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The polymorphism of dibromodichloromehtane (CBr,Cl,) has been studied by means of a wide
set of experimental techniques as a function of temperature and pressure. From the p—V-T
diagram and the derived p—T diagram the volume variations at the transition points have been
calculated and compared with those obtained by means of X-ray and neutron powder diffraction.
By combining the experimental techniques, it has been demonstrated the existence of a high-
pressure orientationally disordered rhombohedral phase (a® ~ 14.6 + 0.3 Aand o« ~ 89.2 +
0.2°). The existence of a glass transition within the monoclinic (C2/c, Z = 32) low-temperature

ordered phase associated with the freezing of exchange positions between Cl and Br atoms is
analyzed considering the asymmetry of the intermolecular interactions by means of the study of
the thermal expansion tensor. The change of the derivative of the aspherism index, previously
reported as a possible “fingerprint” for this kind of glass transitions, is found.

1 Introduction

It is well-known that the behaviour of the outermost electrons
of atoms determines the bonding, reactivity and structures of
molecules and, thus, of the solids. In general, to reduce the
volume of a liquid or a solid by approximately 20%, the GPa
region should be reached. Far away, in the megabar region
(100 GPa), average interatomic distances can be even
decreased by a factor of two.!?

Probably, one of the major challenges of the solid-state field
in this century is not only the understanding of the structural
and thermodynamic factors ruling the polymorphism but also
the ability to predict the crystalline phases of molecular
materials with large technological applications in many do-
mains as pharmaceutics, organic electronics, or biological
systems.

Although the impact of high-pressure studies on new tech-
nological applications is enormous,** one of the most impor-
tant aspects is the understanding of the pressure—temperature
polymorphism of classic or simple molecular compounds.>” It
should be noticed that most of our physical and chemical
knowledge has emerged at or near to atmospheric pressure and
effects of the high pressure are still unknown. Of particular
interest is the application of high pressure to molecular
compounds® and, by increasing complexity, the field of the
biochemistry for which biological systems remain still to be
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understood under the new variable.® Nevertheless, although
high pressure has been used extensively to study materials as
metals, semiconductors, superconductors or minerals, organic
materials have received rather less attention and it is common
to refer to the concept of polymorphism without any comment
about the pressure variable.'®!" Polymorphism refers to a
substance that can adopt more than one crystal structure in
the solid state and each one of these different crystalline forms
are termed polymorphs. They should correspond to different
conditions controlled by pressure and temperature (density
being then the dependent variable) and then the pressure—
temperature phase diagrams must be mapped over the two
“common’ variables: pressure and temperature.

Because for some characterized members of the halogen-
omethane series, CBr;_,Cl,, n = 0,...,4, the rhombohedral
phase has been found at ordinary pressure (CCly, CBrClz)'> '
we thought that for the CBr,Cl, compound, such a phase
should exist before to reach extreme densification conditions,
thus without dramatic modifications of the chemical and
physical properties. These halogenomethane compounds, in
spite of their simple molecular structure, exhibit a number of
solid—solid phase transitions.'>™'” In particular, their globular
molecular shape induces for all the elements of the series high-
temperature orientationally disordered (OD) or plastic phases,
mainly due to the little hindrance for reorientational pro-
cesses.!>!® One of the most interesting experimental facts is
that minor changes of the molecular size or symmetry (7y or
Cs, or Cy,) induced by the change of one of the halogen atoms,
produces a fine-tuning in the stability of the different phases.
As far as halogenomethanes with 7y molecular symmetry
(CCly and CBry) are concerned, a high number of experimen-
tal and molecular dynamics simulation studies have been
published, while for the compounds with lower symmetry
(Csy or Cyy) only a few experiments have been done.'®!” The
polymorphism of CBrCl; (C3, molecular symmetry) has been
studied by several methods such as calorimetry,'® neutron
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Table 1 Transition temperatures 7. and enthalpy (AH) changes derived from DSC calorimetric measurements and adiabatic calorimetry from

Otha et al.”®

Transition

Property M3 - FCCS FCC® — LS M5 - R™ R™ — FCCS R™ - LS

T, K 258.8 + 1.0 2937 + 1.3 262.0 + 2.0° 243.6 + 2.0° 280.7 + 2.0°
258.8¢ 294.4¢ 262.4 + 0.9¢ 245.6 + 1.87 281.3 + 1.2¢

AH/kJ mol ™! 522 +0.24 2.30 + 0.12 4.80 + 0.22° 0.436 + 0.08" 2.36 + 0.15°
5.431¢ 2.308"

AS/J mol ' K™ 20.2 + 1.0 7.83 + 0.45 18.3 + 0.90° 1.79 + 0.32° 8.41 + 0.57
21.0° 7.844

AVX (p = 0.1 MPa)/cm® mol ™! 6.03 + 0.31 2.86 + 0.13

AP (p = 0.1 MPaP/cm3 mol ™! — 2.75 £ 0.17° 4.05 + 0.24° 1.19 + 0.09° 2.89 + 0.35°

(dT)dp)““/K MPa~ 0.299 + 0.030 (0.2879)  0.365 = 0.044 (0.365) 0.221 + 0.024  0.666 + 0.113 0.344 + 0.065

(dT)dp)>P/K MPa™! 0.320 + 0.032 0.303 + 0.020 0.208 + 0.005  0.681 + 0.032 0.380 + 0.021

“ Volume changes determined from X-ray powder diffraction measurements (Av*®) and from extrapolation at normal pressure of the high-
pressure measurements (AvIF), slope of the pressure-temperature two-phase equilibria derived from the application of the Clausius-Clapeyron
equation (d7,/dpC©) and read from pT diagram (dT,/dp=*P) of the CBr,Cl,. ? Values obtained by extrapolation of the [M + R], [R + FCC] and
[R + L] equilibria of the CCl, + CBr,Cl, and CBrCl; + CBr,Cl, two-component systems.!” ¢ Using the enthalpy values from Otha
et al."> 9 Extrapolated from the p—T phase diagram. ¢ From extrapolation at normal pressure of the high-pressure measurements.

scattering,'® densitometry,?® infrared and Raman spectro-
scopy,?! dielectric spectroscopy®? and the pressure-tempera-
ture phase diagram has been recently established.'®

As for CBr,Cl, the polymorphism at ordinary pressure
consists of two stable forms in the solid state.'®* At ca.
259 K, the low-temperature phase transforms to an OD face
centred-cubic (FCC) phase, stable up to the melting point (294
K). Thermodynamic properties have been determined by
means of adiabatic calorimetry from 5 to 300 K (enthalpy
changes and temperatures are collected in Table 1).!°

According to the molecular similarity between CBr,Cl, and
CBrCl; with that of CCly, the structures of the low-tempera-
ture phases were attempted by Brinbrek et al. on the basis of
the structural model of CCl, and CBry4 (C2/c, Z = 32).'® For
the “ordered” phases of CBrCl; and CBr,Cl, compounds the
molecules were assumed to be disordered so that sites have
fractional occupancies of 0.75 and 0.25, for CBrCl;, and 0.50,
for CBr,Cl,, for each of Cl and Br atoms, respectively. Thus,
all the low-temperature phases were found to be isostruc-
tural.'® The isomorphism relationship between the stable
low-temperature monoclinic phases of CBr,Cl,, CBrCl;z and
CCly has been put into evidence throughout the continuous
evolution of the lattice parameters for the whole range of
composition for the CBrCl; + CBr,Cl, and CCl; + CBr,Cl,
two-component systems.17

The sketch of these binary systems is depicted in Fig. 1. The
systems show the isomorphism relationship between the stable
OD FCC phases of CBrCl; and CBr,Cl». It should be noticed
the existence of a [R + FCC] equilibrium, whatever the
system, which interferes with the low-temperature equilibrium
between the low-temperature monoclinic (C2/c) phase and the
OD R and FCC phases. A thermodynamic assessment of the
involved equilibria, conducted by means of the concept of
crossed isopolymorphism,'® coherently reproduced all the
involved equilibria and provided a coherent set of data for
the thermodynamic properties (enthalpy changes and tem-
peratures) of non-experimentally available phase transitions
of pure compound CBr,Cl, which enables to infer the exis-
tence of a virtual rhombohedral phase for such compound.

Extrapolated equilibria in Fig. 1 evidence the existence of M to
R (TM R =262.0+£2.0K)and R to FCC (TR?FC© = 243.6 +
2.0 K) phase transitions, from both systems, and R to L (TR
= 280.7 + 2.0 K), from the CCl; + CBr,Cl, system. Accord-
ing to the mole fraction variation of the enthalpy change for
the [R + L]and [R + FCC] equilibria, the inferred values for
the CBr,Cl, compound relating the virtual R phase were ARH
= (2.36 £ 0.15) kI mol~!, AR°“H = (0.436 + 0.080) kJ mol ",
and ANH = (4.80 & 0.22) kJ mol~'. By the same procedure,
the inferred lattice parameters for the R phase of CBr,Cl,
compound were a® = 14.772(15) A, o® = 89.44(2)° at 243.2 K
(R = 92.4 £ 0.5 cm® mol™"). Owing to the fact that phase R
does not exist, at ordinary pressure, its stability domain, if any,
should appear in the high-pressure region and transition
temperatures obtained from the extrapolation of the two-
phase equilibria should acquire physical meaning and be
topologically coherent with two-phase equilibria of the
pressure—temperature phase diagram of CBr,Cl,.

The purpose of this paper is then to report on the poly-
morphism of CBr,Cl, compound as a function of temperature

300 ‘ ‘

280
A
= 260

240} A 2

e g M 1
220 ‘ : '
CC]4 0.5 CBI’:CIZ 0.5 CBFC|3
X—> «X

Fig. 1 Experimental equilibria (points and continuous lines) and
extrapolated equilibria (dotted lines) obtained by means of thermo-
dynamic assessment of the two-component systems.'” Triangles at
X = 1 account for the non-experimentally available transitions for
CBr,Cl, (A, R-FCC; A, M-R; A, R-L).
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and pressure. It will be unambiguously demonstrated the
existence of a high-pressure region in which the “missing”
rhombohedral R phase for this compound is stable. In addi-
tion, the “glassy features” related to the freezing of exchange
positions between Cl and Br atoms between the monoclinic
sites will be analyzed and compared with those previously
found for the isomorphous phase of CBrCl;.'*

2 Experimental
2.1 Samples

CBr,Cl, was purchased from Aldrich with a purity grade of
98% and was fractionally distilled, the final compound show-
ing a melting temperature which agrees with that reported in
previous works.

2.2 Equipment at ordinary pressure

Thermal analysis. Thermal analysis was carried out by
means of a Perkin-Elmer DSC-7 instrument equipped with a
homemade low-temperature device using a scanning rate of
2 K min~' and ca. 15 mg sample masses hermetically sealed
into high-pressure stainless steel pans under a nitrogen flux.

Density. The density of the liquid state at normal pressure
from 295 to 343 K (with uncertainties of ca. 5 x 107> g cm™>)
were carried out by means of an Anton Paar D5000 densi-
meter with temperature stability of +0.02 K. Bidistillated
water and n-hexane (99.9%) were used for calibration, the
density values taken from literature.>*2

X-Ray diffraction. High-resolution X-ray powder diffraction
measurements using the Debye—Scherrer geometry and trans-
mission mode were performed with a horizontally mounted
INEL cylindrical position-sensitive detector (CPS-120) made
of 4096 channels (0.029° 20 angular step).”® Monochromatic
Cu-Ka; (4 = 1.54056 A) radiation was selected by means of
an asymmetrically focusing incident-beam curved quartz
monochromator. The generator power was set to 40 kV and
25 mA. Low-temperature measurements were performed by
means of a liquid nitrogen 600 series Cryostream Cooler from
Oxford Cryosystems.

External calibration by means of cubic phase Na,Ca;Al,F,
was applied for channels to be converted into 20-degrees by
means of cubic spline fittings.>” The peak positions were
determined by pseudo-Voigt fittings.

Liquid samples were introduced into 0.1 mm diameter
Lindemann capillaries which were rotated around their axes
during data collection to improve averaging of the crystallites.

Patterns were recorded on heating every 10 K in the
temperature range of 90-255 K and every 5 K from this
temperature up to the melting point, with acquisition times
of at least 120 min for the low-temperature monoclinic phase
and 60 min for the high-temperature OD FCC phase. Stabi-
lization times of at least 10 min at each temperature before the
data acquisition were preset.

PEAKOC application from DIFFRACTINEL software
was used for the calibration as well as for the peak position
determinations after pseudo-Voigt fittings. For indexing pur-

poses as well as Rietveld refinement, Material Studio program
was used.”®

2.3 Equipment at high-pressure

Density. High-pressure density values were determined
by means of a home-made pvT apparatus (uncertainty of
ca. 107* g em™?) coming from the high-pressure laboratory
of Prof. Dr A. Wiirflinger (Ruhr-Universitdt, Bochum,
Germany). Density data are taken at increasing and decreas-
ing pressure in order to correct the possible hysteresis
produced by the friction of the displacement of a piston.
The change of the volume is done inductively with a ferro-
magnetic wire inserted into a coil. Calibration was performed
using hexane as a reference substance. Details of the experi-
mental system as well as the procedure have been detailed
elsewhere. >

High-pressure neutron powder diffraction. Some high-pres-
sure patterns were collected using the D1B diffractometer at
the Institut Laue-Langevin (Grenoble), using a wave length of
4 = 2.52 A, as determined by calibration using a TiO, sample.
Low-resolution patterns (0.20° 26 angular step) in the 5-80
20-degrees were obtained in the 280-320 K temperature
domain using an Orange cryostat. Liquid samples were intro-
duced in clamp-type cells equipped with a piston-cylinder
design for which pressure was initially selected by means of
a hydraulic press. Two samples with pressures about 80 + 15
and 150 + 30 MPa were prepared. Data analysis for the
patterns was conducted in an analogous way that for those
obtained at normal pressure.

3 Results

Patterns of the low-temperature monoclinic phase were sub-
mitted to Rietveld profile refinement by means of the “powder
refinement” option of the Material Studio program. Atomic
coordinates of the four molecules in the asymmetric unit of
CBr,,*! were used as initial parameters. The fractional occu-
pancies of the halogen sites were set as 0.5 for both Br and Cl
atoms, and rigid body representing a pseudo-molecule with
tetrahedral symmetry for the bond angles in which overlap-
ping Br and Cl atoms located at 1.939 and 1.772 A from the
central carbon atom C, respectively, was used. Fig. 2 shows the
experimental and calculated profiles, together with the differ-
ence between them, at 220.2 and 90.2 K (see details in ESIf).
The monoclinic lattice (C2/c, Z = 32) parameters of CBr,Cl,
agree quite well with those previously published for the whole
temperature range (see Fig. 3).'® It should be mentioned that
any anomaly at the glass transition temperature (ca. 90 K) is
observed. In addition, in spite of the high-resolution of the
diffraction patterns, we did not detect any ordering of the Cl
and Br atoms (checked by varying the fractional occupancies
as a function of temperature). This experimental aspect agrees
with the fact that the glass transition is a purely dynamic
crossover and due to the long-range positional order, the
freezing of the disorder produced by the exchange of the
halogen atoms does not have any noticeable influence on the
patterns, which are in fact obtained as space and time
averages.
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Fig. 2 Experimental (O) and theoretical (—) diffraction patterns of
low-temperature monoclinic phase (C2/c, Z = 32) for CBr,Cl, at 90.2
K (bottom, R,= 6.7; R,, = 9.2) and at 220.2 K (top, R, = 7.1;
Ry, = 9.9) along with the difference profiles (lower curves) and
Bragg reflections (vertical bars) (4 = 1.5406 A).
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The collected lattice parameters for the monoclinic phase
together with those for OD FCC phase and density measure-
ments for the liquid phase were used to calculated the molar
volume as a function of temperature and, from them, the
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Fig. 3 Lattice parameters of CBr,Cl, for the low-temperature mono-
clinic (A) and the for OD FCC (B) phases as a function of tempera-
ture. Full symbols correspond to refs. 16 and 23 while half-full circle
corresponds to the supercooled FCC OD phase.
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Fig. 4 Molar volume of CBr,Cl, as a function of temperature at
normal pressure. Full symbols for solid phases were obtained from
literature.>'® Inset: values of the normal-pressure molar volumes of
the high-pressure rhombohedral phase obtained by extrapolation at
p = 0.1 MPa from the isotherms measured as a function of pressure
(see Fig. 5).

volume variations (at ordinary pressure) at the solid—solid and
melting transitions (Fig. 4).

As far as high-pressure density measurements are con-

cerned, several representative isotherms are sketched in
Fig. 5. These results were used to build up the pressure—
temperature phase diagram, which is shown by the top inset
in Fig. 5, as well as to derive the volume changes as a function
of pressure (Fig. 6). It should be noticed that a new high-
pressure phase appears and thus two triples points sharing the
three solid phases (M + FCC + R] at 33.0 MPa, 269.4 K)
and the OD and liquid phases (([FCC + R + L]at 104.1 MPa,
320.9 K) emerge. As we will demonstrate, the high-pressure
phase is the “missing” rhombohedral phase for this member of
the halogenomethane series (CBr4_,Cl,, n
over, it is worth to notice that the appearance of the new

., 4). More-
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Fig. 5 Molar volume as a function of pressure for several tempera-
tures and, as an inset, pressure-temperature phase diagram for
CBr,Cl,. Dashed lines correspond to the extrapolation of two-phase
equilibria at ordinary pressure.
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Fig. 6 Volume changes as a function of pressure for the phase
transitions M—R and R-L (A) and R-FCC and FCC-L (B) of CBr,Cl,
(empty symbols) derived from pvT measurements. Full grey symbols
correspond to values of CBrCl; from ref. 7.

R phase is concomitant with the disappearance of the FCC
phase at high pressure.

Fig. 7 shows the measured neutron diffraction pattern
together with that calculated for the R phase for CBr,Cl, at
300 K and ca. 80 MPa along with the difference profile. It
should be noticed that indexing of neutron diffraction patterns
by using standard procedures fell short of indexing the new
rhombohedral phase because reflections are closely spaced
and, thus, many of them overlap (see the vertical bars showing
the possible reflections in Fig. 7). Then, although the low-
resolution of the neutron scattering measurements at high
pressure (due to the D1b diffractometer) made impossible to
perform an irreproachable Rietveld refinement, a model built
up by mimicking the rhombohedral phases of CCly and
CBrCl; is found to be able to reproduce the pattern, thus
concluding that the symmetry of the new high-pressure phase
is that of the rhombohedral phases found for the members of
the halogenomethane series. The pattern matching of Fig. 7
evidences the last conclusion.

Fitted lattice parameters are found to be about a® ~ 14.6 +
03 A and « ~ 89.2 & 0.2°, which, taking into account the

I(a.u.)

25 30 35 40
29/°

Fig. 7 Experimental (circles) and calculated (continuous line, a® =
14.6 A) neutron diffraction patterns of the rhombohedral phase for
CBr,Cl, at 300 K and ca. 80 MPa along with the difference profile
(bottom line). The vertical bars stand for the Bragg reflections (1 =
2.52 A) of the R phase (bottom vertical lines) and a FCC lattice
isostructural (¢"“€ = 8.65 /0\) to that at normal pressure (top vertical
lines) for CBr,Cl,.

experimental error limits, gives rise to a volume close to that
obtained by means of high-pressure density measurements for
the R phase. The same figure displays the Bragg reflections for
the FCC phase of CBr,Cl, providing evidence that pattern
does not match with such symmetry.

Finally, results obtained from the calorimetric measure-
ments, temperatures and enthalpy changes, are summarized
in Table 1 together with those reported by Ohta et al. obtained
from adiabatic calorimetry.'®> Agreement between both series
of results, within the experimental error, is evidenced. The
table contains also volume changes and experimental and
calculated (by means of the Clausius—Clapeyron equation)
two-phase equilibrium slopes.

4 Discussion

From the two-phase equilibria of the two-component systems
CCly + CBr,Cl, and CBr,Cl, + CBrCl; (Fig. 1) the non-
experimentally available (at normal pressure) transition tem-
peratures relating phase R can be inferred (see Table 1).!”
These “virtual” temperatures make its natural appearance and
acquire real physical significance when the two-phase equili-
bria of the pressure-temperature phase diagrams are analyzed.
As is shown up in Table 1, the M to R and R to FCC
transition temperatures, as well as the melting of the R phase
obtained from the two methods, is virtually the same, within
the experimental error limits. Full coherence is also obtained
when values of volume change are compared and put into the
Clausius—Clapeyron equation to evaluate the slopes of the
two-phase equilibria. The most, even surprising, relevant
experimental fact concerns the comparison of the extrapolated
molar volume at normal pressure for the high-pressure R
phase. From the extrapolation to 0.1 MPa of the high-pressure
molar volumes of the R phase (see Fig. 5) for each isotherm
and subsequent fitting of such values as a function of tem-
perature (see inset in Fig. 4), a value of v®(243.2 K, 0.1 MPa)
= (92.1 + 0.5) cm® mol™! is obtained, which compares more
than well with the value obtained from the analysis of the
lattices parameters variation as a function of mole fraction
at 243.2 K for the two-component system CCl, + CBr,Cl,
(92.4 + 0.5 cm® mol™)."7

As far as the volume changes as a function of pressure are
concerned, special relevance comes from those of the melting
of the FCC phase (see Fig. 6(B)). It can be seen that such a
change vanishes at the [FCC + R + L] triple point (104.1
MPa, 320.9 K) and that, although there is not a thermody-
namic reason for such a behaviour, it is noticeable that the
same behaviour was found for the volume variation as a
function of pressure for the CBrCl; compound (at 30.7
MPa, 278.8 K) for the same transition (see grey symbols on
the same figure).'* This result necessarily implies, according to
the Clausius—Clapeyron equation, that the related enthalpy
change must also vanish when approaching the triple point.

As for the “missing” transitions at normal pressure (M to R,
R to FCC and R to L), the volume changes as a function of
pressure can be extrapolated at p = 0.1 MPa (see dashed
curves in Fig. 6) and replaced into the Clausius—Clapeyron
equation (d7./dp)cC, together with the enthalpy changes
obtained from the extrapolation of the enthalpy data as a
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Table2 Polynomial equations p = po + p;T + p>T? (Tin K and p in
A or in degrees for f§ parameter) to which the lattice parameters were
fitted as a function of temperature and molar volume (v in cm® mol™")
for the liquid phase. R is the reliability factor, defined as R = > (pexp
— po)*/p?, where pey, and p. are the measured and calculated lattice
parameters, respectively. A three-parameter polynomial equation for
the molar volume of the liquid phase is also given

Temperature

Phase range/K Parameter pg 10°p, 10°p, 10°R

11 (C2/c) 5-250 alA 20.428(10)  1.4(1) 0.29(5) 6.3
b/A 11.458(3) 0.74(5) 0.26(1) 2.0
c/A 20.013(7) 0.96(10)  0.43(3) 3.1
pl° 111.88(1) —1.9(2) —0.58(6) 0.4

I (FCC) 255-294 alA 8.460(27) —0.78(2) 0.53) 0.1

L 295-343 v/em? 82.857(35) 23.8(2) 12.7(3)  0.003

mol ™!

function of composition for the two-component systems'” and
compared with the experimental value, (d7,/dp)**P, obtained
from the pressure—temperature diagram. Results listed in
Table 1 evidence that there is a good agreement independently
of the experimental availability at normal pressure of the
phase transition.

Then, the complete set of independent experimental data
puts in evidence that the new observed high-pressure phase is
the “common” rhombohedral phase observed for some
halogenomethane compounds (CBr,_,Cl,) at normal pressure
and also for all the methylchloromethane compounds
(C(CH3)4_,Cl,) at normal (n = 2, 3, 4)'2133233 o1 high
pressure (n = 0, 1).3*

To obtain information about the intermolecular interac-
tions, lattice parameters obtained for the monoclinic phase
were fitted as a function of temperature (Table 2) and the
isobaric thermal-expansion tensor was calculated. The defor-
mation of the lattice by a change in the temperature is minimal
in the directions of the highest atomic density, i.e. in the
directions of the highest intermolecular interactions. For
short, the principal axes of the isobaric thermal expansion
tensor allows to determine the directions of the weakest and
highest deformation (commonly referred to as hard and
soft directions, respectively)®>*® related to the directions
of the corresponding intermolecular interactions in the crystal
structure.

The tensor for the monoclinic phase is unequivocally de-
fined by the principal coefficients a;, a, and a3, and by an angle
between one of the principal directions («3) and the crystal-
lographic axis a. According to the Newman principle, the a,
axis is coincident with the 2-fold axis b of the crystal. Details of
the procedure to calculate the tensor by means of the program
DEFORM? have been detailed elsewhere.*

The variations of the principal coefficients with the tem-
perature are plotted in Fig. 8(A) and, as an inset, the three-
dimensional thermal expansion tensor at 180 K along its
principal axes together with the direction of the crystallo-
graphic axes is sketched. As for the homologous phase of
CBrCl; compound (see grey lines in Fig. 8(A)), the hardest
direction is found along the a3 direction. Fig. 8(B) and (C)
provide additional evidences for the unambiguous similarity of
the thermal expansion between CBr,Cl, and CBrCl;
compounds in the monoclinic as well as in the OD FCC and
liquid phases.

0104 K-!

0 1 (‘lU 200 . | |

4+ - 4’)’&9 < -
. chd FCC
g ]
52 M (C2/c) ]
0 L | 1 | 1 | L
0 100 200 300
T/K

Fig. 8 (A) The o; principal coefficients as a function of temperature
for CBr,Cl, for the low-temperature monoclinic phase (circles) (o, is
chosen parallel to the crystallographic direction (b) and for the FCC
phase (triangles). Inset depicts the thermal-expansion tensor of mono-
clinic phase at 7 = 180 K in the frame of the principal directions «;
(dotted red lines) together with the crystallographic axes (continuous
blue lines). The full length of the «; axes corresponds to 2.0 x 1073
K~'. (B) Projection of the monoclinic structure of CBr,Cl, super-
imposed to that of CBrCl; (grey) on the (0k0) crystallographic plane.
(C) The volume expansivity (o, = o; + a, + o3) as a function of
temperature. As an inset, the aspherism index (4) and its derivative
(d4/dT) as a function of the temperature for the low-temperature
monoclinic phase are shown. Dashed area indicates the change of the
slope (ca. 90 K) for the derivative of the aspherism index. Grey
symbols in all cases correspond to the values of CBrCls.'*

As far as the anisotropy of the thermal expansion tensor in
the monoclinic phase is concerned and, in particular, related to
the reported glass transition at 90 K,'> the results deserve a
special comment. It is well-known that continuous variation of
the molar volume against temperature as well as the
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discontinuity in the volume expansivity are irrefutable signa-
tures of the existence of the canonical glass transition. Never-
theless, as is evidenced by Fig. 8(C), glass transition is not
shown by any discontinuity at around 90 K but only by the
numerical derivative of the aspherism coefficient (inset in Fig.
8(C)). This coefficient, defined as 4 = (2/3)[1 — (3B/a2)]"%,
where § = oo + o003 + o703, accounts for and enhances the
anisotropy of the intermolecular interactions. The result was
previously found for the glass transition of CBrCl; (results are
displayed also in the inset of Fig. 8(C) by means of grey
symbols) and was postulated as a possible signature of the
glass transition.'® It seems, then, that such a particular glass
transition, associated with the freezing of exchange positions
between Cl and Br atoms, and thus with the frustration of the
ordering of the weak molecular dipoles, is controlled by a
competition between intermolecular potential and the poten-
tial barrier hindering the molecular reorientation.
Concerning the isotropic thermal expansivity of the
OD FCC phase it can be concluded (see Fig. 8(A) and (C))
that it behaves like that of the isomorphous phase of CBrCls.

5 Conclusions

By combining a wide set of experimental techniques at normal
as well as at high pressure, we have firmly determined the
properties of the different phases, and their transitions, as a
function of temperature and pressure for CBr,Cl,. Moreover,
we have provided evidences for the existence of an orienta-
tionally disordered rhombohedral phase, for which the stabi-
lity pressure-temperature domain has been unambiguously
established. The existence of this phase for the analyzed
material makes still more uniform the series of the halogen-
omethane compounds (CBr4_,Cl,). The thermodynamic high-
pressure data show the existence of two triple points,
[M + FCC + R]at(33.0 MPa, 269.4 K) and [FCC + R + L]
at (104.1 MPa, 320.9 K), which in fact define the limits of
stability of the OD FCC phase. It is noteworthy that for both
CBr,Cl, and CBrCl; materials, the FCC-L volume change
vanishes at the [FCC + R + L] triple point, without any
aprioristic thermodynamic reason. As a consequence, enthalpy
change for the melting of the FCC phase must also vanish
when approaching the triple point.

Interesting conclusions can be drawn from the close beha-
viour of the derivative analysis of aspherism index as a
function of the temperature for the monoclinic phase. The
present work confirms the proposal previously reported'*
concerning the change of such a parameter for the glass
transition related to the freezing of exchange positions
between Cl and Br atoms.

We would like to point out that the family of halogen-
omethane compounds constitutes a very interesting case be-
cause molecules with very close symmetry and size, with both
nonpolar (CCly; and CBry) and slightly polar (CBrCl; and
CBr,Cl,) species, give rise to a different polymorphic beha-
viour when only the temperature variable is considered at
ordinary pressure. Thus, for such a limited vision, the number
and symmetry of the appearing phases seemed to be uncorre-
lated. Nevertheless, when the “‘real” phase-space governed by
two variables, temperature and pressure, is scanned, poly-

morphic behaviour of a family can be rationalized in terms
of common topological pressure—temperature phase diagrams.

Finally, another aspect of this work that should deserve a
special comment concerns the generalities of the thermody-
namic paths we have used in this work. Pressure-temperature
landscape is not yet a typical thermodynamic landscape
scenario in which polymorphism is described, in spite of real
advances of technology to get high-pressure conditions.>®
Understanding pressure—temperature polymorphism among
“simple” molecular compounds such as those analysed here
to establish proper thermodynamic basis is still a “pressing”
need.
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