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Abstract

Orientationally disordered stable and metastable mixed crystals of the two-component system 2,2-dichloropropane
ŽŽCH .3 2CCl2.qcarbon tetrachloride ŽCCl4. have been characterised from crystallographic and thermodynamic points of 
view. The monotropic behaviour of the metastable phases in the pure components is retained by the mixed crystals. 
Continuous series of mixed crystals in the stable rhombohedral phase gives rise to an isomorphism relationship. The lattice 
symmetries of the metastable mixed crystals are found to be simple cubic and face centred cubic, the latter corresponding to 
a large concentration domain. A strong correlation between thermodynamic functions and optical properties is proposed. 

1. Introduction

Many molecular compounds made of nearly
spherical molecules exhibit at temperatures below
melting an equilibrium phase characterised by a dy-
namic orientational disorder and by a long-range
translational periodicity of the molecular centres of
mass, the so-called plastic phase or orientationally

Ž . w xdisordered crystalline phase ODIC 1 .
Ž .Methylchloromethane compounds CH CCl ,3 4 – n n

Ž .n varies from 0 to 4 have been studied by many
groups because they are good examples of ODIC
systems and, more particularly because they are the

) Corresponding author. Fax: q34-93-401-18-39; e-mail:
jose.luis.tamarit@upc.es

Ž .only ones ns2,3,4 which display two ODIC
phases with two melting points some degrees apart
Ž . w xabout 5 K 2–11 . On cooling from the melting
point, an ODIC phase Ia is formed, which, upon
further cooling, transforms into another ODIC phase
Ib. The orientational disorder disappears when the

Ž .low-temperature ordered LTO phase is induced by
a first-order phase transition from phase Ib. On
warming the LTO phase, phase Ib is formed and
remains up to the melting point. However, on heat-
ing phase Ia, it melts without reverting to phase Ib.
Thus phase Ia displays a monotropic behaviour that

w xhas been extensively studied 3,4 . Birefringence
w xmeasurements 5,9–11 have unambiguously shown

the uniaxial character of phase Ib. Actually, X-ray
diffraction measurements proved that the stable phase
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Ib is rhombohedral, while the metastable phase Ia
displays a cubic symmetry. The orientational order in
ODIC mixed crystals has been the subject of several

w xworks relating methylchloromethanes 9–11 . The
Ž .2,2-dichloropropane n s 2 –carbon tetrachloride

Ž .ns4 phase diagram has not been studied to our
knowledge, however the results of a 1H NMR and

w xbirefringence work have been reported 11 . Accord-
ing to this work, two possible explanations of the
variation of the orientational order parameters with

Ž .concentration which reduce to zero at Xs0.5
Ždeduced from several approximations some of them
.being confirmed in the present work were sug-

gested.
This Letter reports the results of a crystallo-

graphic and thermodynamic study of the
ŽŽ . . Ž .CH CCl – CCl mixed crystals. Several3 2 2 1 – X 4 X

assumptions of the work in which the order parame-
ters as a function of the composition were deter-

w xmined 11 will be confirmed and, moreover, we will
discard one of the two suggested explanations. A
new point of view about the correlation between the
thermodynamic functions and optical properties, pre-

w xviously addressed 12 , will be proposed.

2. Experimental

Ž .CH CCl and CCl special grade were sup-3 2 2 4

plied by Aldrich Chemical and always handled under
an Ar atmosphere without further purification. The
transition temperatures and enthalpy changes for the
pure and mixed crystals were measured with a
Perkin-Elmer DSC-7 differential scanning calorime-
ter equipped with a home-made low-temperature de-

Žvice. High-pressure stainless steel pans from
.Perkin-Elmer were used in order to prevent sample

reactions with the container as well as to resist the
high vapour pressure of the compounds. Heating and
cooling rates of 2 K miny1 and sample masses
around 25 mg were used.

X-ray powder diffraction data were obtained by
means of a horizontally mounted INEL cylindrical

Ž . w xposition-sensitive detector CPS-120 13 using De-
Ž Ž ..bye–Sherrer geometry angular step ca. 0.038 2u .

˚Ž .Monochromatic Cu Ka ls1.54059 A radiation1

was selected. The system is equipped with a liquid

nitrogen INEL CRY950 cryostat that contains he-
lium gas as a heat exchanger in the sample chamber.

External calibration using the Na Ca Al F cubic2 3 2 4
w xphase 14 was applied by means of cubic spline

fittings. The peak positions were determined by
pseudo-Voight fittings. Acquisition times were 120
min for standard measurements. Additional patterns
with 180 min acquisition times were performed to

Ž .account for the lattice symmetry of the CH CCl3 2 2

metastable ODIC phase Ia.
The liquid samples were sealed in 0.3 mm diame-

ter Lindemann capillaries which rotated perpendicu-
larly to the X-ray beam during the experiments in
order to improve the averaging of crystallites.

3. Pure components

According to Rudman et al., the lattice symmetry
of the stable ODIC phase Ib of CCl is rhombohe-4

˚dral with Zs21 and lattice parameters as14.4 A
w x w xand af908 at 229.2 K 2 . Our recent work 12 has

confirmed this result and accurate lattice parameters
˚Ž .were determined to be as14.431 9 A and as

Ž .89.41 2 8 at 232.2 K. The metastable Ia phase was
found to display fcc symmetry with a lattice parame-

˚Ž .ter as8.333 6 A at 230.2 K. Transformation tem-
peratures, 225.7"0.4, 250.1"0.4 and 245.5"0.5
K for transitions II–Ib, Ib–L and Ia–L, respectively,

w xhave been determined recently 12 .
Concerning 2,2-dichloropropane, the only mem-

ber of the methylchloromethane series which does
not have at least one three-fold molecular axis, the
lattice symmetry of the stable Ib phase was also

w xdetermined early as rhombohedral 2 ; this results
from the optical examination of the crystals which
clearly revealed that this phase is birefringent. Morri-

w xson et al. 15 reported unambiguous birefringence
measurements confirming the departure from cubic

˚Ž .symmetry. Our results, a s 14.730 9 A and
Ž .as89.41 1 8 at 232.2 K, are close to previously

reported data but give more accurate values, particu-
larly for angle a . The metastable Ia phase has been

w xindexed only tentatively as cubic 3 . Previous ther-
mal measurements could not isolate phase Ia and
thus determine the thermodynamic properties associ-
ated with the phase transitions. Well defined X-ray

 2



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

˚ . Ž .Angstrom for the reflections hkl of the metastable ODIC Ia¨
Ž .phase of CH CCl at 230.2 K3 2 2

h k l d d d – dobs cal obs cal

2 2 0 5.1563 5.1547 0.0016
0 0 3 4.8635 4.8599 0.0036
1 3 1 4.3968 4.3959 0.0009
2 2 2 4.2109 4.2088 0.0021
3 0 2 4.0443 4.0437 0.0006
3 0 4 2.9157 2.9159 y0.0003
3 3 3 2.8054 2.8059 y0.0005
4 4 1 2.5374 2.5380 y0.0006
3 y3 1 3.3438 3.3448 y0.0010
4 0 0 3.6441 3.6449 y0.0008
4 0 1 3.5368 3.5361 0.0007
4 1 1 3.4369 3.4365 0.0004

diffraction patterns were obtained for phase Ia, which
Žcould be undercooled by using a very slow cooling

.rate down to 184 K. The patterns were unambigu-
Ž .ously indexed see Table 1 by using the DICVOL91

w xprogram 16 according to a simple cubic lattice, the
˚Ž .parameter being as14.639 5 A at 230.2 K. Due to

the lack of accurate density values for phase Ia, the
number of molecules in the simple cubic lattice can

Ž .only be estimated Zs20 or 21 . However, if we
assume that the packing coefficient of the metastable
Ia phases of ns3 and ns4 methylchloromethane
compounds are lower than their respective stable Ib
phases, Zs20 seems to be the more likely value.
Moreover, a recent study of the temperature–pres-
sure phase diagram proves that such a value is in
good agreement with the melting volume of phase Ia
w x17 .

The measured transformation temperatures and
Ženthalpy changes corresponding to II–Ib 187.8"

y1 . Ž0.5 K and 6.0"0.1 kJ mol and to Ib–L 236.6"
y1 .0.8 K and 2.3"0.1 kJ mol , respectively, are

w xclose to the data in the literature 3,18 . As far as
thermodynamic properties of Ia–L transition are con-
cerned, accurate values were obtained thanks to a
great number of DSC measurements because of the
delicate metastability of phase Ia on warming as

w xalready mentioned in previous works 2,3 . Melting
temperature and enthalpy change for phase Ia were
determined to be 230.4"1.0 K and 1.9"0.2 kJ
moly1, respectively.

4. Stable and metastable mixed crystals

4.1. Crystallographic study

Fig. 1a shows the variation of the lattice parame-
ters of the stable Ib mixed crystals as a function of
concentration at 232.2 K. Previous NMR and bire-
fringence evidences of the uniaxial character of these
crystals are now reinforced by the determination of
an isomorphic relationship between the Ib phases of
Ž .CH CCl and CCl .3 2 2 4

In relation to the metastable Ia mixed crystals, the
different lattice symmetries of such phases for the

Ž .pure compounds SC and FCC obviously imply the
existence of a demixing region. Fig. 1b displays the
evolution of the cubic lattice parameters for Ia phases

w xversus concentration. As can be seen, the SCqFCC
Žcoexistence region is very narrow limiting solid

.solutions were only about 0.01 mole fraction apart
and completely shifted to large concentrations of
2,2-dichloropropane. Therefore, the metastable FCC
mixed crystals occupy a large concentration domain
with respect to the metastable SC mixed crystals.

The question of the concentration dependence of
w xorientational order parameters 11 can now be an-

Ž .Fig. 1. a Lattice parameters, a and a , for the rhombohedral
Ž . Žmixed crystals at 232.2 K. b Lattice parameters of the SC D,

. Ž .left scale and FCC `, right scale mixed crystals at 230.2 K as a
function of mole fraction.

 3



swered. Two possible explanations for order parame-
ters reducing to zero at equimolar concentration in

w xthe stable mixed crystals have been suggested 11 .
The first one assumes that, on changing the mole
fraction of the mixed crystals, angle a of the rhom-

Ž .bohedral unit cell varies in such a way that a-90
changes sign at Xs0.5, corresponding to the forma-
tion of a cubic crystal. As can be seen from Fig. 1a,
this is no longer possible. The second explanation,
which was considered as ‘hardly probable’ by the
authors, establishes that intermolecular interactions
in mixed crystals change because of the variation of
the mole fraction so that only the molecule orienta-
tions are modified, while the molecular mass centres

Ž .remain at rhombohedral lattice sites and while a-90
keeps the same sign in the whole concentration
range. As birefringence reduces to zero at Xs0.5, a

Žcompensation between molecular corresponding to
. Žthe molecular polarizability and structural anisotro-

.py of the crystalline field contributions to the bire-
fringence must be assumed.

4.2. Thermodynamic analysis

The thermodynamic equilibria concerning ODIC
phases and the liquid state have been determined
from DSC measurements. Fig. 2 shows the phase

w xdiagram of the stable RqL equilibrium together

w x Ž . w x w xFig. 2. Stable RqL v and metastable FCCqL and SCqL
Ž .` melting equilibria for the two-component system
Ž .CH CCl –CCl . The inset shows the very narrow two-phase3 2 2 4

w xdemixing domain SCqFCC .

w x w xwith the metastable SCqL and FCCqL equilib-
ria. The peritectic three-phase equilibrium line has
been located at about 231 K according to X-ray
powder diffraction measurements.

To obtain the thermodynamic properties of the
stable and metastable phases and to correlate them to
the measured optical properties, the excess Gibbs
energy of the mixed crystals must be determined. For
a continuous series of mixed crystals in phase a , the

Ž .Gibbs energy of 1–X moles of A and X moles of
B, i.e., the mixed crystal A B , can be written as:1 – X X

Ga T , X s 1yX m) ,a qXm) ,aŽ . Ž . A B

qRT 1yX ln 1yX qX ln XŽ . Ž .
qG E ,a T , X 1Ž . Ž .

where m) ,a, isA,B represents the molar Gibbsi

energy of pure component i, R is the gas constant
E,a Ž .and G T , X is the excess Gibbs energy. The

two-phase equilibrium region between phases a and
Ž .liquid L will be given by the intersection between

a Ž .their respective Gibbs energies, G T , X and
L Ž .G T , X at each T. In what follows and because of

the lack of data on m) , j, isA,B and jsa ,L, thei
Ž . w xequal gibbs curve EGC method was used 19 . The

differences between the Gibbs energies of phases a

and L are given by:

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 .
) ) ,L ) ,a Ž .where D m s m y m i s A,B andi i i

EŽ . E,L Ž . E,a Ž .DG T , X sG T , X yG T , X , which repre-
sents the excess Gibbs energy difference between

) Ž .L and a phases. Assuming that Dm T fi
) Ž a™ L . U

DS T yT , if DS is the melting entropy ofi i i
a™ L Ž .phase a , the equation DG T ,X s0 pro-EGC

Ž .vides a curve EGC curve where phases a and L
have equal values for the Gibbs energies, which is
described by the equation

1yX D H ) qXD 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 U is the melting enthalpy for component i.i
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w xUsing the experimental data at equilibrium aqL
Žboth liquidus and solidus temperatures have been

.used , the mathematical procedure to obtain the ex-
cess Gibbs energy difference close to the EGC curve,

E Ž .DG X , is performed by means of the WINIFITEGC
w x w xsoftware 20 based on Oonk’s method 19 . In this

context, the excess Gibbs energy for a given solution
is represented by a two-parameter Redlich–Kister
polynomial:

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

We did not find published excess thermodynamic
Ž .functions for the liquid mixtures CH CCl –CCl .3 2 2 4

Thus, only excess Gibbs energy differences between
the ODIC phases and the liquid state can be ob-
tained.

Relating the metastable Ia phase-liquid equilibria,
non-isomorphic SC and FCC phases imply the exis-
tence of a three-phase equilibrium, which can be

w xviewed as the result of two interfering loops, SCqL
w xand FCCqL , the so-called crossed-isodimorphism

Ž w x.for details see Refs. 21–23 . Because of the very
narrow domain occupied by the SC mixed crystals,
only excess thermodynamic properties related to the
FCC mixed crystals could be obtained. The exten-

w x Ž .sion of the FCCqL loop ends at Xs0 at the
Ž .theoretical super -metastable melting point of a FCC
Ž .phase of CH CCl which is assumed to be iso-3 2 2

morphous with that of metastable the Ia phase of
w xCCl . Thanks to the large extension of the FCCqL4

Ž .loop see Fig. 2 , its extrapolation can easily be
performed, the result being close to the real SC–L
phase transition of the metastable Ia phase of
Ž .CH CCl . Thus, the thermodynamic parameters3 2 2
Ž .temperature and entropy change of this transition
were used in order to calculate the excess thermody-
namic properties of the FCC metastable mixed crys-
tals.

It should be pointed out that the temperatures of
w x w xRqL and FCCqL equilibria are close to one
another; therefore, the temperature-dependence can
be skipped when the hierarchy of their stabilities is
compared. Calculations were performed at 240.6 K,
which corresponds to the mean value between the

w x wequimolar EGC temperatures of RqL and FCCq
xL loops.

Fig. 3. Gibbs energy difference between R and FCC mixed
crystals at 240.6 K.

Fig. 3 displays the Gibbs energy difference be-
tween stable R and metastable FCC mixed crystals.
It clearly follows that R mixed crystals are more
stable than FCC crystals, which means that the
monotropy of the FCC mixed crystals is not concen-
tration dependent. Moreover, such a Gibbs energy
difference reaches its lowest value at Xs0.5 and
then, from a thermodynamic point of view, R and
FCC mixed crystals are more alike at equimolar
composition.

In order to connect thermodynamic results with
previously reported data obtained from optical bire-

w xfringence measurements 11 , we have used our defi-
EŽ .nition of the ‘excess optical birefringence’, Dn X

Ž . wŽ . xsDn X y 1yX Dn qXDn , where Dn andA B A

Dn are the optical birefringence of components AB
w xand B, respectively 12 . Such a parameter accounts

for the crystalline field changes due to the mixed
crystal formation, assuming that the second contribu-

Žtion to the birefringence the molecular polarizabil-
.ity is roughly the same in FCC and R mixed crys-

tals. In a similar way, the excess Gibbs energy
difference between R and FCC mixed crystals must
account for the anisotropy of the crystalline field
Ž .steric contributions are assumed to be equal . Thus,
both parameters should have similar concentration
dependences. Fig. 4 shows the excess Gibbs energy
of the R mixed crystals referred to the excess Gibbs
energy of isotropic FCC mixed crystals together
with the ‘excess optical birefringence’ for the
Ž . w x Ž . w xCH CCl –CCl 9,10 and CH CCl –CCl 113 3 4 3 2 2 4
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Fig. 4. Excess Gibbs energy of the R mixed crystals with respect
Ž .to the excess Gibbs energy of the cubic FCC mixed crystals

Ž . Ž .empty symbols and ‘excess’ optical birefringence full symbols
w x w xcalculated from Ref. 11 and Refs. 9,10 for the two-component

Ž . Ž . Ž . Žsystems CH CCl –CCl circles and CH CCl –CCl tri-3 2 2 4 3 3 4
.angles , respectively.

two-component systems. As can be inferred from
this figure, concentration dependence is very similar
in both cases. Moreover, it should be emphasised
that a factor of 4r17 is surprisingly the same for

Žboth systems see the identical scales for both verti-
.cal axes . This unexpected result means that thermo-

dynamic functions and the birefringence parameter
can be obtained from one another in the meth-
ylchloromethane compounds.

5. Conclusions

The isomorphic relationship between the ODIC Ib
Ž .stable phases of the two compounds CH CCl3 2 2

and CCl has been established. On the contrary,4

ODIC Ia metastable phases have been found to be
non-isostructural phases. Particularly, it has been
shown that the lattice symmetry of phase Ia of
Ž .CH CCl is simple cubic. Such a structural dif-3 2 2

ference between the metastable phases gives rise to a
Ž . Ž .metastable two-phase SC and FCC region. In
addition, it may be stressed that the width of this
region is very small, a result which would indicate
the similarity of the both phases in spite of the
symmetry difference.

Rhombohedral Ib mixed crystals are formed in the
whole concentration range. Angle a characterising
the lattice symmetry remains lower than 908 what-
ever the composition is. This in turn means that the
zero values of the order parameters at equimolar
composition must be related only to a continuous
change of the intermolecular interactions in the mixed
crystals. Although at mole fraction 0.5 of CCl4

stable Ib phase remains rhombohedral with a/908,
the thermodynamic analysis gives clear proof of the
thermodynamic ‘closeness’ between R and FCC
mixed crystals at that composition.

Finally, we clearly established a strong correlation
between thermodynamic functions and optical bire-

Ž .fringence for the CH CCl – CCl and3 3 4
Ž .CH CCl –CCl binary systems which are the3 2 2 4

only ones relating methylchloromethane compounds
studied until now.
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