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UMR 5798 au CNRS-Universitgordeaux |, 351, cours de la Lib&tion, 33405 Talence Cedex, France, and
Experimental Physics V, Center for Electronic Correlations and Magnetisnyedsity of Augsburg,
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The phases diagrams of the two-component systemg €CBr,Cl, and CBrC} + CBr.Cl, have been
determined by means of X-ray powder diffraction and thermal analysis techniques from the low-temperature
ordered phase to the liquid state. The isomorphism relationship between the stable orientationally disordered
(OD) face-centered cubic (FCC) phases of CBelld CBgCl, and the metastable OD FCC phase (monotropic
behavior with respect to the OD rhombohedral stable phase) of I&&SIbeen put into evidence throughout

the continuous evolution of the lattice parameters and the existence of the two-phase equilibriur [FCC

for the whole range of composition in both two-component systems. This equilibrium interferes, for the CCI
+CBr,Cl, system, with a rhombohedral (R) plus liquid (R L]) equilibrium giving rise to a peritectic
invariant. In addition, whatever the system,{RFCC] equilibrium also interferes with the low-temperature
equilibria between the low-temperature monoclin@2(c) phase and the OD R and FCC phases. In regards

to the low-temperature monoclinic phases, isomorphism is evidenced, and by means of Rietveld profile
refinement, any ordering of the molecules by varying the fractional occupancy of the halogen sites has been
detected. The thermodynamic assessment, conducted by means of the concept of crossed isopolymorphism,
coherently reproduces all the involved equilibria and provides a coherent set of data for the thermodynamic
properties of nonexperimentally available phase transitions of pure compoun@IC®hich enables us to

obtain the topological properties of its pressutemperature phase diagram and to infer the existence of a
high-pressure R phase for such a compound.

1. Introduction are rhombohedral (R) or cubic (FCC or SC). Upon cooling,
. ) ) . compounds corresponding to= 2, 3, and 4 solidify into a
Orientationally disordered (hereafter abbreviated by OD) . pic phase [FCC fon = 3 and 4, and simple cubic for =

crystalline phases show three-dimensional long-range order in2] and then transform to an OD R structure with further cooling.
respect to the molecular positions and extreme disorder in theW’hen heated, phase R melts without passing back through the
orientational degrees of freedom of molecules at each lattice cubic phase When cooling is limited so that the cubic phase is
point. SUChZOD phases are typically found in ‘globular” formed, the' cubic phase melts. Then, the cubic phase is
(r:r?g%ou"ﬁdiz.nTr%hjlzgin%mitr;arg %)rmlgc;ﬂzd;f;i’)u(gas metastable with respect to the former R phase and behaves

o e . el monotropically at ordinary pressure. The melting pressure

formed by molecules of more or less globular shape, providing fth . h
little steric hindrance for reorientational processes and, thus, l€MPerature curve of these compournuis=(2, 3, and 4) is rather

giving rise to the existence of OD phases as introduced by CONVeX, indicating that there should be no triple point involving
Timmermans liquid and R and cubic OD solid phases (at positive pressure),

The phase relations as a function of temperature at normal an evidence that we are dealing with a cubic metastable state

pressure for the compounds of the aforementioned family seem, &t Ny pressurét2-2532This case, which is known as overall
however, quite different on account of the difference in size of Monotropic behavior, is schematized in the pressteeper-

the chlorine and bromine atords? Another family, closely ~ ature (p—T) diagram of Figure la. For such a case, FCE€E-L
related to the halogenomethane compounds is that of methy|_tr|ple point is invariably located in the negative pressure domain.
chloromethane compounds, (@k-.CCl,, n =1, ..., 4. The As for the remaining compoundy = 1, only one face-
phase behavior of this family has been extensively stutlied. centered cubic (FCC) OD phase is observed at normal pressure.
As for the OD state, they exhibit a polymorphic nature such Nevertheless, when polymorphism analysis is extended to the
that at least two OD forms are involved, the symmetry of which high-pressure domain, a new OD phase, which has been
demonstrated to be of rhombohedral symmetry, appears in the
* Corresponding author phone:+34 934016564; fax:+34 93401 18 39; positive pressure domaf#3*It means then that intermolecular

e-mal. joseluistamarit@upc.edu. interactions combined with steric conditions reach the necessary
# CNRS-Université Bordeaux |. ve requirements to stabilize the R phase at high pressures. It should

8 University of Augsburg. be noticed that the R—FCC—L triple point can make then a



unravel the physical appearance of the rhombohedral phase,
which seems to be a “common” possibility of these kinds of
compounds concerning a spatial long-range ordering with
orientational disorder.

This work is then mainly concerned with the manifestation
of the metastable transitions for two-component systems4(CCl
+ CBr,Cl, and CBrC} + CBr,Cly) sharing compounds display-
ing the phase behavior of the schemes depicted in Figure la
(CCly)® and 1b (CBrcj)® to contribute to the understanding
of the metastable behavior of a possible rhombohedral phase
of CBr,Cl; at normal pressure by the influence of the stability
at high-pressure. The phase behavior of the two systems is
Figure 1. Temperaturepressure diagrams involving stable (continuous €xamined from the viewpoints of crystallography and thermo-
lines) and metastable (dashed lines) two-phase equilibria involving dynamics. With regard to the thermodynamic analysis a main
liquid (L), OD a andp, and ordered (Or) phases. part is devoted to the phenomenon of crossed isopolymor-

phism?23:3¢ The present paper underlines their importance and
physical appearance in the positive pressure domain, as dist the same time provides new experimental evidence.
played in Figure 1c, or in the negative domain, asrfer 134 To unravel the characteristics of the two-component systems

As for the halogenomethane CBgGompound, the enan- e have then used three strongly complementary techniques,
tiotropic behavior between a cubic (FCC) and R phases has beeRne (jfferential scanning calorimetry, which enables us to
recently stated at ordinary presstreand extension at high-  characterize the phase transitions of the mixed crystals; the X-ray
pressure has shown that pressure-temperature phase diagrajowder diffraction, which accounts for the lattice properties of
belongs to the type displayed in Figure 9his provides  gach phase as well as assures the one- or two-phase domains in
evidence for the disappearance of FCC phase at pressures highghe pinary systems; and, finally, the thermodynamic analysis
than the triple point sharing liquid and R and FCC OD phases of each particular system, which permits us to coherently
(31 MPa, 278.7 K). It should be emphasized that, first, according rationalize the thermodynamic data, to account for the stability/

to the p—T diagram, the extrapolation of melting curve of the metastability of the phases and to derive the excess properties
R phase at normal pressure gives the temperature at which Rof the solid phases.

phase would melt if the FCC phase would not exist and, second,

that such an extrapolated value falls in the temperature stability 2 Experimental Section

domain of OD FCC phase at normal pressure. It is obvious that

depending on the thermodynamic properties of the OD phases, 2.1. Materials. The chemicals CGl and CBrC¢ were
which all of them are a consequence of a balance betweenobtained from Across with purity of 9% and 99%, respec-
intermolecular interactions and steric conditions, an additional tively. They were used as received since the measured melting
case, shown in Figure 1c, can appear. In such a case, thePoints agreed well with the ones reported eafieCBr.Cl,
t0p0|ogy of the two_phase equi”bria generatesFR:C_L and was obtained from Aldrich and fractiona”y dlSt|"ed, the final
Or—R—FCC triple points (Or, being the low-temperature compound showing a melting temperature which agrees with
ordered phase) on the positive pressure domain (Figure 1c). ThisPrevious works.

is in contrast to the previous case (Figure 1b) for which the  Binary mixtures were prepared at room temperature, i.e., in
triple point between the low-temperature ordered phase and thethe liquid state, by mixing the materials in the desired propor-
OD phases (FCC and R) falls at negative pressures (as for thelions.

CBrClg).6 2.2. Thermal Analysis.A low-temperature equipped Perking-
The polymorphism of CBCl, at normal pressure has been Elmer DSC-7 differential scanning calorimeter was used to
studied by several methods® conduct calorimetric measurements, performed with Perkin-

The crystal structure of the low-temperature ordered form is EImer high-pressure stainless-steel pans to prevent reaction with
monoclinicC2/cwith Z = 32 as inferred from neutron powder the container. Heating and cooling rates of 2min~* and
diffraction# At 259 K, monoclinic phase transforms into an OD sample masses around 15 mg were typically used.
phase, the symmetry of which is FCC. The latter phase is stable 2.3. X-ray Powder Diffraction. High-resolution X-ray
up to the melting at ca. 294 K. powder diffraction patterns using the Deby@&cherrer geometry

The crystal structures of the ordered and OD phases of GBrCl and transmission mode were recorded with a horizontally
were attempted by Binbrek et ‘&llhey described the structure  mounted INEL cylindrical position-sensitive detector (CPS-120)
of the phase Il of CBrG, from neutron powder diffraction, in ~ made of 4096 channels (angular step ca. 0.0229)).37
terms of theC2/c space group witlZ =32, on the basis of the ~ Monochromatic Cu Ke(1 = 1.54059 A) radiation was selected
hypothesis of the isostructural character with €Bnd CC}. by means of an asymmetrically focusing incident beam curved
Thus, as far as the low-temperature ordered phases arequartz monochromator. The generator power was set to 40 kV
concerned, for the three compounds involved in this work, and 30 mA. Low-temperature measurements were achieved with
CBrCl;, CBnCl,, and CCJ, all of them are isostructural a liquid nitrogen 600 series Cryostream Cooler from Oxford
(monoclinicC2/c,Z = 32). This experimental fact enables the Cryosystems.
possibility of continuous formation of mixed crystals in such External calibration using N&aAl.F4 cubic phase was
an ordered state. performed to convert channels t6 degrees by means of cubic

Because the polymorphic behavior of GBFL at normal spline fittings to correct the deviation from angular linearity in
pressure does not display the existence of an OD R phase, wePS?8 and the peak positions were determined by pseudo-Voigt
have explored the possibility of combining the results obtained fittings. After indexing the patterns lattice parameters of the
for the binary systems sharing pure compounds displaying OD phases were refined while patterns of the low-temperature
several of the described topologicat-Pp phase diagrams to  ordered phases were submitted to a Rietveld profile refinement
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TABLE 1: Temperatures and Enthalpy and Entropy Changes Associated with the Phase Transitions of Cgl CBrCl3, and
CBr,Cl, Obtained in This Work and from Previously Reported Adiabatic Calorimetry 32

transition TIK AH/kJ-mol? AS/J-mot-K~1 reference
CCl, MS— RS 225.9 4.68 20.72 8
225.35 4.581 20.33 19
225.704+ 0.01 4.631+ 0.020 20.52 20
RS— LS 250.3 2.52 10.06 8
250.3 2.515 10.05 19
250.534+0.01 2.562 10.23 20
FCC"— L™ 245.8 1.82 7.42 8
246.014+ 0.01 1.830+ 0.070 7.44 20
R™— FCC" 262.9 0.69 2.64 8
258.0 0.66 25F 40
CBrCls MS— RS 238.1 4.58 19.23 8
238.19 4.618 19.40 3
RS— FCC 260.3 0.52 1.98 8
259.34 0.527 2.03 3
FCC—LS 267.1 2.03 7.61 8
267.9 2.032 7.59 3
RM— LM 265.F 2.55 9.58 8
265.% 2.55 9.59 41
CBr,Cl, MS— FCCs 258.8 5.22 20.19 this work
258.8 5.431 21.06 3
MS—Rm 262.0 4.80 18.32 this work
FCC—LS 293.7 2.30 7.82 this work
294.4 2.308 7.89 3
R™— FCC® 243.6 0.436 1.79 this work
RM— LM 280.7 2.36 8.4C0 this work

2 The stable and metastable transitions are denoted by superscripts (s) and (m), respectively. M refers to the low-temperature @afa)clinic (
phase of CGl CBrCl, and CBsCl,, and R and FCC for the rhombohedral and face-centered cubic OD phd$essmall disagreement6%)
for the AHM=FCC value of this work to that obtained by means adiabatic calorimetry could be ascribed to the addition by the authors of ref 3 of some
pretransitional effects appearing at the M to FCC transition as superimposed to the vibrational heat capacity in the monoclinic phase (see Figure
1 of ref 6) “Values obtained from the extrapolation of experimental valéi¥alues obtained from fundamental thermodynamics (see text).

by means FullProof prografi.Details of the procedure are 300 ' ‘ ' ' ‘ '

given in Section 3.2.

Liquid samples were placed into 0.3 mm-diameter Lindemann 280
capillaries at room temperature and were rotated perpendicularly
to the X-ray beam during data collection to improve averaging Moo
of the crystallites. Acquisition times were around 60 min for =
measurements in the OD phases and no less than 120 min for
the low-temperature ordered phases. 240
3. Results 2% ‘ ‘
3.1. Differential Scanning Calorimetry. The thermodynamic CCL )‘(15 CCLBr, 0~)5( CCl:Br
— “—

properties of the phase transitions for the pure halogenomethane

; ; Figure 2. Temperature—composition CCt CBr,Cl, and CBrC} +
compounds are given in Table 1. At present only values CBr,Cl, two-component systems showing the stable (continuous line)

correspo_ndlng to phase changes between pha_ses de”me‘?' by tr?\‘fvo—phase equilibria. The metastable part of the [FEC] equilibrium
superscript (s), which correspond to the experimental available for the CCl, + CBr.Cl, system is also displayed as a dashed line.
transitions, should be considered. Such values match quite well
with previously reported values. In Figure 2 the characteristic temperatures of the two-phase

The reader must pay attention to some evidence, which will equilibria are shown as a function of composition for both £ClI
be of importance for the following sections describing the two- + CBr,Cl, and CBrC} + CBr.Cl, two-component systems. The
component systems. Both GG@Ind CBrCt compounds display  results of the enthalpy of the sofigolid-phase transitions and
stable OD phases with rhombohedral symmetry, while the OD melting obtained for both systems are shown in Figure 3.
FCC phase is stable for CBriCand metastable (but experi- Experimental evidence shared by the two-component systems
mentally available) for CGl The OD stable phase for the isthe existence of continuous OD FCC mixed crystals. It should
compound CBiCl, has FCC symmetry. be noticed that such mixed crystals for the (§ Cix(CBr.Cly)x

The DSC output was used to establish the complete melting two-component system can be classified into two different
and solid-solid transition temperatures, as well as the con- categories: (i) mixed crystals with molar compositions within
comitant heat effect, both as a function of composition. To the 0.40< X < 1 composition range for which the phase
determine the stable phase diagram, mixed samples were cooledransitions appearing upon cooling are liquid to FCC and FCC
from room temperature down to at least 180 K at anfii—t to R or to M, all of them being reversible and thus evidenced
and heated back to room temperature. In fact, the information the enantiotropic relation between both OD phases in this
on the systems comes from combining X-ray diffraction as a composition range, (ii) for mixed crystals with molar composi-
function of temperature and composition, with differential tion lower than ca. 0.40, two phase transitions involving OD
scanning calorimetry, the former being detailed later. occur upon cooling while only one occurs upon heating back



7 T T T T T T us to infer the characteristic values of a virtual transition between
| [M-FCC]—_1 a metastable R phase to the stable FCC phase for thegOGBr
Y —]

S Yo — ] compound (R-FCC = 243.6+ 2.0K andAL°°H = (0.436+
E 5L 1} ] R
S S ‘%‘@%»%—{»i* {zr___Z_jﬁ;fﬁ‘ 111y 0.080)kJ-mot?). Such value can be physically interpreted as
4 §‘§~~}_ N T o - 4-4-4- : .
~ | SR A SR | " . the extrapolation at normal pressure of a high-pressure two-
2 RL —[M-R] phase equilibrium between R and FCC phases as indicated in
3 f_§[§_' ] 1 Figure 1c. It should be noticed that tiB~FCCvalue falls into
5o * : + {{i - %i SrE 38 2 -}M 4 -4 the temperature stability domain of the low-temperature ordered
R R-FCC [FCC-L] (monoclinic) phase ruling out the pressure-temperature daigram
lr]p_-~@~ &0 fg _'iT _!‘xﬁ_ o e - i—: displayed in Figure 1d. Itis also noteworthy that with increasing
- ' . hd | : mole fraction of the [R+ L] melting equilibrium of the CCJ
CCly 0.5 CCLBry 0.5  CClBr + CBrCl, system would end (aX = 1) at the non-
X— X experimentally available melting temperature of phase R of

Figure 3. Experimental enthalpies (full symbols) of melting of FCC CBrZ_(:|2' TR _I_:lnally, with the same _coherer_I(_:e as for the

(®) and R @) and for the R to FCCH) and the M to R &) or FCC previous transitionsa M to R solid—solid transition TM-R)

(w) transitions as a function of the mole fraction. Empty symbols are appears for the CBCl, compound.

obtained either by extrapolation of the curves or by eq 1 (see text). 3.2. Crystallographic Characterization. The isomorphism
elationships between the isostructural phases have been shown
y determining the continuity of the lattice parameters as a

function of composition by means of X-ray powder diffraction

studies at different temperatures.

3.3. Monoclinic Mixed Crystals. X-ray powder diffraction
measurements were undertaken at 220.2 K for the monoclinic
(C2/c,Z = 32) mixed crystals in both two-component systems
Jor several compositions. To carry out the analysis of the X-ray
patterns of these “ordered” mixed crystals, we have performed
a Rietveld profile refinement by means of Fullprof softwéte.
dhe process was successfully followed for the £€@BrCls
mixed crystals in a previous wdtland consists mainly on the
procedure described by Binbrek et al. for pure compounds
CBrClz and CBgCl,.* As the starting configurations we used
the atomic coordinates of the four molecules in the asymmetric
unit of CCly or CBrCk (for the CCl + CBr,Cl, and CBrC} +
CBr,Cl, mixed crystals, respectively). Fractional occupancies
of the halogen sites were set according to the composition of
the analyzed mixed crystal and molecules were represented by
space group by postulating that all the members of theCIBr, a rig.id body with tgtrahedral symmetry. Varying slightly the .

fractional occupancies around the values of the exact composi-

(n=0, ..., 4) were isostructural and assuming that the molecules’ : ) - R
are disordered so that sites have equivalent fractional occupan{ion determined by the chiorine and bromine atoms participating

cies for chlorine and bromine atoms. in the mixed crystal did not result in a substantial decreasing
According to the described thermal analysis measurements,Of the related R-factors, precluding then a partial “ordering” of
the enthalpy changes associated with the melting of the Fccthe mixed crystals in regard to the halogen disorder described
mixed crystals were measured continuously for the whole fOr Pure compound$® Two representative examples of the
composition range in both binary systems (Figure 3). As far as experimental and calculated profiles for two mixed g:rystals
the melting of the R mixed crystals is concerned, direct (CCl)osi(CBrCl2)oagand (CBrCoss(CBr.Clz)oqs are given
information is only obtained from the CCH# CBr.Cl, system in Figure 4 together with that of the CRl, pure compound.
for the 0 < X < 0.40 composition range. In spite of such a Following the same procedure for several mixed crystals with
limited availability, the complete variation of the melting molar fractions distributed along the whole concentration range,
enthalpy of R mixed crystals can be obtained by adding the the lattice parameters vs concentration were determined and are
heat of the R to FCC transition to the melting of the FCC mixed shown in Figure 5. The continuous variation of the lattice

crystals. Such a calculation is based on the following equation: parameters with concentration establishes the existence of an
isomorphism relationship between the low-temperature ordered

AH, ., +AH, ., Q) phases of the three pure compounds involved, confirming the
structural results found for CBrgband CBpCl, from neutron
applied forp = R,y = L anda. = FCC. This equation assumes powder diffraction on the hypothesis that both compounds were
that the specific heats of bothanda phases are close, as is  isostructural to CGland CBg. It is to be noticed that lattice
the case for both OD FCC and R phases. In this way, extrap- parameters of both series of mixed crystals nicely converge at
olation atX = 1 of the melting enthalpy change of the R mixed the same values fof = 1, i.e., the CBsCl, pure compound. In
crystals provides the heat effect associated with the melting of addition, monoclinic lattice parameters of GBI, determined
a virtual R (metastable) phase of the @Blr compound. The  at 220.2 K & = 20.872(4) Ab = 11.747(2) A.c = 20.434(4)

to room temperature. The sequence upon cooling (as reveale
by X-ray diffraction measurements) is related to the liquid-FCC
and FCC-R phase transitions. The R mixed crystals do not revert
to the FCC phase upon heating back and only melting of the R
phase is found. When cooling is limited such the FCC phase is
formed, this phase melts upon heating without transformation
to the R phase, as it occurs for the @@lre compound. Thus,
the same monotropic behavior between R and FCC phases i
found for that composition range of mixed crystals.

As far as mixed samples of the CBgCt CBr,Cl, system
are concerned, it appears that the FCC mixed crystals are stabl
for the whole range of composition.

Another relevant fact (as we will demonstrate in the crystal-
lographic section) is the existence of continuous formation of
low-temperature monoclinic mixed crystals whatever the system.
This makes evident the isomorphism relation between the low-
temperature ordered phases of all the compounds involved in
this work and, confirms the results obtained by Binbrek et al.,
who determined the structure of GB; in terms of theC2/c

AH,., =

obtained value is\sH = (2.36 + 0.15)kJ-mot™. A, B=111.19(13, VIZ = 146.0 B) agree quite well with those
To end this section, we would like to point out that the Previously published.
extrapolation of the [R+ FCC] two-phase equilibrium as well 3.4. OD Mixed Crystals.3.4.1. Face-Centered Cubic Mixed

as the associated enthalpy changXat 1 (CBrCly) enables Crystals. From previous DSC experiments, the concentration
4
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Figure 4. Experimental (0) and theoretical (black line) diffraction
patterns along with the difference profile of monoclinic phase at 220.2
K (blue line at the bottom of each panel) for (A) GBIt, pure
compound (R= 7.08%,Ryp, = 9.88%) and (B) (CG)o.51(CBr.Cl2)o.49

(Rp = 532%,pr = 742%) and (C) (CBI’Q)o_5dCBI’2C|2)o_45 (Rp =
5.30%,Rup = 7.23%) mixed crystals. Each inset corresponds to a five

times expanded vertical scale for the 40—@®-range.

11 8 T I T T I T I T l111.6
PR
~ 11.7 o7 - g ’;
-~ : —111.4
-~ A~ ’,'ED 7 "
S et Tk {2
< /,;’ ~ D<
S “%--wﬁ}-‘--» (11123
15F ]
'S
11-4 1 I 1 l 1 I 1 l 1 111-0
210 T I T I T ] T l T 208
B _

20.8 -8 771206
—~_~ _-0®- a4 —~
® [_.--"9 -7 3 .
O 20.6% T e 2204 &
:{ L 45; R 4 :{
<2044 7 e =202 <
E«s r 3 » T E<.)

2021 -~ —20.0

¥ 4

20.0 1 | 1 | 1 | 1 | 1 19.8

ccl,/ccLBr?? 04 06 08 ~oppy

X

Figure 5. Lattice parameters as a function of the mole fraction for
the low-temperature monoclinic mixed crystals at 220.2 K of the,CClI
+ CBr.Cl; (full symbols) and CBrGl+ CBr.Cl, (empty symbols) two-
component systems.

ranges for the enantiotropic or monotropic behavior as well as
the limit of metastability for which FCC mixed crystals obtained
by cooling from the liquid were clearly stated for the G&1
CBr,Cl, system. Such a procedure enabled to measure at 241.2
K for the whole concentration range the variation of the lattice
parameter vs mole fraction in the aforementioned system, with
the exception of the pure compound G8k, for which the
guoted value was obtained by extrapolation of the cubic
parameter as a function of temperature. As for the CBrEl
CBr,Cl, system, the OD FCC mixed crystals display a complete
stable domain as regard to the composition, so they were
crystallographically characterized in that region at 265.2 K.

The results for both systems are shown in Figure 6. The
continuity of both curves demonstrates the isomorphism rela-
tionship between the monotropic FCC of G@ind the enan-
tiotropic FCC phases of CBEl, and CBrC§.

3.4.2. Rhombohedral Mixed Crystals.this case, Lindemann
capillaries were cooled down to the stable low-temperature
monoclinic phase and heated again up to the temperature at
which the measurements were carried out. This path ensures
that stable R mixed crystals are formed. Figure 6 shows the
variation of the R lattice parameters as a function of the mole
fraction at 243.2 and 253.2 K for the CC# CBr.Cl, and
CBrCl; + CBr,Cl, systems, respectively. By assuming the
existence of a metastable R phase for £By compound, it
can be inferred that a “virtual” continuous series of mixed
crystals in the R phase would give rise to an isomorphism
relationship. The lattice parameters for that metastable R phase
of CBr,Cl, compound can be obtained with more accuracy at
243.2 K from the extrapolation performed in the ¢E€ICBr.Cl,
system (8(243.2 K) = 14.772(15) A,aR(243.2 K) = 89.44-
(2)°).

3.5. Thermodynamic Analysis ProcedureThe purpose in
this section is to bring together the experimental data of both
systems and to subject them to a thermodynamic analysis. Next,
we explore the possibility of combining the results obtained
for each individual system to a coherent and unifying descrip-
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Figure 6. Lattice parameters as a function of the mole fraction for the OD FCC (Al and B1) and R (A2 and B2) mixed crystals. Temperature at
which they were measured is detailed inside each panel. Full square for the FCC lattice pasceh@4t.2 K comes from the extrapolation of
the lattice parameter variation with temperature for the pure compoungCGBr

To determine the two-phase equilibrium region between two
phases (¢andy), i.e., the concentration limits of the loop for
y J gl A I S
7|8 the coexisting phases, the well-known equilibrium rule minimiz-
e 4V adl ing the Gibbs energy of the mixed crystal ABx at each
temperature, which consists on the common tangent to both
Gibbs energies characterizing the phases of the corresponding
equilibrium, G*(T, X) andG’(T, X), must be determined. For
this task, the molar Gibbs energies of the pure compounds A
and B as well as the excess properties for each phase are
required. Because of the lack of datamyf, k = A, B and ¢
= a, S, v the simplified treatment of the equal-Gibbs curve-

A X~ B (EGC-) method will be usetf

Figure 7. Solid and dashed curves represent stable and metastable To do so, the difference between the Gibbs energies of phases
behavior, respectively. Full and open circles represent the stable andg andy is written as
metastable transition points, respectively The small-circle lines represent

the EGC-curves. AéG(T, X)=G'(T,X) — G¢(T, X) =

tion, in particular with regard to the inference of thermodynamic (1 = X)ALp (T) + XALug (T) + A;GE(T, X) (3)
properties of a virtual R phase of G, compound.

3.5.1. Thermodynamic FormulatioWe have reported in  whereAju, (T) isu” — e’ (k=A, B) and AJGX(T, X) is the
detail on the thermodynamic formalism we use in other excess Gibbs energy difference between the considered phases,
works?823-25 Here, we repeat only the pertinent information for i.e., GE¥(T, X) — GE4(T, X).
the sake of completeness. To follow the used thermodynamic Because the existence of equilibrium at a given temperature
analysis procedure, it is expedient then to describe the casenecessarily implies that the Gibbs functions of iheand y
referred to as crossed isopolymorph#3iif sketched in Figure phases intersect, it follows that the locus of the points of

T 2
TAB—’“{ G

7. The forma is stable for component A, while the forfhis intersection in thad X plane (the EGC) will be the result of this
stable for component Bf(is metastable for A andx is equation:

metastable for B)y being stable for both components. The

“stable” phase diagram can be looked upon as the stable result A;G(TEGO X)=0 4)

of two crossing two-phase loops. The two crossing loops imply
a stable three-phase equilibrium (a +46 y), which, in the By neglecting the heat capacities differences between both
case of Figure 7, is peritectic. phasesAui(T) can be approximately written aS%Sﬁ(T‘,f”V -

Any phase¢ we consider in which (1- X) mole of T), beingT{ 7 the temperature of th¢—y transition for the
component A mixes wittX mole of component B, is character-  componenk, the EGC temperature can be deduced from eq 4

ized by its own Gibbs function as shown:
G/(T, X) = (1 — X)u*(T) + Xug”(T) + RT[XIn(X) + (1= X)AJH + XALHE N A}GgdX)
EGC —
(1 — X)In(L — X)] + GEYT, X) (2) (1= X)ALS, + XA, (1= X)ALS, + XALS;
5)

whereT stands for the thermodynamic temperatiRehe gas

constantﬂ;"” (T), k= A, B denote the molar Gibbs energies of WhereAgHﬁ andAéS; are the enthalpy and entropy changes of
the components, ar@¢(T, X) denotes the excess Gibbs energy the ¢—y transition for the componerit The first term of the
which accounts for the deviation of the mixture in thehase right side of eq 5 represents the EGC temperature for the [¢
from ideal-mixing behavior produced by interactions between y] equilibrium when the excess Gibbs energy difference is zero
molecular species A and B with regard to the interactions and is only pure component-dependent and thus can be obtained
between molecules of the same species-fAand B—B). from pure component data. Nevertheless, some of the metastable



TABLE 2: A’G, = G} — G and A’G, = G — G2 Parameters of the Redlich-Kister Polynomial for the Excess Gibbs Energy
Difference between the Involved Phases in the C¢H CBr,Cl, and CBr,Cl, + CBrCl; Two-Component Systems Together with
the Equimolar Equal-Gibbs Temperature (Tecc(X = 0.5)) for Each of the Assessed Equilibria

CC|4 + CBI'2C|2 CBI'2C|2 + CBI’C|3
equlibrium a B AlGImolt  APGydmolt TeedX=0.5)K  A’Grmort  APGyJmof!  TeedX=0.5)K
[FCC+Ll] FCC L —149 -37 264.7 —44 27 279.2
R+ L] R L -85 -95 262.9 -13 -1& -
[R +FCC] R FCC 64 -59 262.4 32 14 256.5
[M+FCC] M Fcc —254 —253 240.6 -18 —-41 248.8
M +R] M R -318 -177 238.6 —49 -55 248.7

aThe [R + L] equilibrium does not make a physical appearance in the;CIBrH CBrCl; two-component system, but excess Gibbs energy
difference is given for completeness.

properties as heats of transition and transition points have to 300 ' I
be obtained in an indirect manner when a crossed-isomorphism L Vi |
is considered. (L] /‘5 \‘\ (L]
A first estimation of the EGC curve can be done from the 280
experimental data of the two-phase equilibrium. An iterative
procedure performed by means of the WINIFIT progtébased
on Oonk’s method and on the well-known LIQFIT progrdm  ~ 260~
enables one to obtain reasonable values of the excess Gibb!
energy differences at the EGC temperature by means of eq 5.
More details on the computational procedure can be found in 240
ref 45. Because of the lack of the thermodynamic excess
properties of the liquid phase, only excess Gibbs energy

differences (AGF) have been determined. 220 : : : :

In this framework, the description of the excess Gibbs energy CCly 0.5 CCL:Br, 0.5 CCl:Br
difference was given by a two-parameter function in the form X- «X
of a Redlich—Kister polynomial Figure 8. Calculated equilibria (red and blue dotted lines), experimental

points and stable equilibria (black line).

YE = _ 4 4 _
ARG (X) = XA = X)ALC, + AGA(1 = 2X)] - (6) temperature (35 ¢ = 243.6+ 2.0K). As far as the associ-
ated enthalpy changAfL°“H, extrapolation of the values for

. . the R to FCC phase transition (see Figure 3), some of them
A
and physically understandablés;G, expresses the magnitude being calculated from eq 1, provides, within the experimental

qf the excess Glb_bs energy difference at the equimolar composrerror, a virtually equal value for both syste m‘éch — 0.436
tion and A;G,, gives account for the asymmetry of such a + 0.080 kd-mat?)

function with respect t&X = 0.5. In addition, we consider the ’ '
A;’,Gl and Ang coefficients to be temperature-independent
due to the small range of temperature in which two-phase
equilibria exists.

3.5.2. The Simple [FCG- L] Two-Phase Equilibrialn the
case of the two-component systems analyzed here, thgOGBr
component displays a stable OD FCC phase, which according
to the calorimetric and crystallographic characterization is
isomorphous to the metastable OD FCC phase of,@@4 to
the stable OD FCC phase of CBgCI

The temperatures and enthalpy changes corresponding to th
FCC melting of the pure compounds (see Table 1), all of them
experimentally available, and the temperature data of the
equilibrium were used for the thermodynamic assessment. It . -
results in the excess Gibbs energy differences expressed by thdemperature for the V'rthf,JjaF! M to R phase transition f_or the pure
Redlich—Kister coefficients given in Table 2. componen.t CBCl (TCBr2C|_z = 262.0 £ 2.0K). Figure 3

3.5.3. Crossed Isopolymorphism: [RFCC], [M + R] and provides directly the associated enthalpy char@l—( =4.80
[M + FCC] Two-Phase Equilibria.As for the equilibria & 0.18 kJ-mot?).
involving R, FCC and M phases, the nonexistence of an OD R With the temperature and enthalpy change calculated values
phase for the CBEl, compound forces to an estimation of the together with the experimental solvus temperatures, the-[R
thermodynamic properties of a such virtual phase (isomorphousFCC] and [M+ R] phase equilibria were computed by using
to the R phase of both C€and CBrCk compounds) for that  the crossed isodimorphism procedure.
compound. Such an estimation is performed by the metastable As for the [M + FCC] equilibria, their relevance on the
extensions of the [Rr FCC] loops which ends (X = 1) in thermodynamic assessment is smaller than the previous ones.
the theoretical metastable R to FCC transition point of the pure Thus properties of the virtual phase transitions as M to FCC
CBr,Cl,. Such estimation is nicely performed simultaneously for CCl, and CBrCi were estimated according to the state
for the two systems. As can be seen in Figure 8, extrapolationsfunction character of the enthalpy and entropy magnitudes. Once
of the [R + FCC] loops converge into the same virtual the described equilibria were calculated and the excess Gibbs

7

which in the lack of strong local anomalies is fairly adequate

It should be mentioned here that the R to FCC transition for
the pure CCj it is not experimentally available. Owing to the
monotropic character of the FCC phase with respect to the R
phase, such a transition would appear in the stability domain
of the liquid phase. The properties of such transition were
determined in some previous wofk8 and thus, details of the
procedure to determine the temperature as well as the enthalpy
change will be omitted here. Values are listed in Table 1.

The next step in the thermodynamic assessment of the two-
gSomponent systems consisted on the evaluation of the required
data for the analysis of the [M- R] equilibria. Experimental
phase diagrams (Figure 2) make evident that composition
extension of such equilibria are large enough to determine the



TABLE 3: Calculated Temperatures and Mole Fractions " ' ' l '

I
Characterizing the Three-Phase Equilibria for the 0.681 T(O)=2202K K- |
Two-Component Systems CCl + CBr,Cl, and CBrCl; + : E,/’ T G*EL\\E]
CBI'2C|2 = L ‘,,Er/ 4
invariant CCly+ CBrCl, CBrCh+ CBrCl, el T@=2832K % 10)=2532K |
eutectoid [M+ R+ FCC] T/K 264.6 252.5 ,V;’ee’ N
X 0.844 0.652 - P ooeg ]
Xn 0.898 0.704 409 1 &9
Xp 0.851 0.659 0.605-°"" T(O)=2412K | T(O)=2652K 4
peritectic [R+ FCC+ L] T/K 262.5 ) | ‘ ) | )
X 0.434
XZ 0.479 cCly 0.5 CCLBr; 0.5 cClBr
Xp 0.477 X~ X

Figure 9. Packing coefficient of the monoclinic (squares), rhombo-
energy differences between the involved phases determined hedral (diamonds), and face-centered cubic (circles), mixed crystals.
straightforward calculations were performed for the additional Full diamonds correspond to extrapolated values.

equilibria appearing in both phase diagrams. The obtained excess
Gibbs energy differences in the form of RedlicKister several related methylchloromethane compounds {(CkCCl,),

polynomial coefficients are compiled in Table 2. at ”02273?1' pressure (¥ 2, 3, 4f11820470r at high pressuren(

It should be noticed that an individual experimental temper- EB]-Z_",I 'h Il?ecently, iUCh lattice sylmmetg)é WZS dh|sclosed for
ature point may deviate from the mean trend to a maximum of rCl halogenomethane at normal pres3tend, the present
about 1 K for the melting and [R- FCC] equilibria while and work proves that a rhombohedral phase makes its (metastable)

no more than about 2 K for the equilibria involving the low- appearance also for Cl, material. How the rhombohedral

temperature monoclinic phase phase would be placed on the pressure-temperature phase

Another observation that c;em be made is related to the diagram can be looked upon as sketched in Figure 1c and by
“ordering” the phase transition temperatures obtained for

existence of a maximum and a minimum in the {RFCC] . ;
e CBr,Cl, (Table 1): By considering the equivalence of symbols
two-phase equilibrium of the CE€H CBr,Cl, system. In the n Fizguzré oo Z)FCCyI SR ang O I?/I o temperai/ures

field of molecular materials, phase diagrams with a maximum . y
are unusual although they seem to appear when chiorine or®f thRe stable and metastable phase transitions ord@f&s

-L M—R M—FCC R—FCC : H
bromine atoms and methyl groups are combifféThe closely =~ Tm = Tm = = Ts > T, 7 which are in perfect

related two-component system GGF (CHg)sCBr shows also agreement with the obtained va_lges _(293.’280.7> 262.0>
a [R + FCC] two-phase equilibrium with a minimum and a  2°8-8> 243.6 K). Then, the stability hierarchy of the OD phases
maximum?° As it can be seen from Figure 8, and taking into and the thermodynamic conditions of their existence can be

account all the thermodynamic properties for the transitions determined trough a topological representation without regarding
between the M, R, FCC, and L phases, a simple calculation the details of the specific values for locating triple points.

provides the properties for the melting of the R phase of As far as crystallographic properties of the inferred rhom-
CBr,Cl,. Values are presented in Table 1. bohedral phase of CBCl, are concerned, coherence should be

dalso found. Figure 9 shows the packing coefficient for the

The complete phase diagrams resulting from the describe
P P g d jordered and OD mixed crystals. This coefficient is defined as

thermodynamic assessment together with the experimenta . .
values are shown in Figure 8. This figure includes also the 7 = Vn/(V/Z), whereVp, is the molecular volume anu/Z is
metastable parts of the loops. The comparison of calculated andthe gmt-cell V.Olume‘(/) divided by the number of the molecules
experimental results provides us with reassurance about the(Z) in the unit cell. As usual, mo_lecular volumes of the pure
robustness of the procedures here employed since the former i§°mp°unqs were calculated using van der Wagls radi apd
shown to account for most of the subtleties brought in by the mteratorglc chemical bgnds according to the Kitaigorodsky's
details of the experimental equilibria. Particularly noteworthy Method™® Values following such procedure are 87.72, 94.29,
is the evidence for the common inferred metastable temperature§md 1_00'86 Afor _CCI“’ CBrCk, and CBECIZ,_respectNer. The

by means of the extrapolation of the two-phase equilibria. Thus, p_ackmg of the mlxed crystqls was deterlmlned by means of the
in particular, experimentally “hidden” transitions for GBi, simplest way, i.e., by setting for a mixed crystal of molar

compound emerge and their fundamental properties (temperatur&@MpPositionX a linear contribution of the molecular volumes
and %nthalpy ch%nge) are obtained prop (temp of the A and B molecules shared in the mixed crység{X) =

The temperature and the mole fractions of the peritectic and (1 = X)Vm(A)+ XVin(B). As expected, the highest packing

eutectic invariants characterizing the three-phase equilibria arecoefflugnt corresponds_ o the Ipw-temperature monoclinic pha_se
compiled in Table 3 for both systems. (for which strongest interactions and thus greatest density

appear). In addition, whatever the degree of stability at normal

pressure, the packing of the OD R phase for pure compounds

as well as for mixed crystals is higher than that of the OD FCC
According to the described polymorphism of the materials taking into account the temperature at which values have been

involved in the two-component systems, it is straightforwardly determined. Thus, coherent packing coefficient values for the

seen that OD mixed crystals between the compounds showing,R phase of CBiCl, are obtained from the extrapolation of OD

at normal pressure, a monotropic phase @®©F showing R mixed crystals in both two-component systems.

exclusively enantiotropic phases (CBs@hd CBpCl,) can be Upon increasing mole fraction of CREl,, whatever the phase

of two types, either R or FCC. It necessary appears then that aand whatever the mixed crystals are, packing coefficient

two-phase region (demixing region) between both OD phasesincreases. Such effect cannot, a priori, be related to either the

will be present in the phase diagrams. Once Rudman &t al. existence of the R phase at high-pressure nor to the dipole

proved the rhombohedral lattice symmetry for the stable OD moment of the CBICl, molecule, which is virtually the same

phase of CCJ the same molecular arrangement was found for as for CBrC§ molecule (0.2 D). In a robust way the evidence
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4, Discussion



0.74 — ] [ tally available from the heat effect measured in the melting
— L o110 process) together with those between OD phases and low-
90.66 L /,’g,’f”/ 100 & temperature monoclinic phase. The values have been param-
= i 5””/ -7 T N etrized by using two-coefficienA(;H:, AZH,) Redlich—Kister

0.58 | | | L g0 polynomials (as eq 6' for the excess Gibbs energy difference).

’ : : : ——r—189.6 It should be kept in mind that excess enthalpy are the result of a
~_~ i e ) ~ number of successive arithmetical operations with data that have
@ 148 D GUEEaREEE o 43 been determined in a direct experimental way or in an indirect
‘:\‘1 i 0,/0 A manner, including extrapolations. Thus, some reserve must be

« 144 i 3 exercised in drawing conclusions with regard to a desired fine-
(‘) i ; 3‘ zlt 89.2 tuning. Nevertheless, within the described ubiquitous limiting

conditions, some general trends can be achieved. It has been
] ) ) showr?1~33 that the geometric mismatch between the molecules
Figure 10. Packing and lattice parameter of the rhombohedral phase

as a function of the number of Bromine atoms for the halogenom- of the two components of a given system plays a key role to

ethane CB(Cla_, series. Normalized slopes: Packing: 7 = 0)) account for the excess properties. Such a mismatch is param-
(am/an) = 0.041; molecular volume: 1/(¢h = 0)) (8Vy/an) = 0.073. etrized bym, defined as the quotient between the difference

between molar volumes of the componem¥/) and their mean

of the coherence of the extrapolated crystallographic properties(Vm): i-6-,m= AV/Vm, As for methylchloromethane compounds,
of the OD R phase of CBEl, is shown in Figure 10, an additional role is played_ t_)y tr_le dipolar nature of the shared
corresponding to the OD R lattice parameter and packing molctaculesg.l More into specifics, it has been demonstrated that
coefficient for the halogenomethane compounds for which such €quimolar excess enthalpy of the OD phas¢s{(X = 0.5))
phase exists. From that figure noteworthy is the possibility of increases when the geometric mismatch increases and that an
anODR phase for Compounds QBI’ and CBE Thus’ although additional common value (Ca. 0.125 kbl 1 for the equimolar
for the first one there is not available information in the literature composition) must be added for two-component systems sharing
(synthesis of this compound seems to be diffictiffor the a polar and a nonpolar molecule (according to the effect that
tetrabromomethane, it has been well established the cubicthe authors called “dipole dilution®: The mismatch parameters
symmetry of the OD phase at normal pressure, but a high- for OD phases of the two-component systems are calculated
pressure OD phase has been repotféthe existence of high-  from the crystallographic results and are as follows: (i) £ClI
pressure OD R phases for several members of the family goest+ CBrCl;: mFC¢ = 0.0584; m? = 0.0693; (i) CBrC} +
along with the normalized slopes of the packing coefficient (1/ CBrCl;; mf¢¢ = 0.0327 ; mR = 0.0341. Although the
7(n = 0)(dny/on) = 0.041) and molecular volume {4(n = established correlation cannot be quantitatively verified for the
0)(aVw/an) = 0.073) as a function af: They indicate that unit- two-component systems of this work due to the lack of excess
cell volume as a function af increases slower than molecular properties for the liquid mixtures, it is straightforward, as seen
volume and thus, the highest packing for higkalues will be from Figure 11, that for both R and FCC OD phases, the highest
compatible with high-pressure phases. For both, ,CBrand deviation from ideal behavior corresponds to OD mixed crystals
CBry high-pressure neutron scattering measurements will be having the highest value of geometric mismatch parameter. In
done to determine the coherence of the correlation disclosedaddition, assuming that deviation from ideality of liquid mixtures
by Figure 10. is smaller than for the OD phases (as it is commonly found),
Molecular dynamic studies of the liquid state for the methyl- the excess enthalpy of OD phases for the petanonpolar
chloromethane compounds ((€HCCl,),*>?"have shown some  system (CCJ + CBr,Cl,) is noticeably higher than that which
pecullarltles which make difficult to rguonallze the net effect \yould correspond to the values of tiiparameter, which means
of the dipole moment and the polarization. In particular, electro- nat the dipole dilution effect appears. We also note that in spite
static energy for those compounds shows a very low contribution ot yncertainties of the experimental excess enthalpy values, the
vs nongleqtrostatlc contrl_butlp_n. In fact, it has been found that asymmetry of the excess enthalpy functions (commonly ex-
in the liquid-state, polarizability for nonpolar molecules (gs pressed by the quotient of the two parameters of the Relich
C(CH)s and CCJ) has no effect on the structural properties in isier expression for the excess enthalpy) is in line with the

spite that polarizability are about a factor 7 higher than that of dearee of asymmetry shown by the maiority of the mixed crvstal
the water. Then, induction effects coming from charge flow with- sysgtem s (caxo 2) 520,/54 y jorty 4

in the molecule have been shown to give rise to substantial ] ) )

induced dipole moments for polar molecuté# different work It is of interest to note the small excess Gibbs energy
describing the thermodynamic excess properties of the OD mixeddifference between the OD and M phases especially for the two-
crystals between methylchloromethanes, has also revealed th€omponent system CBEl, + CBrCl; (Table 4). Two factors
role of the polarizability, which is there called “dipole dilution ~&re invoked to account for such effect. First, the close similarity
effect” 31 When a mixed crystal is formed between a molecule in volume (difference is around 6.5%) and symmetrjC
displaying dipolar moment and a molecule devoid of permanent between the molecules should generate resemblance between
dipole moment, it appears as a supplementary positive excesA—B interactions when compared to-AA or B—B. Second,
enthalpy to that inherently present from steric factors (evaluated the inherent disorder introduced by the substitution progess.
from the mismatch in molecular size). Although for the two- Note that although the symmetry of both moleculés,f does
component systems described in this work, excess propertiesnot fulfill the symmetry requirements of thé2/c lattice site

read Gibbs energy and enthalpy, of the liquid mixtures have not (Tg), @ symmetry simulation is generated by the appearance of
been reported in the literature, some evidence can be obtainedan orientational disorder or by the change of the occupancy of
by considering differences, particularly those between the R andthe chlorine and bromine atoms as it has been demonstrated
FCC OD phases. Figure 11 shows the excess enthalpy differ-for both pure compounds as well as for mixed crystals by means
ences between the OD phases and the liquid state (experimenef the structural refinement.
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Figure 11. Excess enthalpy differences for the OD phases with respect to the liquid state (left panel) and for the monoclinic phase with respect
to the OD phases (right panel) for the two-component systems-€CIBr.Cl; (circles) and CBrGH CBr,Cl, (squares). Full symbols correspond

to direct experimental values while empty symbols correspond to values determined by meandsDaisbgd lines are for the Redlich—Kister
polynomials. The excess enthalpy differerit®- — HER has been estimated by the using eq 1.

TABLE 4: A/;Hl = H/f — HY and AﬁHz = Hj — H% Parameters of the Redlich-Kister Polynomial for the Excess Enthalpy
Difference between the Involved Phases in the C¢H CBr,Cl, and CBr,Cl, + CBrCl; Two-Component

Systems for Each of the Assessed Equilibria, Together with the Quotieﬂﬂl?D/H?D assuming Ideal Behavior in the Liquid State

CC|4 + CBrzclz CBI’2C|2 + CBI’C|3
equlibrium a B APH,J-mol? APH,J-mol HSPIHPP APH,J-mol APH,J-mol? HYP/HOP
[FCC+ L] FCC L —1516 540 —0.356 -147 39 —0.265
R+ L] R L -326 28 —0.086 —229 67 —0.293

Direct evidence for such a disorder has been obtained by heatstable phase of CBrgkhnd OD FCC stable phase of GBl,,
capacity measuremeftas well as by dielectric spectroscopy and (iii) between the low-temperature monoclinic phases of the
measurement®,both characterizing a glass transition at ca. 90 three pure compounds involved in this study.

K associated to the freezing of the molecular disorder within  Interesting to note that this family of halogenomethane
the monoclinic phase. The linear dependence of the packingconstitutes a remarkable case study because they are all
coefficient of the monoclinic phase as a function of the molar molecules of almost identical geometry, with both polar and
composition (Figure 10) goes along the ideal behavior of the nonpolar species, with orientationally disordered phases and with

low-temperature monoclinic mixed crystals. glass transitions in the low-temperature “ordered” phase, which
make a systematic comparison possible. As regard to the glass
5. Conclusions transition associated to the freezing of the disorder generated

by the fractional occupancy of the chlorine and bromine atoms,
dielectric spectroscopic and nuclear quadrupole resonance
experiments have been undertaken around and below the glass
transition temperature (ca. 90 K).

The stable as well as the metastable parts of the two-
component systems CLH CBr,Cl, and CBrC + CBr,Cl;
have been determined by means of calorimetry and X-ray
powder diffraction. The thermodynamic assessment coherently
reproduces all the equilibria involved in both phase diagrams.
Particularly noteworthy is the evidence for the common inferred

metastable temperatures by means of the extrapolation of theF|82005-00975 and by the Catalan government by grant

two-phase equilibria, hardly obtained when the thermodynamic SGR2005-00535. We thank Dr. S. Coco at the Chemical Physics

assessment is performed uniquely with one two-component . : . -~ .
system. These results suggest that the virtual character of suchDepartment, University of Valladolid, for providing us with the

" X ; . pure CBgCl, used in this work.

metastable transitions must be correlated with a physical reality. P bl

. H 7 1
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