche relaxation (Δεgauche = 0.6±0.2), as 

depicted in the inset to Fig. 4. The dielectric strength of a relaxation involving a dipolar moiety is 

proportional to the square of the molecular dipole moment μ and to the density of dipoles (N),70 

i.e., Δε ∝ μ2 N. The proportionality coefficient actually contains the so-called Kirkwood 

correlation factor,71 which describes the degree of correlation between the relative orientations of 
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(nearest-neighbor) dipoles during the reorientation dynamics.70,72 In view of the similar origin of 

the two relaxation processes, one may assume that the Kirkwood correlation factor is 

approximately the same for both dynamics. Under this assumption, and considering that the 

dipole moment of the transoid conformer is twice that of the gauche one, if the two conformers 

had equal populations their strength would differ by a factor of four. The fact that the two 

strengths are in a ratio close to 2 to 1 would instead indicate that the gauche conformation is 

more abundant in the solvate, in agreement with our Raman and XRD results. 

As a final remark, we note that the observation in the solvate of molecular dynamics involving 

the ethane derivatives suggests that also the fullerene species may display merohedral 

reorientational motions in this phase. This would not be surprising considering that the C60 

molecules usually display rotational dynamics also when intercalated with other organic 

molecules.29,36,37 

Conclusions 

We presented a full microscopic characterization of the dynamic statistical disorder in the 

solvate of C60 with (1,1,2)-trichloroethane (C2H3Cl3). Our study included the determination in 

this solid phase of molecular conformations, lattice structure, positional and orientational 

disorder, and molecular dynamics down to the microsecond timescale. Both gauche and transoid 

conformations of the C2H3Cl3 species are present in the solvate, with a majority of gauche 

conformers. The two conformers exhibit separate dynamics with simply-activated temperature 

dependence, implying that they are local, at most weakly cooperative, relaxations of C2H3Cl3 

molecules “diluted” in the fullerene matrix. The isomer with larger dipole moment conformer 

(transoid) polarizes more strongly the C60 moieties, resulting in a more pronounced electrostatic 

drag against dipole reorientations and thus slower reorientational motion compared to the gauche 
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conformer. The low degree of dynamic cooperativity in the solvate is evidenced by the fact that 

the two relaxations freeze at distinct temperatures. The lack of cooperativity, which contrasts 

with the collective character of molecular relaxation dynamics in most glass-forming systems, is 

due to the presence of the C60 molecules acting as highly polarizable spacers that effectively 

decouple the molecular dynamics. 

Our study provides hard-to-obtain information on the molecular arrangement in a binary 

organic co-crystal, and to the best of our knowledge it is the first-ever report of the relaxation 

dynamics of guest molecules in C60 solvates. The obtained results show that the characteristic 

reorientational relaxation times of dipolar species depend on the details of intermolecular 

coupling such as dipole-induced dipole (polarization) interactions. Considering the very broad 

variety of structures with dynamic disorder that can be obtained with fullerene solvates with 

different solvent or guest molecules, orientationally disordered C60 solvates represent model 

systems to investigate the impact of the structure and thus of the interaction geometry on the 

molecular dynamics of heterogeneous polar systems. 
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