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Polymorphism of Cyclopentanol: Crystallographic Characterization of the Ordered and Disordered Phases

The polymorphism of cyclopentanol (C 5 H 10 O) has been further investigated by X-ray powder diffraction experiments and it has been found to agree with the most recent thermodynamic study [J. Chem. Thermodyn. 1995, 27, 953]. In addition to the previously reported orientationally disordered hexagonal phases I and II, the lattice symmetry of the lowtemperature ordered phases III and IV have been determined by means of pattern-matching analyses both as monoclinic with Z ) 24 (Cc and C2/c, respectively). The patterns revealed no significant differences between phases III and IV and the transition between both phases was found through careful determination of the variation of the lattice parameters as a function of the temperature. The strength of intermolecular interactions as well as the anisotropy in the solid phases has been analyzed by the study of the isobaric thermalexpansion tensor and the results are discussed in the light of previously reported literature covering dynamics disorder.

Introduction

For years much attention has been paid to reorientational motion in the solid state. Such a particular orientational disorder was first described by Timmermanns in 1961 1 who showed that crystals composed of molecules more or less spherical in shape have small entropy and volume changes of fusion. These compounds, named plastic crystals or "orientationally disordered crystals" (ODIC), 2 display at least one additional transition accompanying a relatively large entropy change, in such a way that crystals melt in successive steps, the rotational degrees melting at the ordereddisordered low-temperature phase transition.

The lower order cyclic alcohols are examples of pseudoglobular molecules displaying ODIC phases. [3][4][5] In addition, these molecules can display a finite number of molecular conformations, giving rise to a rich polymorphism. The ring of cyclic molecules displays several puckered conformations, the number of which increases with the number of carbons involved in the ring. 6,7 Figure 1 displays the two puckered conformations of cyclopentanol, the envelope and the half-chair. In addition to the ring conformation, the polar OH group may adopt either of two conformations, the axial or the equatorial, with respect to the carbon atom on which the group is bonded. 8 It should be pointed out that such a hydroxyl group orientational disorder can exist without affecting necessarily the global packing of the solid state structure and thus enabling the existence of an orientationally disordered (OD) phase. 6,7,9 Moreover, although organic crystal structures are mainly controlled by steric effects, the existence of the OH group gives rise to a hydrogen-bonding interaction, which certainly contributes to the stabilization of a preferred crystal structure. 10 This effect is especially interesting when OD phases are considered because compatibility among disorder, molecular interactions, and lattice symmetry is needed. 11,12 As far as cyclopentanol is concerned (hereinafter referred to as c-C 5 H 10 O), its polymorphism has been studied earlier by several methods such as calorimetry at normal [13][14][15] and high pressure, 16 infrared 7-9 and dielectric spectroscopy 5,17-21 techniques, high-pressure density measurements, 22 NMR, 23 and X-ray powder diffraction. 24 The thermodynamic properties concerning the polymorphic behavior of c-C 5 H 10 O corresponding to the stable phases was stated by means of adiabatic calorimetry from 5.4 to 303.0 K 15 and can be described as follows. The low-temperature phase IV transforms at 176 K to phase III with a very low enthalpy change. At 202.6 K phase III transforms to the OD phase II. On further heating, OD phase I appears at 234.0 K. Finally the melting temperature is found at 255.6 K (enthalpy changes are collected in Table 1).

The crystal structures of the OD phases of c-C 5 H 10 O were attempted by Green and Wheeler. 24 According to the close similarity of the pattern of phase I with that of the OD phase of cyclopentane (hexagonal), they proposed a close-packed hexagonal structure for phase I, in which molecules rotate with spherical symmetry about either its center of mass or either the center of the five-membered ring. For phase II a hexagonal lattice in which the molecules retain the same positions as in the lattice of phase I, but probably with restricted rotation about some fixed axis, was proposed. It is noteworthy that there is no information available about the lattice structure of the low-temperature ordered phases III and IV. Orientational disorder and appearance of multiple metastable phases together with the existence of non-reconstructive transitions that alter the crystals contributed to such a lack.

Because of the fact that c-C 5 H 10 O has a permanent electric dipole moment and the existence of some orientational freedom in phases II and I, some interesting conclusions were derived from dielectric studies. 5,[17][18][19][20][21] It was concluded that the high dielectric constant in phase I can be associated with the existence of hydrogenbonded chains which are compatible with a nearly complete orientational freedom of the molecules, giving rise to an almost isotropic solid from a dielectric point of view despite the hexagonal symmetry. 19 In contrast, the chains in phase II are formed predominantly in the c-direction of the hexagonal lattice, which results in a highly anisotropic solid with regard to the dielectric properties.

An important feature of c-C 5 H 10 O is the possibility of obtaining a glassy crystal when the ODIC state is supercooled to a sufficient extent below the temperature transition to the ordered phase. 5,25 The glassy state is looked upon as a nonequilibrium state in a thermodynamic sense and as a disordered state when the characteristic dynamical disorder of the OD phase becomes frozen. For cyclic compounds it has been shown that disorder in the glassy crystal phase arises from some degree of disorder in the whole molecular a R is the reliability factor, R 2 ) [(∑(yoyc) 2 ]/∑yc 2 ), where yo and yc are the measured and calculated lattice parameters, respectively. orientation and from a mixture of conformations due to the difficulties of the system in finding the regular packing in a nonequilibrium state. 25,26 It is commonly found that the glassy state is obtained after phase I is supercooled. Nevertheless, it should be pointed out that, for many physical properties, such as density, permittivity, or specific heat, the differences between phases I and II are rather small, thus making it difficult to ascertain which of the OD phases of c-C 5 H 10 O was really frozen. In this work we will undoubtedly show that by a fast cooling from the liquid phase II is always supercooled, which in fact means that the transition I-II was never bypassed. Such a result has already been inferred from dielectric experiments. 5 The purpose of this article is mainly to report on the stable polymorphism of c-C 5 H 10 O and more particularly to characterize from a crystallographic point of view phases IV and III. In addition, the relationships among intermolecular interactions, lattice symmetry, and orientational disorder will be established by means of the study of the thermal-expansion tensor.

Experimental Section

c-C5H10O, obtained from Aldrich Chemical Co., more than 99% pure, was carefully purified by means of vacuum vaporization at room temperature. The process was repeated and its efficiency controlled by differential scanning calorimetry (DSC-2920 from TA-Instruments) until the melting temperature reached a stationary value which, in addition, agreed with the highest reported literature values (255.6 K, 15 256.2 K 16 ).

A set of high-resolution X-ray powder profiles was recorded using a horizontally mounted INEL cylindrical positionsensitive detector (CPS120) 27 equipped with a liquid-nitrogen INEL CRY950 cryostat (80-460 K) with helium gas as the heat exchanger in the sample holder. Temperature accuracy was 1 K and measurements were performed when fluctuations were lower than 0.3 K. The detector, used in Debye-Scherrer geometry (transmission mode), consisted of 4096 channels and enables a simultaneous recording of the profile over a 2θ range between 4 and 120°(angular step of 0.029°in 2θ). Monochromatic Cu KR 1 (λ ) 1.54059 Å) was selected by means of an asymmetric focusing incident-beam curved quartz monochromator. The generator power was set to 1.2 kW (40 kV and 30 mA).

The samples were introduced into 0.5-mm-diameter Lindemann glass capillaries in the liquid state at room temperature and were rotated perpendicularly to the X-ray beam during data collection to improve averaging of the crystallites.

Patterns were obtained on heating every 10 K in the temperature range of 93-160 K and every 2 K from this temperature up to the melting point, with acquisition times of at least 60 min and a stabilization time of at least 10 min at each temperature before the data acquisition.

External calibration by means of cubic phase Na 2Ca3Al2F14 28 was performed for channels to be converted into 2θ degrees by means of cubic spline fittings. The peak positions were determined after pseudo-Voigt fitting by using the PEAKOC application from DIFFRACTINEL software. 29

Results

3.1. Phases IV and III. X-ray diffraction profiles of c-C 5 H 10 O were recorded during heating of a sample that was slowly cooled to 93 K to avoid the appearance of undesirable metastable phases as well as the glassy state. The program DICVOL91 [START_REF] Loue ¨r | DICVOL91 Program[END_REF] was used to determine the crystal symmetry and lattice parameters of the lowtemperature phase IV. With use of the first 18 strongest reflections of the pattern at 93 K, a monoclinic unit cell with a ) 23.530(10) Å, b ) 6.265(3) Å, c ) 21.355(7) Å, and β ) 100.33(3)°with figures of merit M(18) ) 21.3 and F(18) ) 40.3 came out. Subsequent lattice parameter refinements using the pattern-matching option of the FULLPROF [START_REF] Rodriguez-Carjaval | a program for Rietveld refinement and pattern matching analyses[END_REF] program were performed. The systematic absences were consistent with space groups Cc or C2/c.

After such an indexing procedure, lattice parameters were refined at each temperature by means of the FULLPROF program. At 123 K lattice parameters were determined to be a ) 23.598(6) Å, b ) 6.2801(7) Å, c ) 21.405(2) Å, and β ) 100.32(1)°. The set of refined lattice parameters were fitted as a function of temperature (Figure 1) by means of a standard least-squares method. Polynomial equations accounting for their variations are gathered in Table 1.

Similarly, the program DICVOL91 was used to determine crystal symmetry and lattice parameters for phase III at 199 K. With use of the first 19 strongest reflections, a solution close to that found for phase IV (with the same systematic absences) came out with figures of merit: M(19) ) 15.0, F(19) ) 27.5. Subsequent least-squares refinements by means of the FULLPROF program yielded a ) 23.949(3) Å, b ) 6.3178(7) Å, c ) 21.829(2) Å, and β ) 100.16(1)°at 199 K.

According to the infrared study, 9 the clear disappearance of certain bands at the IV to III transition (24, 56, and 63 cm -1 ) indicates an increase of the symmetry of the asymmetric unit from C 2 (or C S ) to C 2v together with a small decrease in the strength of the hydrogen bonds. These results are quite compatible with the lattice symmetry of Cc and C2/c for phases IV and III, respectively. Two experimental diffraction patterns of phases IV and III are depicted in Figure 2 together with patterns simulated by means of the "pattern-matching" option of the FULLPROF program according to the proposed space groups and lattice parameters.

It must be noticed that the sole evidence found for the IV to III transition from X-ray powder measurements has been the small change of the lattice parameters b and β and, still less, for parameters a and c as a function of the temperature (see Figure 1).

OD Phases II and I.

Green and Wheeler 24 determined the lattice symmetry of phase I as hexagonal due to the close similarity between the experimental X-ray diffraction patterns of c-C 5 H 10 O and cyclopentane in their OD phases. In addition, the systematic absences and the c/a ratio (close to 1.633) indicated a close-packed structure with the lattice parameters of a ) 5.887 Å, c ) 9.445 Å (c/a ) 1.607), and Z ) 2 at 243.2 K. The authors 24 mentioned above proposed a model in which molecules rotate with "spherical" symmetry around their center of mass. The lattice parameters determined in this work match up those reported previously (a ) 5.883(1) Å, c ) 9.479(2) Å, c/a ) 1.611 at 243.2 K).

As far as phase II is concerned, the same authors 24 reported a hexagonal lattice with the same systematic absences and lattice parameters of a ) 10.1 Å, c ) 9.49 Å (c/a ) 0.94) and Z ) 6 at 217.2 K. One should bear in mind that despite the similarity between both OD phases II and I, the required point symmetry for lattice II should be lower than that for lattice I, to produce a necessary difference between both phases. From a dynamic point of view this fact means that molecules in phase II do not rotate with a spherical symmetry and that the orientational disorder should correspond to some kind of molecular motion like hindered molecular tumbling or a libration around one or more axis. The accurate lattice parameters found in the present work confirm the values reported previously (a ) 10.0996-(14) Å, c ) 9.500(2) Å, c/a ) 0.94 at 217.2 K).

The lattice parameters as a function of temperature for phases I and II are depicted in Figure 1 and polynomial equations corresponding to the least-squares fits for each parameter are gathered in Table 1.

3.3. Volume Changes. The pressure-temperature phase diagram 16 enables the calculation of the volume change at the III to II transition, as well as the Z value of phase III using the molar volume of phase II, the result being Z ) 24. Such a value is also assigned to phase IV, owing to the continuity of lattice parameters.

According to the lattice parameters determined, the molar volume of the solid phases has been plotted in Figure 3. This figure contains also values from the literature corresponding to molar volumes at normal pressure from density measurements as a function of pressure and temperature 22 for the OD phases I and II as well as for the liquid state. As can be seen, the agreement between both sets of values is rather good, the maximum difference in phase II (0.6%) appearing at temperatures close to the III-II transition and being certainly within the experimental error limits. For phase I the maximum difference is 0.3%.

The volume changes at the transitions have been calculated by extrapolating the molar volumes at the transition temperatures. The results are compiled in Table 2.

Volume changes accompanying the phase transitions (insets in Figure 3 show the details for the volume change at the IV-III and II-I transitions) have also been calculated using the Clausius-Clapeyron equation. The slopes of the transition lines dT c /dp at normal pressure were taken from ref 16, while the enthalpy changes were obtained from the most recent work of Kabo et al. 15 Despite the similarity between the molar volumes of phases II and I, a small but substantial volume change appears at the transition temperature. In contrast, volumes for phases IV and III at 176 K look virtually identical, giving rise to a zero volume change at this transition.

3.4. Glassy State. The nonergodic (or glassy or "orientational glass", OG) state corresponding to an OD phase of a compound should be experimentally available by means of a rapid and low enough temperature quench. 3,32,33 Such a state appears when the reorienting molecules of the OD phase freeze into random configurations after quenching. From a structural point of view, it is evident that thermal contraction diminishes the number of sterically compatible local structures, giving rise to some changes in the orientational molecular correlations. From a dynamical point of view, the glass transition appears when well-defined large amplitude motions are frozen. When heating the OG state, the transition to its ergodic state exhibits all the characteristics observed in a structural-glass transition.

In the case of c-C 5 H 10 O, such a quench was performed, as usual, from the liquid state down to about 93 K. The patterns obtained at the lowest temperature for the quenched samples were virtually identical to those corresponding to the stable OD phase II and, thus, undoubtedly indexed as such. In addition, because no additional reflection of the hexagonal lattice of phase II becomes observable in the OG state, it can be concluded that the local disorder of phase II is kept in the OG state. These results mean that the transitions from liquid to phase I and from I to II were not bypassed despite the immersion of the Lindemann capillaries into liquid nitrogen.

Figure 4 depicts the lattice parameter a as a function of temperature after the melt was quenched. The continuous variation of the lattice parameter vs temperature and the discontinuity on the volume expansion that would appear due to the change of the slope of a vs T at T g (≈139 K) are irrefutable signatures of the existence of the OG state. 34 On continuously increasing temperature after the glass transition occurred, the supercooled phase II still remains up to 163 K, temperature at which the sample falls down to phase IV.

Thermal-Expansion

Tensor. The cell deformation dU due to a small temperature variation dT is expressed by a second-rank tensor dU ij ) R ij dT, where R ij (K -1 ) are the coefficients of the thermalexpansion tensor. At a given temperature, knowledge of the principal coefficients and of the direction of the principal axes of the tensor allows the determination of the strongest and the weakest directions of the corresponding intermolecular interactions. 10,35 Such directions are referred to as "hard" and "soft" directions, respectively. 10,[36][37][38] The procedure and the method to determine the tensor from the lattice parameters variation with temperature have been published elsewhere 10 and the program DEFORM 39 was used for the calculation of the tensor.

For a monoclinic lattice, the tensor is completely defined by the principal coefficients, R 1 , R 2 , and R 3 , and an angle φ between the direction of one of the principal directions (R 3 in the present case) and the crystallographic axis a, the R 2 axis being coincident with the 2-fold axis b of the crystal.

According to the Newmann principle, for which the thermal-expansion tensor has to display the point group symmetries of the crystal, the 3-fold hexagonal axis c must be a revolution axis of the tensor; that is, the intermolecular interactions in the (00l) plane are independent of the direction. Consequently, the principal coefficients for a hexagonal lattice can be reduced to two nondependent directions: R c , which is parallel to the crystallographic c direction and R ab , which accounts for the thermal expansion in any direction of the (00l) plane.

(34) Tamarit, J. Ll.; Lo ´pez, D. O.; de la Fuente, M. R.: Pe ´rez-Jubindo, M. A.; Salud, J.; Barrio, M. J. Phys variation in the temperature range covering phases IV and III (Figure 1) shows a slight change at a temperature close to 176 K, thus confirming the most recent work of adiabatic calorimetry. 15 As for the space groups assigned to phases IV and III (Cc and C2/c), it is clear that, in addition to the compatibility between them and the results inferred from infrared spectroscopy mentioned previously, simple symmetry reasons are claimed for such an assignment. This means that at the IV to III transition only slight changes in the orientation of the molecule have occurred, in such a way that if the lattice symmetry of both phases is related by a groupsubgroup relationship, it would be quite possible that the difference of the respective heat capacities would be very low, as has been reported. A similar case has been recently described for the low-temperature phases (III and II) of (CH 3 ) 2 CCl 2 , for which the transition between phases III and IV is an ordering transition between C2/c and Cc symmetry groups. 38 Finally, it must be noted that this line of reasoning is compatible with the low entropy change measured for the IV-III transition (0.324 J'K -1 'mol -1 ) 15 as well as with the virtually equal volumes for both phases at the transition (Figure 3). The changes in the lattice parameters with temperature provide noticeable changes in the thermal-expansion tensor. The principal direction R 2 , which is the hard direction (the strongest intermolecular interactions) for phase IV at temperatures close to the IV to III transition, becomes still harder for phase III (see Figure 5). In addition, the soft directions (the weakest intermolecular directions) R 1 and R 3 , which belong to the (0k0) crystallographic plane for both phases, change slightly their respective orientations in such a way that the largest expansion is close to the crystallographic a direction for phase IV and to the crystallographic c direction for phase III. This increase of the intermolecular interactions in the principal direction R 2 for phase III is accompanied also by a hardening of the R 3 direction, giving rise to a decrease of the volume expansion (Figure 7A). Although more details of the structure of phases IV and III are required to go further into the particularities of the intermolecular interactions, the aspherism index (Figure 7B) evidences a decrease of the symmetry of spatial distribution of such interactions on going from phase IV to phase III.

In an early work concerning the dielectric properties of c-C 5 H 10 O, Davies 21 suggested that four molecules are involved by hydrogen bonds in a cyclic pattern for phase I. Such a number, together with the lattice symmetry of the phase in which molecules are rotating with near spherical symmetry, 24 would require a high orientational disorder. Thus, the principal coefficients of the tensor in such a phase are quite similar, giving rise to an aspherism index which reaches almost the zero value for phase I and then revealing a high isotropy for the intermolecular interactions.

In contrast, for phase II the existence of linear hydroxyl chains has been pointed out. 21 According to our results, the noticeable anisotropy of the thermal-expansion tensor of phase II, revealed by the large value of the aspherism index (Figure 7B), points out that hydrogen-bonding interactions are essentially in the c direction, thus being the [001] crystallographic direction corresponds to the hard direction while the (00l) plane corresponds to the soft one. It must be noted that in the c direction of phase II the R c coefficient (Figure 5) shows even negative values, which in fact means that even a contraction takes place at temperatures close to the II to I transition. Such an anisotropy of the intermolecular interactions evidences that the rotation of the molecules in phase II is probably restricted to rotation about some fixed axes or to a libration around the 6-fold axis of the hexagonal lattice. At the transition to phase I such a librational disorder would increase the amplitude in such a way that it would become almost isotropic and the symmetry of the new phase (for which the translational order is virtually the same as that of the parent phase II) increases.

As far as volume changes are concerned, it should be noted that the values calculated from the X-ray diffraction measurements are virtually the same as those calculated from the Clausius-Clapeyron relation for which enthalpy values of ref 15 and dT C /dp slopes from ref 16 have been used. Large discrepancies are found when compared to the values obtained from highpressure dilatometric measurements. 22 In this case it should be mentioned that the normal pressure values (here summarized) are obtained from the extrapolation of high-pressure densities and therefore probably submitted to a high error.

Conclusions

The polymorphic behavior of c-C 5 H 10 O has been studied from 93 K to the liquid state by means of X-ray powder diffraction measurements.

Lattice symmetry of the low-temperature phases IV and III have been determined as monoclinic (space group Cc and C2/c, respectively), both with 24 molecules per unit cell. Such a large number, together with the existence of conformational disorder, makes it difficult to determine the structure of both phases.

In addition, the IV to III phase transition, previously found throughout heat capacity measurements, 15 has been stated. The similarity between lattice parameters of both phases at the transition temperature gives rise to a continuous variation of the molar volume throughout the IV to III transition.

As for the orientationally disordered phases II and I, hexagonal symmetry has been confirmed for both phases and the lattice parameters have been carefully determined as a function of temperature.

Despite the disorder, the existence of weak preferred orientations of molecules in phase II has been evidenced by means of the high anisotropy of the thermal-expansion tensor and, more particularly, by the high value of the aspherism index. In contrast, phase I reveals high isotropy with regard to the thermal-expansion tensor and thus, as far as intermolecular interactions are concerned, it behaves almost as a cubic phase.
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 1 Figure 1. Lattice parameters of c-C5H10O for phases IV (T < 176 K) and III (176 K < T < 202.6 K) (A) and for phases II (B) and I (C) as a function of temperature, and the envelope (left) and the half-chair (right) conformations of c-C5H10O (D).
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 32 Suga, H.; Seki, S. J. Non-Cryst. Solids 1974, 16, 171. (33) Ho ¨chli, U. T.; Knorr, K.; Loidl, A. Adv. Phys. 1990, 39, 405.

Figure 2 .

 2 Figure 2. Experimental X-ray diffraction patterns (O) and simulated patterns using the FULLPROF program (s) of phases IV (a) and III (b) for c-C5H10O at 93 and 199 K along with the difference profile. (Inset corresponds to a five-times expanded vertical scale for the data from 2θ g 30°).

Figure 3 .

 3 Figure 3. Molar volume of c-C5H10O as a function of temperature derived from X-ray diffraction experiments for the solid phases and from literature (]). 22 Insets correspond to a magnification around temperatures of the IV-III and II-I transitions. L ) liquid.
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 2 Temperature Transitions T* and Enthalpy Changes ∆H* Derived from the Adiabatic Calorimetry Measurements at Normal Pressure from Kabo et al.; 15 the Slope of the Temperature-Pressure Two-Phase Equilibria dT/dp Derived from Thermal Analysis at High-Pressure from Wu 1 rflinger et al. 16 and Volume Changes Determined from Density Data as a Function of Pressure and Temperature (∆v PvT ), 22 from the Clausius-Clapeyron Equation (∆v CC ) and from X-ray Powder Diffraction Measurements (∆v XR ) for the Different Transitions of c-C5H10OH a

a

  Temperature transitions from this work are also displayed (T). Volume changes from density data as a function of p and T were obtained in ref 22 by extrapolating the volume changes as a function of pressure to 1 atm. (The value denoted by # was assigned to the metastable III-II transition at 195 K).

Figure 4 .

 4 Figure 4. Lattice parameter a of the hexagonal phase II as a function of temperature after quenching from the liquid state.Figure 5. The Ri principal coefficients as a function of temperature for c-C 5H10O. For phases IV and III R2 is parallel to the crystallographic b direction in the monoclinic phase. For the hexagonal phases II and I, Rab and Rc corresponds to the principal coefficients in the (001) plane and along the [001] crystallographic direction.
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 5 Figure 4. Lattice parameter a of the hexagonal phase II as a function of temperature after quenching from the liquid state.Figure 5. The Ri principal coefficients as a function of temperature for c-C 5H10O. For phases IV and III R2 is parallel to the crystallographic b direction in the monoclinic phase. For the hexagonal phases II and I, Rab and Rc corresponds to the principal coefficients in the (001) plane and along the [001] crystallographic direction.

  

Table 1 . Polynomial Equations P ) p0 + p1T + p2T 2 (T in K) Corresponding to the Lattice Parameters p (in Å) of the c-C5H10O a
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The variations of the principal coefficients R i with temperature for c-C 5 H 10 O are plotted in Figure 5. The three-dimensional thermal-expansion deformation tensor at different temperatures for phases IV, III, II, and I along its principal axes together with the direction of the crystallographic axes are sketched in Figure 6.

The volume expansion R V , calculated as 7A as a function of temperature for all solid phases.

It can be clearly seen that volume expansion for phase IV increases with temperature and a strong decrease is found at the transition IV to III. Such a discontinuity is mainly due to the change of the R 2 principal coefficient (which corresponds to the 2-fold crystallographic b axis) with the temperature and provides an additional proof for the IV to III transition.

Concerning the orientationally disordered phase II, volume expansion decreases (the phase becomes harder) when temperature increases. This particular behavior is produced by the contraction of the hexagonal lattice II in the crystallographic c direction.

At this point it should be emphasized that any analysis of the volume expansion neglects the details corresponding to the specific intermolecular interactions and thus all the details about a possible anisotropy. To account for this anisotropy, the aspherism index A )

has been defined. 40 Figure 7B shows this index as a function of temperature. It can be clearly observed that such a parameter is almost zero for phase I despite the hexagonal symmetry. In contrast, for hexagonal phase II the aspherism increases with temperature, making evident the increase of the asymmetry of the intermolecular interactions.

Discussion

The IV to III transition was earlier reported by Parks et al. 14