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From the Two-Component System CBrCl; + CBry4 to the High-Pressure Properties of CBry
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The experimental phase diagram of the CBrCl; + CBry system has been determined by means of X-ray
powder diffraction and thermal analysis techniques from 200 K to the liquid state. Before melting, the two
components have the same orientationally disordered (OD) face-centered cubic phase, and solid—liquid
equilibrium is explained by simple isomorphism. The application of multiple crossed isopolymorphism
formalism to the low-temperature solid—solid equilibria has enabled the inference of an OD rhombohedral
metastable (at normal pressure) phase for CBry. Experimental determination of the pressure—volume—temperature
and construction of the pressure—temperature phase diagrams for CBry4 reveal the existence of a high-pressure
phase, the rhombohedral symmetry of which is inferred by means of the thermodynamic assessment of the
experimental phase diagram and demonstrated by means of high-pressure neutron diffraction measurements.
The procedure used in this work confirms the connection between the appearance of metastable phases at

normal pressure and their existence at high-pressure.

1. Introduction

One of the major challenges of solid-state chemical physics
in this century is to improve our ability to predict and control
the appearance of different crystalline forms of a substance, the
so-called “polymorphs”.! =3 Such a limited capability has strong
consequences on technological advances and commercial progress
in many fields from materials science, including pharmaceutical
development, optoelectronics, to biological systems.?>>° In order
to understand the complex thermodynamic and structural
behavior of materials, classical studies are based on the
temperature as a variable, although the pressure has appeared
as a desirable tunable variable to increase the landscape of the
strategies to be developed for our global understanding of
polymorphism problem.6~8 Although impressive technological
advances in high-pressure experimental devices have enabled
us to gain a new understanding of the polymorphism and related
subjects as pressure-induced amorphization,®!? many of the new
techniques are conducted in the very high-pressure domain
ranged from some megabar (0.1 GPa) to pressures as high as
several hundreds of GPa. Such a pressure domain is especially
interesting for metals, semiconductors, superconductors or
minerals, but in general exceeds for pharmaceutical or biological
compounds, in general, organics, for which 1 GPa is rather a
limiting pressure for the involved molecules. For these com-
pounds polymorphism plays a key role for bioavailability or
regulatory rules and economical consequences related to intel-
lectual property.! Nevertheless, it should be noticed that works
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Figure 1. Gibbs energy (G) versus temperature at normal pressure
with the scheme of the temperature-pressure diagrams involving stable
(continuous lines) and metastable (dotted lines) two-phase equilibria
involving liquid (L), OD fcc and R and ordered (M) phases for (a)
CBrCl;'¢ and (b) CBry4 '*!5 compounds. The empty and filled circles in
the G—T diagrams denote stable and metastable phase transitions (at
normal pressure), respectively.

' '
¥ L y
TR-FCC v TM-R FCC-L N

TMFCC TRL T

“merging” pressure and temperature intensive thermodynamic
variables are not yet a typical thermodynamic landscape scenario
to describe the polymorphism of organic materials.

This paper concerns mainly the archetypical carbon tetra-
bromide (CBr4) compound. Under its saturated vapor pressure,
CBry displays two forms: the monoclinic low-temperature phase
and a high-temperature orientationally disordered (OD, or
plastic) face-centered cubic (fcc) phase.!'”!3 At high but
moderate pressures, Bridgman showed the existence of one
additional phase (see pressure—temperature phase diagram and
Gibbs energy at normal pressure in Figure 1b),'%!> the symmetry
of which is still unknown.

On the frame of the halogenomethane series, CBr4.,Cl,, n =
0,...,4, to which CBry4 belongs, members with n =4 and n = 3
display an OD rhombohedral (R) stable phase under its saturated
pressure.!”16 The phase behavior at normal pressure is described
in Figure 1a by means the Gibbs energy function as a function
of temperature for n = 3. For n = 2, the phase behavior is
virtually the same (under its saturated pressure) than for CBry,
and it has been recently shown the existence of a OD R phase
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CBrCl; + CBry and High-Pressure Properties of CBry4

appears at moderate pressures (the triple point [L + R + fcc]
being located at 104.1 MPa and 320.9 K).'®It means then that
for all of these compounds with the exception of CBr4, two OD
phases with fcc and R lattice symmetry can be found either under
saturated pressure or at high-pressure, independently of the
molecular size or molecular symmetry (7, or Cs, or C,,).'? This
conclusion makes sense to suspect the existence of an OD R phase
also for CBry. For this compound a high number of molecular
dynamics simulation??~2? and experimental works!!~1323727 haye
been published, but concerning the high-pressure field only the
pioneer work of Bridgman'“"> and some high-pressure Raman
studies and thermal conductivity measurements are known.?82?

The aim of this work is two-fold. On the one hand, to
characterize the polymorphism of CBrs as a function of
temperature and pressure (up to 300 MPa); on the second hand,
to infer the lattice symmetry of the high-pressure phase by means
of a connection between normal-pressure properties derived from
the thermodynamic analysis of the CBrCl; + CBry two-
component system and high-pressure properties of pure com-
ponents. This procedure should be understood as a methodology
which provides a thermodynamic path for a global understanding
of the polymorphism of pure compounds (as a function of
temperature and pressure) and the phase equilibria appearing
in two-component systems at saturated pressure, two “worlds”
rarely connected.?

2. Experimental Section

2.1. Materials. CBr4 and CBrCl; compounds were obtained
from Fluka and Across with purity of 99%, and used as received
since the measured phase transition and melting points agreed
well with those previously reported.!3716.20.25.26

Two-component mixtures were prepared from the melt of the
materials in the selected proportions and fast cooling to room
temperature.

2.2. Thermal Analysis. Thermal analyses at normal pressure
were carried out by means of a Q100 from TA-Instruments using
heating and cooling scanning rates of 2 K-min~! and ca. 20
mg sample masses hermetically sealed into aluminum crucibles
under a controlled N, atmosphere.

2.3. X-ray Powder Diffraction. High-resolution X-ray pow-
der diffraction profiles were recorded by means of a vertically
mounted INEL cylindrical position-sensitive detector (CPS120).
The detector was used in the Debye—Scherrer geometry
(transmission mode), enabling a simultaneous recording of the
profile over a 26 range between 4 and 120° (angular step ca.
0.029 °(260)). Monochromatic Cu Kal radiation (A = 1.54059
A) was selected with asymmetric focusing incident-beam curved
quartz monochromator. The generator power was set to 35 kV
and 35 mA. As recommended, external calibration to convert
the measured 4096 channels to 26-degrees using NayCayAl,Fy
cubic phase was applied by means of cubic spline fittings.’!
The peak positions were determined after pseudo-Voigt fitting
by using DIFFRACTINEL software.

Low-temperature measurements were achieved with a liquid
nitrogen 700 series Cryostream Cooler from Oxford Cryosystems.

Liquid or powder samples were placed into Lindemann
capillaries (0.3 or 0.1 mm diameter for mixed crystals and pure
CBry, respectively) at room temperature. During data collection,
capillaries were rotated perpendicularly to the X-ray beam
direction to minimize possible effects of preferred orientations.

2.4. pvT Measurements. Density of CBry as a function of
pressure was isothermally measured from 328 to 400 K and up
to 300 MPa with a resolution of 107# g-cm 3. Measurements
were conducted by means of a homemade pvT apparatus coming
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Figure 2. Experimental (O) and theoretical (-) diffraction patterns of
phase M (C2/c) for CBr4 at T = 230 K along with the difference profile
(lower curve). The intensity of the inset is magnified 4 times.

from the laboratory of Professor Dr. A. Wiirflinger (Ruhr-
Universitdt, Bochum, Germany). Details of the experimental
system and procedures have been previously reported.'8-3%-32
2.5. High-Pressure Neutron Diffraction Measurements.
Patterns of CBry at high-pressure were collected by means of
the high-flux D1B two-axis diffractometer at the Institut Laue-
Langevin (Grenoble), which span a 26 range of 70° with a
wavelength of 4 = 2.52 A, as determined by calibration using
a Al,O3 sample. Powdered CBr4 was placed into a cylindrical
(6.08 mm inner diameter and 57.4 mm inner height) high-
pressure cell made of copper—beryllium and compressed at
room temperature within an Orange cryofurnace which works
between 1.5 and 550 K. Helium was used as a pressure
transmitting medium and a piston placed at the upper part of
the cell avoided the contact with sample. Temperature and
pressure were controlled to measure in the desired pressure-
temperature region concerning the new high-pressure phase.
Low-resolution patterns (0.20° 26 angular step) in the 10—80
20 degrees were obtained in the 300—490 K temperature
domain. Data analysis for the patterns was conducted in an
analogous way that for those obtained at normal pressure.

3. Results

3.1. Characterization of Materials. 3.1.1. CBr,. The crystal
structure of the low-temperature phase was early determined
by means of a single crystal study as monoclinic (space group
C2/c with Z = 32).!1 At 319.3 £+ 1.0 K, CBry transforms to a
high temperature OD fcc phase.!>33

X-ray powder diffraction experiments as a function of
temperature were carried out from 100 K up to the liquid state.
Lattice parameters of the low-temperature M phase were refined
by applying Rietveld profile refinements by means of the
FullProf program* on the basis of the proposed structure'! as
well as by a rigid molecule approach, which was proved to be
valid for CBry after the work of Zielinski et al.?? Figure 2 shows
the experimental and calculated profiles together with the
difference between them. The monoclinic lattice parameters
agree quite well with those previously published.!’-33 At 290.0
K, they have been determined to be a = 21.3925(8) A, b=
12.1090(4) A, ¢ = 20.9917(7) A, and f = 110.915(2)°. The
refined lattice parameters were fitted as a function of the
temperature using standard least-squares methods for each
parameter. The agreement between the calculated and experi-
mental values has been accounted by the reliability factor,
defined as R = Y (yo—yc)zlyf, where y, and y. stand for the
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TABLE 1: Polynomial Equations p = p, + p:T + p,T? (T in K and p in A orin Degree (°) for  Parameter) to Which the
Lattice Parameters of the Monoclinic (C2/c) and Cubic (fcc) Were Fitted As a Function of Temperature; R Is the Reliability

Factor
phase temperature range parameter Do pi x 10° p2 x 10° R x 107
M (C2/c) 90—320 a 20.947(5) 0.62(5) 0.32(1) 4
b 11.768(3) 0.65(3) 0.186(9) 7
c 20.543(7) 0.58(7) 0.34(2) 5
p 111.66(2) —-1.93) —0.26(6) 3
fee 323-360 a 8.272(17) 1.77(5) 1

TABLE 2: Transition Temperatures 7. and Enthalpy (AH) and Entropy Changes (AS) Derived from DSC Calorimetric
Measurements, Volume Changes Determined from X-ray Powder Diffraction Measurements (AzXR) and from High-Pressure
pvT Measurements (Az"?), Slope of the Pressure—Temperature Two-Phase Equilibria Derived from the Application of the
Clausius—Clapeyron Equation (d7./dp€C) at Normal Pressure and Read from pvT Diagram (d7./dp¢*?) of the CBr4*

CBr4
property M — fecc fcc — L M —R R — fcc
TJ/K 319.2 366.2 357.6% 217.2%%
320.0¢, 320¢ 363.2¢,367.4¢
AH/KJ-mol ™! 6.51 3.56 6.09° 4.23°
5.94¢, 6.614 3.95¢,3.574
AS/J-mol~!-K™! 20.39 9.72 17.03% 1.95°
18.56¢,20.66¢ 10.88¢,9.72¢
AVXR (p = 0.1 MPa)/cm?-mol™! 7.01 £ 0.05 4.40 £ 0.07
AV (p = 0.1 MPa)/cm?+-mol ! 7.13 £0.20 4.224+0.23 1.51 £0.19¢
(dT/dp)©C/K - MPa™! 0.34 £0.02 0.43 +£0.03 0.774 £ 0.050
(dT/dp)*/K -MPa™! 0.313 £ 0.003 0.345 £ 0.015 0.148 £ 0.030 0.778 £ 0.031
CBrCl3
property M—R R — fcc fcc—L R—L
TJ/K 238.19 259.3 267.9
AH/kJ-mol ™! 4.58 0.515 2.03 2.55
AS/J-mol!-K™! 19.23 1.98 7.61 9.58
AVXR (p = 0.1 MPa) / cm?-mol ™! 4.31 +£0.40 1.41 £0.30 2.72
AV (p = 0.1 MPa) / cm?+mol™! 4.20 £ 0.55 1.41 £0.12 2.82£0.14 3.65£043
(dT/dp)“C/K+ MPa™! 0.218 0.714 0.357 0.380
(dT/dp)®?/K -MPa™! 0.217 £ 0.009 0.61 +0.04 0.38 £ 0.01 0.35£0.01

“M refers to the low-temperature monoclinic (C2/c) phase, and R and fcc for the OD rhombohedral and face-centered cubic phases,
respectively. Data for CBrCls are taken from ref 16. » Values obtained by extrapolation of the [M + R] equilibrium of the CBrCl; + CBry
two-component system and, for temperatures, also extrapolated from the p—T phase diagram (*). ¢ Reference 25. ¢ Reference 13. ¢ Average of

the experimental high-pressure values.

measured and calculated lattice parameters, respectively. Table
1 gathers the coefficients of the polynomial equations and Figure
3 depicts both experimental values and polynomials for the
monoclinic phase.
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Figure 3. Molar volume of CBry as a function of temperature (at
normal pressure) derived from X-ray diffraction experiments for the
solid phases and from pvT measurements for the liquid phase. (b)
Monoclinic lattice parameters as a function of temperature. Filled
symbols correspond to values previously published for the M!-3 and
fcc!? phases.

As far as the OD fcc phase is concerned, lattice parameters
were refined according to the pattern matching option of
FullProf. Lattice parameters of the OD fcc phase were found
to match literature data, although the scattering of data is
considerable higher than for the low-temperature phase. Nev-
ertheless, the higher differences are ca. 0.8%.1%23.24

The molar volume, calculated from the lattice parameters as
a function of temperature, is represented in Figure 3. These
values, together with the density of the liquid phase at normal
pressure, enable to determine the volume changes at the phase
transitions (see Table 2).

As for high-pressure measurements, density was measured
as a function of pressure (up to 300 MPa) for a representative
number of isotherms (Figure 4a). Such a pvT phase diagram
enables us (i) to determine the volume changes at the phase
transitions (Figure 4b) and (ii) to build up the pressure-
temperature (pT) phase diagram (see inset in Figure 4a). From
the high-pressure measurements it clearly emerges the appear-
ance of a high-pressure phase, the symmetry of which will be
demonstrated in the next section (related to the CBrCl; + CBry
two-component system) as OD rhombohedral (R) phase. The
coexistence of the M and OD R and fcc phases (triple point) is
found at 221.6 MPa and 390.0 K. Topologically the pT phase
diagram matches quite well with that determined long time ago
from Brigmann.'*!5 According to the slopes of the determined
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Figure 4. (a) Molar volume as a function of pressure for several
temperatures and, as an inset, the pressure-temperature phase diagram
for CBry. (b) Volume changes for the melting and solid—solid phase
transitions as a function of pressure.
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Figure 5. Experimental CBrCl; + CBry phase diagram.

two-phase equilibria, it can also be inferred an additional triple
point beyond the analyzed experimental pressure and temper-
ature domain sharing fcc, R and L phases at (321.2 MPa, 467.0
K), which implies the disappearance of the OD fcc phase at
high pressures. It should be noticed that for CBr,Cl, the pT
phase diagram was found to be the same from a topological
point of view.!8

3.1.2. CBrCl;. The polymorphism of CBrCls at normal and
at high pressure has been recently studied.'® The lattice
symmetry of low-temperature ordered phase is C2/c (Z = 32).
In a recent work it has been clearly established the isostructural
character of the low-temperature ordered monoclinic phase for
all the halogenomethane compounds of the family CBry4.,Cl,, n
=0,...,.4.%

At 238.1 K the monoclinic phase transforms to an OD R
phase. At 260.3 K a new OD fcc phase appears, which is stable
up to the melting point at 267.1 K. It should be noticed that for
the CBr,Cl,, CBrCls, and CBry compounds, the high-pressure
behavior is topologically similar in relation to the behavior of
the OD fcc: at high-pressure this phase disappears beyond the
[fcc + R + L] triple point, irrespective of the existence of the
OD R phase at normal pressure which is only present for CCly
and CBrCl;.1°

3.2. Two-Component System. 3.2.1. Thermal Analysis.
Accurate transition and melting temperatures and related en-
thalpy changes were determined by means of thermal analysis.
To ensure the sequence of stable phases, samples were slowly
cooled from room temperature to about 190 at 2 K+min~! and
heated back to the liquid state. The obtained temperature-
composition data were used to construct the phase diagram
(Figure 5). The two-component system has a peritectic three-
phase equilibrium at 256.3 K involving M, fcc, and R phases.

The heat effects associated with the solid—liquid and
solid—solid phase transitions, derived from the thermal mea-
surements, are depicted in Figure 6.
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Figure 7. Monoclinic lattice parameters as a function of mole fraction
at T =230 K.

8.8
1475

aR/A (©)
&
{

¢/ A (O)

1470F 57
3

e 8.6

U TR T N

CBrCl, 025 05 075 CBr,
X

Figure 8. Lattice parameter a® for the OD R mixed crystals at 258 K
(ot parameter is not shown because it remains almost constant) and a*
for OD fcc mixed crystals extrapolated at 290 K as a function of the
mole fraction.

3.2.2. Crystallographic Characterization. Monoclinic Mixed
Crystals. Although it has been shown that monoclinic phases
for all the compounds of the halogenated compounds are
isostructural, continuous formation of mixed crystals as a
function of composition has been verified at 230 K. It should
be noticed that the monoclinic lattice parameters for mixed
crystals are a function of the fractional occupancy of the halogen
atoms and deviate slightly from the Vegard’s law, as previously
described for mixed crystals between other members of the
halogenomethane compounds.® This behavior is a direct
consequence of the statistical disorder of the averaged molecule
in the monoclinic mixed crystals in such a way that sites have
a fractional occupancy of Cl and Br atoms directly coupled to
the composition of the mixed crystal.

Rhombohedral Mixed Crystals. X-ray powder diffraction was
conducted at 258 K for several samples with X < 0.2 in order
to well define the R phase for the mixed crystals. Lattice
parameters for such a domain are depicted in Figure 8.

Face-Centered Cubic Mixed Crystals. X-ray diffraction
patterns of the fcc mixed crystals were obtained for the whole
concentration range by slow cooling of the liquid mixtures.
Because there is not a common temperature for which all the
mixed cubic crystals can be found (stable or metastable), X-ray
measurements were performed for several compositions as a
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function of temperature and thereafter determined lattice
parameters were extrapolated at 290 K. As can be seen (Figure
8), the lattice parameter of the fcc mixed crystals evolves
continuously from X = 0 to X = 1, thus making evident the
existence of an isomorphism relationship between cubic phases
of both compounds.

3.2.3. Thermodynamic Analysis Procedure. For the sake of
completeness, we sketch here the required basis on the
thermodynamic analysis based on the crossed isopolymorphism.
Details can be found in previous works.36—38

Each phase a of a two-component mixture of composition
X, Aj.xBy, can be described under isobaric conditions by a molar
Gibbs energy function, G*(T,X), which provides all the ther-
modynamic information, the equilibrium condition being ful-
filled when the total Gibbs energy reaches its lowest value. Thus,
at a given T, when two Gibbs energy curves for two different
phases intersect, there will be a pair of coexisting phases.

The molar function of the Gibbs energy of phase o is given
by the following function of 7" and X:

GH(T,X) = (1 — X)u™ + Xug™ + RTLN(X) + G™(T, X)
(1)

where /4?’0‘, i = A, B, represent the molar Gibbs energies of
pure components A and B, R is the gas constant, LN(X) = (1 —
X)In(/ — X) + X In X and GE%(T,X) is the excess Gibbs energy
that accounts for the deviation of the mixture in phase o from
ideal mixing behavior.

The two-phase equilibrium region between a and 5 phases
will be given by the common tangent rule between their
respective Gibbs energies, GXT,X) and G(T,X) at each T.
Because of the lack of data on ,u}k*j, i=A,B,andj = qa, j, the
equal Gibbs curve (EGC) method provides the difference
between the Gibbs energies of the o and 3 phases as

AG(T,X) = GI(T,X) — GNT,X) = (1 — X)ALu\(D) +
XAYy(T) + NJGHT. X) (2)

where Abu; (T) is i ? — ui® (i = A, B) and AGGE(T.X) is the
excess Gibbs energy difference between the considered phases,
that is, GEA(T.X) — GEYT.X).

Assuming Aﬁui(T) ~ ABSAT® P — T), where ALS; and T¢F
are the entropy change and temperature for the o— transition,
the equation AﬁG(TEGC,X) = 0 provides a curve (EGC curve)
where phases o and 5 have equal values for the Gibbs energies,
which is described by the following equation:

o] B
(1 — X)A’H, + XAPH,
(1 — X)A’S, + XAPs,

TegeX) =

B
AuGrgcX)
(1 — X)APs, + xAPs,

3

where AZH; is the transition enthalpy for component i.

Using the experimental data of equilibrium [a + ], the
excess Gibbs energy difference close to the EGC curve,
AﬁGE(X), is obtained; in addition, the coherence of the full phase
diagram is achieved by combining the Gibbs function of the
involved phases.

As for the [fcc + L] equilibrium the evidence of the
isomorphism relationship between the stable fcc phases of
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CBrCl; and CBry4 as demonstrated by the continuity of the (7.X)
loop and of the lattice cubic parameter (continuous formation
of mixed crystals), thermodynamic assessment can be easily
done (Figure 9) by applying eq 3 for a = fcc and f = L. The
experimental temperature and enthalpy and entropy changes of
the pure compounds can be found in Table 2.

Concerning the [R + fcc], [M + fcc] and [M + R] two-
phase equilibria, the crossed isopolymorphism concept should
be recalled. It entails for each phase of component A (or B) the
existence of an isomorphous (metastable) phase for compound
B (or A). Thus, extension of the [M + R] and [R + fcc] loops
at X = 1 and the [M + fcc] at X= 0 provide the metastable
phase transitions M to R and R to fcc for CBr4 and, similarly,
from M to fcc for CBrCl;. These extrapolations concerning
temperatures are indicated in Figure 9 and the physical meaning
is shown in Figure 1 (see filled circles in the Gibbs energy
functions as a function of temperature). It should be pointed
out that as the stable [R + fcc] loop extends to a maximum of
about 20% of the mole fraction, extrapolating to X = 1, that is,
the R to fcc phase transition of CBrs (TR"FCC metastable
transition in Figure 1b), would lead to a significant error.
Identical argument goes along with the [M + R] loop.
Nevertheless, this a priori default is balanced by the thermo-
dynamic assessment of the complete (7,X) phase diagram in
combination with extrapolated data from the pvT diagram, which
reduces strongly the temperature window of the extrapolated
temperature (+5 K).

A widespread assumption is that the specific heat of the OD
R and fcc phases are close and owing to the closeness of the
transition (stable or metastable) temperatures, the associated
enthalpy changes (Figure 6) can be related by

AH, ., = AH, ., + AH, ., (4)

which enables to expand experimental data and makes possible
and physically coherent to extrapolate enthalpy changes for the
metastable phase transitions (see Table 2 and Figure 6).

By using the fundamental thermodynamic properties deter-
mined for the whole of phase transitions (stable and metastable),
thermodynamic assessment provides a perfect agreement be-
tween experimental and calculated phase diagrams, thus enhanc-
ing the validity of the calculated phase transition properties of
pure compounds.

To confirm the symmetry of the high-pressure OD R phase
of CBry, several neutron diffraction measurements at around
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Figure 10. Experimental (red circles) and calculated (continuous black
line) neutron diffraction patterns of the R phase for CBry at 460 K and
ca. 320 MPa along with the difference profile (bottom blue line). The
vertical red bars stand for the Bragg reflections (1 = 2.52 A) of the R
phase (bottom red lines) and vertical top black bars for the fcc Bragg
reflections for the pattern at 397 K and ca. 180 MPa, which are also
shown for comparison.

300 MPa were performed. Figure 10 depicts a pattern of the
OD R phase as well as the Bragg reflections for the OD phase,
both at high-pressure. In spite of the low-resolution of the
patterns of the high-pressure R phase, which prevents a Rietveld
refinement, pattern matching procedures with the rhombohedral
lattice parameters of CBrCls as initial set enable to conclude
irrefutably the isomorphism relationship between both R phases
and, thus, to give a coherent description of the polymorphism
for all the members of the halogenomethane series. The refined
lattice parameters for the OD R phase of CBr4 are a = 15.00(3)
A and o = 88.9(1)°.

4. Discussion

The low-temperature domain of the two-component phase
diagram depicted in Figure 9 has been considered as the result
of interfering three solid—solid loops (crossed isopolymor-
phism). In general, an important part of the thermodynamic
analysis when crossed isopolymorphism is involved consists in
finding the metastable ends of the extrapolated loops, that is,
the metastable transition points of the two pure components (see
temperatures in the Gibbs energy diagrams of Figure 1).38
Temperatures and enthalpy changes for those metastable points
are generally determined by trial and error methods because no
available experimental data exist. So, crossed isopolymporphism
is widely used without any experimental physical demonstration
of the existence of the generated phases for the pure components.
Only for very few cases, metastable phases are known to make
physical appearance. A nice example has been recently pub-
lished concerning the even-numbered-carbon atoms of n-alkanes
for which two-component phase diagrams described by means
the concept of crossed isopolymorphism can explain the
monotropic character of intermediate phases.>

For the analyzed CBrCls + CBr4 two-component system, we
have hypothesized that CBry4 exhibits, in addition to the OD
fcc phase, a metastable (at normal pressure) OD R phase, for
which high-pressure neutron diffraction patterns clearly evi-
denced its real physical appearance. The temperatures and
enthalpy changes between such a phase and those known to
appear at normal pressure have been determined either experi-
mentally from the extrapolation of the two-phase equilibria or
from the thermodynamic assessment conducted by means the
concept of crossed isopolymorphism. Figure 9 makes the
connection between the results of the thermodynamic assessment
and the physical meaning of the phases and phase transitions
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appearing as metastable, at normal pressure, for CBry4. It can
be clearly seen that induced metastable transitions for pure
compounds correspond to the extrapolated high-pressure two-
phase equilibria ((M + R] and [R + fcc]). It should be then
emphasized that according to the CBr4 pT phase diagram, the
extrapolation of the [M + R] equilibrium at normal pressure
gives the temperature at which M phase would transform to R
phase if the fcc phase would not exist and, as thermodynamically
required, that such an extrapolated value falls in the temperature
stability domain of the OD fcc phase at normal pressure, which
strengths the ubiquitous metastable character of the R phase at
normal pressure (see Gibbs energy in Figure 1b). Analogous
conclusion can be applied to the R to fcc temperature transition
at normal pressure extrapolated from the [R + fcc] pressure—
temperature two-phase equilibrium.

The disordered character of the OD fcc has been largely
demonstrated in the past and regarding the inferred high-pressure
OD R phase, several experimental evidence found in this work
enable to assign such a character. On the one hand, the average
volume change at the R to fcc transition in the high-pressure
range (Figure 4b) is 1.258 & 0.014 cm?+g~!, a small value
compatible with such a kind of transitions as demonstrated for
the related compounds of the series (1.41 cm3+g~! for CBrCl;
and 1.19cm3+ g~ ! for CBr,Cly, the last one also at high-pressure). 618
The same argument can be applied for the entropy change at the
R to fcc transition (see Table 2) which is lower than 2.5R, the
limiting value according to Timmermanns’ rule.*® Finally, the
further evidence which strongly supports the disordered char-
acter comes from the thermodynamic assessment performed for
the two-component system which undoubtedly gives rise to the
emergence of a new (metastable) phase for CBry compound
which must be isomorphous to the OD R phase for the CBrCl;
compound, for which the physical properties have been largely
proved its OD character. Although it can not be claimed as a
physical argument, it can also be considered as an intuitive
element placed on the domain of the chemical and physical
coherence.** For the compounds belonging to the series CBry.
nCl,, n =10, 2, 3 (compound with n = 1 seems to be chemically
unstable), it has been shown the existence of an OD R
phase.'®194142 Similar findings have been found within the
(CH3)4.,CCl,, n = 0,...,.4 series.?-44746 In addition, OD R mixed
crystals between such compounds are known to exist for a
noticeable range of composition. We must recall that conditions
ruling the formation of mixed crystals are determined from the
physical properties of the involved phases, such as intermo-
lecular interactions, size and shape of the molecules, long-range
translational and orientational order, the symmetry of the
crystallographic site versus the molecular symmetry of the guest
molecule in the host lattice, and so forth.#” In fact, the balance
between intermolecular interactions and the steric conditions,
as a whole, appears as the key requirement to stabilize a phase.
Such conditions, and thus the stability of a phase, can be
modified either by changing the intrinsic thermodynamic natural
variables governing the phase behavior of a pure compound,
temperature and pressure, or by changing the surroundings of
the molecules by introducing guest molecules, that is, mixed
crystals. Then it is not surprising that two-component systems
(between chemical related components) and pressure-temper-
ature phase diagrams can share the same phases because the
fine-tuning of relative stability can be achieve from both
“thermodynamic paths”.

Finally, it should be mentioned that one can extrapolate the
pressure-temperature two-phase equilibria below “normal pres-
sure” reaching even negative pressure values. Such an exercise
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would generate some other solid—liquid, solid—solid phase
transitions or even dense liquid—normal liquid transition.*$=39

5. Conclusions

The existence of a high-pressure phase for CBry4 as determined
by Bridgman long ago has been confirmed and, in addition, the
thermodynamic properties in relation to the well-known mono-
clinic and OD fcc stable phases at normal pressure have been
given. Owing to the thermodynamic properties such a phase
has been characterized as an orientationally disordered phase
the symmetry of which is rhombohedral.

The arguments for such a conclusion have been derived from
the experimental pressure—volume—temperature and pressure—
temperature phase diagrams of CBry, from the two-component
system CBrCl; + CBry, and finally by high-pressure neutron
diffraction measurements. The thermodynamic assessment of
the two-phase equilibria of such a binary phase diagram on the
basis of the crossed isopolymorphism concept provides a
straightforward method to determine the metastable transition
points at normal pressure. Such metastable points match
perfectly with those obtained from the extrapolation at normal
pressure of the high-pressure two-phase equilibria relating the
same phases.

Worth recalling here is that the conclusions of the present
work can be generalized whatever the chemical properties of
the involved substances. Nevertheless, it is evident that the
existence of mixed crystals for a noticeable domain of composi-
tion should appear in order to get reasonable two-phase
equilibria making possible extrapolations as a function of
composition so then the choice of the second component should
be done with some constraints. This apparent strong restriction
can be easily skipped when considering a series of compounds.
Within the present case, the halogenomethane series CBr4.,Cl,,
n = 0,..,4 gives us a unique opportunity to show up the
connection between the normal pressure two-component phase
equilibria with the high-pressure properties of pure components.
As the van der Waals molecular volume of the molecules in
the series decreases with 7, it is quite obvious that at least from
steric constraints mixed crystals between CBr,Cl, and CBry
should enlarge the probability of finding continuous formation
of solid solutions. Nevertheless, the pressure—temperature phase
diagram of CBr,Cl, is virtually the same, from a topological
point of view, than that of CBrs. Then, it means that for the
two-component phase diagram sharing CBr,Cl, and CBry at
normal pressure OD R mixed crystals can be missed making
then impossible to correlate the metastable transition points
sharing OD R phase derived from a thermodynamic assessment
and those extrapolated from high-pressure equilibria. This is
not always the case because mixed crystals can stabilize phases
which do not appear at normal pressure for pure components
but do at high-pressure or for other members of the series.?-!
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