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Abstract

The orientationally disordered stable and metastable mixed crystals of the two-component system methylchloroform
ŽŽCH .CCl3 3.qcarbon tetrachloride ŽCCl .4 have been characterised from a crystallographic and thermodynamic point of 
view. The monotropic behaviour of the metastable phase in the pure components is maintained for the whole range of 
composition. The lattice symmetry of the stable orientationally disordered phase of methylchloroform has been found to be 
isostructural with that of the carbon tetrachloride compound. Continuous series of both stable and metastable mixed crystals 
give rise to a double isomorphism relationship, one for the stable state and another for the metastable stable of the pure 
components.

1. Introduction

Orientational disorder in crystals is usually found
when molecules of nearly spherical symmetry are

w xarranged in a high-symmetry lattice 1 . The meth-
Ž .ylchloromethane compounds, CH CCl , where3 4yn n

n varies from 0 to 4, as such, belong to this class of
material and are known to exhibit a number of

w xsolid–solid phase transitions 2–4 . Compounds with
ns2, 3, 4 are particularly fascinating substances

Ž .which display two orientationally disordered OD
Ž .phases with two close melting points ;5 K apart.

On cooling, methylchloromethanes crystallise to an

) Corresponding author. Fax: q34-93-401-66-00; e-mail:
tamarit@fen.upc.es

Ž .OD phase Ia and upon further cooling to another
Ž .OD phase Ib . When cooling is limited such that

phase Ia is formed, this phase Ia melts on heating
without passing back through phase Ib. In the same
way, when heated from phase Ib a new melting point
several degrees higher than that of phase Ia is ob-
tained. Consequently phase Ia is a monotropic phase.
This monotropic behaviour was found earlier by

w xRudman and Post 3,4 from X-ray diffraction and
differential scanning calorimetry measurements. The

Žformer showed high-symmetry lattices rhombo-
.hedral and cubic for both OD Ib stable phases as

Žwell as for both OD Ia phases face-centered cubic,
.FCC . The latter indicated low values of entropy of

fusion, a typical feature of OD phases. The differ-
Ž . Ž .ences between the metastable Ia and stable Ib
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phases were unambiguously demonstrated by optical
w xbirefringence measurements 5 , where Dn for phase

Ib was found two orders of magnitude larger than for
w xphase Ia. Additional Raman 6 and Brillouin scatter-

w xing 7,8 experiments have shown both the differ-
ences and similarities between stable and metastable
OD phases.

An analysis of the birefringence on the mixed
Ž .non-cubic OD crystals Ib has been performed in

Ž . w x Ž .the CH CCl qCCl 9,10 and CH CCl q3 3 4 3 2 2
w xCCl 11 two-component systems in spite of the4

lack of binary phase diagrams. The authors of these
works have demonstrated that in Ib mixed crystals
weak preferred orientations of molecules are present,
the concentration range, of the orientational order
parameter. The calculation of this order parameter
was based on the assumption of the existence of
continuous solid solutions in the non-cubic Ib phase
as well as in the linear dependence of the density of
the continuous mixed crystals. In the particular case

Ž .of the CH CCl qCCl two-component system,3 3 4

the first assumption was clearly unjustified due to
the symmetry differences between the Ib phases of
Ž . Ž . Ž .CH CCl simple cubic and CCl rhombohedral3 3 4

according to the work of Rudman and co-workers
w x2–4 . Moreover, their work established that for the

wŽ . x w xmixed crystal CH CCl CCl , the OD Ib3 3 0 9 4 0 1

phase becomes cubic because both the orientational
order parameter as well as the birefringence are
equal to zero.

In the present Letter, we will demonstrate that
Ž .phase Ib of CH CCl is isostructural with phase Ib3 3

of CCl and, moreover, that both phases are isomor-4

phous. The same isomorphism relationship will be
established for the OD FCC phases Ia.

2. Experimental

Ž .Special grade CH CCl and CCl were supplied3 3 4

by the Aldrich Chemical and were always treated
under an Ar atmosphere without additional purifica-
tion.

A Perkin-Elmer DSC-7 differential scanning
calorimeter equipped with a home-made low-temper-
ature adapter was used. In order to prevent sample
reaction with the container, as well as to avoid
undesirable effects on the thermograms due to the

high vapour pressure of the compounds, high-pres-
Ž .sure stainless-steel pans also from Perkin-Elmer

were used. The measurements were performed with
heating and cooling rates of 2 K miny1 and with
sample masses around 25 mg.

X-ray powder diffraction data were obtained from
a horizontally mounted INEL cylindrical position-

Ž . w xsensitive detector CPS-120 12 equipped with a
liquid-nitrogen INEL CRY950 crysostat. The 4096
channels of the detector, used in Debye–Scherrer

Ž .geometry gives an angular step of ;0.03 2u . As
w xrecommended 13 external calibration using cubic

phase Na Ca Al F was performed by means of2 3 2 4

cubic spline fittings. The peak positions were deter-
mined by pseudo-Voight fittings. Acquisition times
were 120 min for standard measurements. Additional
patterns with acquisition times of 1 320 min were
performed to account for the lattice symmetry of the

Ž .stable OD phase Ib of CH CCl . The liquid sam-3 3

ples were introduced into 0.3 mm diameter Linde-
mann capillaries which were rotated perpendicularly
to the X-ray beam during the experiments in order to
improve the averaging of crystallites. Helium gas
was used as heat exchanger in the sample chamber.

3. Polymorphism of the pure components

3.1. CCl4

The lattice symmetry of the stable OD Ib phase
was early determined by Rudman as rhombohedral

˚with Zs21 and lattice parameters as14.4 A and
w xaf908 2 . The results of the present work agree

quite well with the previous published, with as
˚14.431 A and as89.418 at 232.2 K. For the

metastable OD FCC phase Ia, a lattice parameter of
˚8.333 A at 230.2 K was found, which is close to the

˚ w xvalue of 8.34 A at 238 K of Ref. 14 .
Concerning the transformation temperatures, the

values obtained were 225.7"0.4, 250.1"0.4 and
245.5"0.5 K for II–Ib, Ib–L and Ia–L, respec-
tively. The corresponding enthalpy changes were
determined to be 4.68"0.10, 2.53"0.05 and 1.82
"0.04 kJ moly1, respectively. Temperatures as well
as enthalpy changes agree with data published else-

w xwhere 4,15,16 .
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( )3.2. CH CCl3 3

w xAccording to Rudman and Post 2 the crystal
system of the OD stable phase, solely from X-ray

Ž .diffraction evidence of CH CCl for ns2, 3, 4,3 4yn n

could be indexed as cubic. However, an optical
examination of the crystals indicated to Rudman and

Ž .Post that ‘‘only CH CCl was optically isotropic’’.3 3
w xRecent measurements 9,10 have shown that bire-

fringence is not zero for this phase. Nevertheless it
must be pointed out that such a parameter also has a
contribution due to the anisotropy of the polarizabil-

Ž .ity of the molecules called molecular birefringence .
ŽAccurate measurements with acquisition times of

. Ž .1 320 min show that the OD phase Ib of CH CCl3 3

is isostructural with phase Ib of CCl . According to4

the unambiguous similarity of the patterns, the phase
Ib of methylchloroform was indexed and lattice pa-
rameters corresponding to a rhombohedral structure

˚w xR were determined to be as14.584 A and as
89.498 at 232.2 K. Table 1 gathers the observed and
calculated spacings for this phase Ib. With regard to
the metastable phase Ia, the face-centered cubic lat-

˚Ž .tice parameter was close 8.418 A at 230.2 K to that
˚Ž . w xpreviously published 8.39 A at 224.2 K 3 .

The characteristic temperatures and enthalpy
changes associated with the II–Ib, Ib–L and Ia–L
transitions were found to be in accord with the

w xpublished data 4,17 . The transition temperatures are

Table 1
Ž . Ž . ŽExperimental d and calculated d lattice spacings inexp cal

. Ž .angstrom for the reflections hkl of the OD rhombohedral stable˚ ¨
Ž .phase of CH CCl compound at 232.2 K3 3

hkl d d d y dobs cal obs cal

y2 2 0 5.13322 5.13277 0.00045
2 2 1 4.90465 4.89936 0.00529
3 0 0 4.86382 4.86062 0.00320
2 y2 1 4.84091 4.84158 y0.00068
3 1 0 4.62470 4.62346 0.00120
3 y1 0 4.59833 4.59898 y0.00064
3 1 1 4.41740 4.42160 y0.00420
3 y1 1 4.39165 4.39305 y0.00141
3 2 1 3.92587 3.92458 0.00128

y3 y2 1 3.90306 3.89963 0.00343
3 y2 1 3.88605 3.88489 0.00116
4 1 0 3.54154 3.54401 y0.00248
3 1 4 2.87765 2.87844 y0.00079

y3 1 4 2.84867 2.84907 y0.00041

224.0"0.2, 241.9"0.2 and 235.8"0.3 K, respec-
tively. The associated enthalpy changes are 7.38"

0.12, 2.31"0.03 and 1.55"0.03 kJ moly1, respec-
tively.

Although no effort has been made to characterise
the possible low-temperature mixed crystals, several
patterns of pure components in phase II were col-
lected in order to verify the known lattice symme-
tries as well as to check the influence of the sample
preparation. The results obtained were as20.190
˚ ˚ ˚A, bs11.380 A, cs19.800 A and bs111.458 for
the monoclinic C2rc lattice of CCl , and as11.5554
˚ ˚ ˚A, bs7.996 A and cs5.856 A for the orthorhom-

Ž .bic Pnma lattice of CH CCl . Both results agree3 3
w xwith published data 18,19 .

4. Stable and metastable mixed crystals

4.1. Crystallographic study

In order to demonstrate the isomorphism between
the isostructural OD rhombohedral stable phases of
Ž .CH CCl and CCl , lattice parameters were mea-3 3 4

sured as a function of composition at 232.2 K.
Results for the a and a parameters are shown in
Fig. 1a.

In the same way, the isomorphism between the
isostructural OD FCC metastable phases was proved,
as can be inferred from the continuity of the lattice

Ž .parameter against concentration see Fig. 1b .
Two facts must be emphasized from this study.

On the one hand, the monotropic behaviour of the Ia
phase is maintained for the whole concentration
range. On the other hand, the packing relation be-
tween the stable and metastable phases found in pure
components is also unchanged, i.e. metastable FCC
mixed crystals have a lower packing coefficient than
the stable rhombohedral mixed crystals.

The established isomorphism between the stable
OD phases validates the continuity of the order

w xparameter determined by Struts 9,10 . Moreover, the
additional assumption in that work on the linear
dependence of the density for the stable mixed crys-
tals is fully verified. Nevertheless, there is no mole
fraction for which the stable mixed crystals become
cubic as was inferred from the evolution of the order
parameter against mole fraction and from the optical
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wŽ . xbirefringence for the molecular alloy CH CCl -3 3 0 9
w xCCl . As indicated by the author, the case when4 0 1

optical birefringence is zero can be explained assum-
ing compensation between the contribution of the
different molecular species of the molecular alloy.
No explanation can be found for the zero value of
the order parameter S at Xs0.1 mole fraction of

Ž Ž .CCl X s0.9 mole fraction of CH CCl in the4 0 3 3
.original work . The errors for the order parameter

variations against concentration were probably un-
derestimated.

4.2. Thermodynamic analysis

From differential scanning calorimetric measure-
ments, the temperatures of the OD stable rhombohe-

w xdral plus liquid RqL and OD metastable FCC plus
w x Žliquid FCCqL equilibria have been built up see
.Fig. 2 .

As far as we know, this is the first time two
continuous solid solutions corresponding to stable
and metastable mixed crystals have been obtained.
Such a fascinating behaviour enabled us to achieve
coherent thermodynamic information on two differ-
ent structurally ordered mixed crystals formed by the

Fig. 1. Lattice parameters a and a for the rhombohedral at 232.2
Ž . Ž .K a and for the FCC b mixed crystals at 230.2 K as a function

of the mole fraction.

w x Ž . w x Ž .Fig. 2. Stable RqL v and metastable FCCqL ` equilib-
Ž .ria for the two-component system CH CCl qCCl .3 3 4

same molecules. Under isobaric conditions, the ther-
modynamic properties of the mixed states are known
if the Gibbs energy of each mixture is known. Let us

Ž .consider the continuous series isomorphism is stated
Ž .of the OD mixed crystals a R or FCC in our case

between the pure components A and B. The Gibbs
Ž .energy relationship for a mixture of 1yX moles

of A and X moles of B, is given by

Ga T , XŽ .
) , a ) , as 1yX m qXm qRT 1yXŽ . Ž .A B

E , a=ln 1yX qX ln X qG T , X , 1Ž . Ž . Ž .
where m) , a and m) , a represent the molar GibbsA B

energies of the pure components A and B, respec-
E, a Ž .tively, R is the gas constant and G T , X is the

excess Gibbs energy.
To determine the two-phase equilibrium region

between two phases a and L, the rule corresponding
to the minimum Gibbs energy of the mixture
A B at each T must be applied. To analyse the1yX X

two-phase equilibrium, the equal Gibbs curve method
Ž . w xEGC was used 20 . The difference between the

Ž Ž ..Gibbs energies Eq. 1 of the a and L phases can
be written as

DGa ™ L T , X sGL T , X yGa T , XŽ . Ž . Ž .
s 1yX Dm) T qXDm) TŽ . Ž . Ž .A B

qDGE T , X , 2Ž . Ž .
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) ) , L ) , a Ž .where Dm is m y m i s A, B andi i i
EŽ .DG T , X is the excess Gibbs energy difference

E, L Ž .between L and a phases, i.e., G T , X y
E, a Ž .G T , X .

Ž . L Ž .Eq. 2 equals zero when both G T , X and
a Ž .G T , X are equal, which at each X mole fraction

takes place at a defined temperature, named the
Ž Ž ..EGC-temperature T X . By assuming thatEGC

) Ž .D m T can be approximately written asi
) Ž a ™ L . a ™ L

DS T yT , where T is the melting tem-i i i

perature of the a phase for the component i and
D S ) is the melting entropy, the equationi

Ž .DG T , X s0 provides the EGC temperature as:EGC

1yX D H ) yXD H )Ž . A B
T X sŽ .EGC

) )1yX DS qXDSŽ . A B

DGE XŽ .EGC
q , 3Ž .

) )1yX DS qXDSŽ . A B

where D H ) is the enthalpy change of fusion for thei

i component.
A first estimation of the EGC curve can be done

w xfrom the experimental data of the aqL equilib-
Žrium. An iterative procedure performed by means of

w xthe WINIFIT program 21 based on Oonk’s method
w x. E Ž .20 enables one to obtain reasonable DG XEGC

w xvalues. This procedure was applied to the RqL
w xand FCCqL equilibria.

In this framework, the description of the excess
Gibbs energy for the R and FCC phases was given
by a two-parameter function in the form of a
Redlich–Kister polynomial

E , aG X sX 1yX G qG 1y2 X , 4Ž . Ž . Ž . Ž .1 2

which in the lack of strong local anomalies is fairly
adequate and physically understandable. As far as
thermodynamic excess properties of the liquid phase
are concerned, both excess enthalpy and excess Gibbs

w xenergy were previously determined 22,23 . The ex-
perimental values have been fitted by means of a

Žsecond-order Redlich–kister polynomial see Table
.2 .

From the excess Gibbs energy differences ob-
wtained from the thermodynamic analysis of the Rq

x w xL and FCCqL equilibria and the excess Gibbs

Table 2
G and G parameters of the Redlich–Kister polynomial for the1 2

w x w xexcess Gibbs energy of the liquid L state and rhombohedral R
w xand face-centered cubic FCC OD mixed crystals

Phase G G1 2
y1 y1Ž . Ž .J mol J mol

w xL 330 y143
w xR 340 y187
w xFCC 290 y202

energy of the liquid state, the excess Gibbs energy
Žfor the R and FCC mixed crystals were obtained see

.Table 2 .
The calculated Gibbs energies are strictly valid at
Ž .T Xs0.5 of the respective equilibria. A tem-EGC

perature dependence of such functions can be ob-
EŽ .tained by the definition of the G T , X function:

EŽ . EŽ . EŽ .G T , X sH X yTPS X , where excess en-
EŽ . EŽ .thalpy, H X and excess entropy S X are con-

sidered temperature-independent magnitudes. The
former can be roughly obtained for R and FCC
mixed crystals from their melting enthalpy changes
and the available data of the excess enthalpy of the

w xliquid state 22 . A similar procedure enables us to
obtain the same functional temperature dependence
for the excess Gibbs energy of the liquid mixture. In
order to establish unambiguously the hierarchy of the
phase stability at a given temperature, the Gibbs
energies must be compared taking into account the
temperature dependence. Nevertheless, in the present

w x w xcase, both RqL and FCCqL equilibria are close
to one another. It is then quite obvious that such a
temperature dependence can be avoided if an inter-
mediate temperature is taken for the analysis. In our
case Ts244.75 K, which corresponds to the mean
value between the two equimolar EGC temperatures

w x Ž .of the RqL , T Xs0.5 s 246.35 K, andEGC
w x Ž .FCCqL , T Xs0.5 s 243.15 K, has beenEGC

chosen.
w xThe Gibbs energies of the stable R and

w xmetastable FCC mixed crystals plus a linear contri-
wŽ . ) , L ) , L x w xbution y 1yX m qXm 20 , which onlyA B

shift both Gibbs energy values identically, are de-
picted in Fig. 3a. As can be inferred from this figure,
the R mixed crystals are more stable than the FCC
mixed crystals, which demonstrates again that the
monotropy of FCC mixed crystals is concentration-
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independent. In Fig. 3b, the difference at 244.75 K
between both shifted Gibbs energies is shown. It is
essential to realise that the lowest difference is given
around 0.3 mole fraction of CCl . Such a region4

corresponds to the concentration domain where the R
mixed crystals are closer, from a thermodynamic
point of view, to the FCC mixed crystals. It must be
emphasised that according to the optical bire-

Ž .fringence Dn measurements the order parameter
was found to be zero at about Xs0.1 mole fraction

Ž Ž .of CCl X s0.9 mole fraction of CH CCl in4 0 3 3
.the original work . Actually, the optical bire-

Žfringence contains the molecular anisotropy of the
. Žmolecular polarizability and the structural anisotro-
.py of the crystalline field birefringence. If an excess

EŽ .optical birefringence is defined as Dn X s
Ž . wŽ . xDn X y 1yX Dn qXDn , where Dn andA B A

Dn are the optical birefringence of the componentsB

A and B, respectively, the changes on the crystalline
field due to the mixed crystal formation can be
accounted for, assuming that the anisotropy of the
molecular polarizability will be roughly the same.

Ž .Fig. 3. The Gibbs energy plus the linear contribution see text for
Ž . Ž . Ž .the R v and FCC ` mixed crystals a and Gibbs energy

Ž . Ž .difference between R and FCC ^ mixed crystals b at 244.75
K.

Fig. 4. Excess Gibbs energy of the R mixed crystals referred to
Ž . Ž .the excess Gibbs energy of the cubic FCC mixed crystals v

Ž . Ž .and ‘excess’ optical birefringence ' see the text for definition
w xcalculated from Ref. 10 .

From a thermodynamic point of view, the excess
Gibbs energy of R mixed crystals minus the excess
Gibbs energy of the FCC mixed crystals, must ac-
count for the anisotropy of the intermolecular inter-
actions, assuming that the steric contribution is quite
similar in R and FCC mixed crystals. In Fig. 4, we
plot the excess Gibbs energy difference between R

EŽ .and FCC mixed crystals together with the Dn X
w xvalues obtained from Ref. 10 . From an inspection

of Fig. 4, it clearly follows that the excess optical
birefringence is well correlated to the excess Gibbs
energy of the R mixed crystals referred to the FCC
mixed crystals.

5. Conclusions

Ž .The lattice of the stable OD phase of CH CCl3 3

has been found to be isostructural with the stable OD
phase of CCl , i.e., rhombohedral symmetry. In4

addition, continuous OD stable rhombohedral mixed
crystals have been obtained.

Concerning the OD metastable phases of
Ž .CH CCl and CCl , both FCC, form also continu-3 3 4

ous series of mixed crystals which, moreover, are
found to be monotropic in the whole concentration
range. Such a conclusion has been reinforced by the
thermodynamic analysis which shows that the Gibbs
energy of the R phase is lower than the correspond-
ing Gibbs energy of the FCC phase, whatever the
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composition is. This conclusion is against the previ-
w xous result of Struts 9,10 , that a cubic lattice was

inferred around the 0.1 mole fraction of CCl . In4

spite of this clear discrepancy, the thermodynamic
analysis has revealed that in the low range of CCl4

content, the R and FCC mixed crystals are more
similar from a thermodynamic point of view.
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