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The experimental systems considered in this paper are normal alkanes, in the range from
octane to octacosane; and their binary mixtures {(1-x) mol of CnH2n+2 + x mol of
Cn′H2n′+2}, with n′ > n, and ∆n ) n′ - n taking the values 1 and 2. The alkanes and their
mixtures have a rich, complex polymorphic nature, for the description of which a distinction
is made between a high-temperature and a low-temperature domain. The high-temperature
domain is occupied by rotator phases, and the low-temperature domain by a variety of mixed
crystalline phases, referred to as the “ordered” phases. Experimental phase diagram data
for 19 binariessincluding 11 binaries for which original data are presentedsare used to
give a uniform and coherent description of the phase relationships for the ensemble of alkane
alloys.

I. Introduction

The normal alkanes CnH2n+2 (hereafter denoted by
Cn) and their mixtures have been studied extensively,
during the last 2 decades in particular. The alkanes are
the main constituents of mineral oil: for the petroleum
industry knowledge of the structural and thermody-
namic properties of their mixtures is of vital importance.
From a pure-science point of view, n-alkanes and their
mixtures are useful model systems for more complex
materials, like polymers and biomembranes. In addition,
and with regard to practical applications, alkane alloys
have proved their value as tuneable phase change
materials for thermal protection and storage of energy.1-3

The group of n-alkanes studied combine a rich,
complex polymorphic nature with the existence of a
mesostate. The mesostate, between the “normal”, or-
dered solid state (Φord) and liquid, is a crystalline state,
referred to as rotator (R). In the rotator mesostate the
molecules have rotational freedom along their long axes.
Within Φord and R several forms (phases) can be

distinguished. Mixing of n-alkanes generally has a
dramatic influence on the polymorphic relationships, in
particular, when even (n in Cn is even) alkanes are
mixed with odd alkanes.4-20
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In previous papers we have reported on the phase
behavior of a number of individual binary systems.16-20

For these systems all mixed phases were characterized
as to their crystallographic properties. With regard to
the thermodynamic mixing properties, we have dem-
onstrated that, within a given form, alkane mixed
crystals satisfy the criteria for “perfect family of mixed
crystals”. A perfect family has a uniform temperature
of excess enthalpy/entropy compensation. In addition,
the two excess properties, which are system-dependent,
can be correlated in terms of (∆n/nj), where, for a binary
system Cn + Cn′, ∆n ) (n′ - n) and nj ) 0.5(n + n′), n′
> n. 21,22

The primary scope of this paper is to give a global
overview of the phase relationships in the binary
systems we have studied. The analysis relies on 19
experimental phase diagrams, for systems with ∆n ) 1
and ∆n ) 2, in the range from n ) 8 to n ) 28. Eight of
these phase diagrams have been published before.
Owing to the regularities in behavior, which make
detailed descriptions of individual systems of secondary
importance, we prefer to incorporate in this paper our
results for the 11 remaining systems.

II. Materials and Experimental Section

(a) Materials. The products were purchased either from
Fluka or from Aldrich and their purity grades were higher
than 99%.

The binary mixed samples were prepared according to the
melting and quenching method: the components are weighed
in the desired proportions, melted, and mixed thoroughly to
obtain an entirely homogeneous sample and then quenched
into liquid nitrogen. We have shown that holding mixed
samples in a rotator phase has the effect that the Φord f R
transition is obtaining an isothermal nature.23 For each system
at least 10 compositions have been studied.

(b) Techniques. Calorimetric measurements were carried
out using a Perkin-Elmer DSC7 differential scanning calo-
rimeter (DSC) operating in the subambient mode. Transition
temperatures and enthalpies were obtained from at least four
independent experiments performed on (4.0 ( 0.1) mg samples
with a scanning speed of 2 K‚min-1. The shape-factor method
was used to determine the phase transition temperatures.24

The random part of the uncertainties was estimated using
Student’s method with 95% of threshold reliability.

Isothermal and function-of-temperature X-ray diffraction
analyses (with Cu KR radiation, λ ) 1.5406 Å) were performed
using the following:

(i) A Siemens D500 vertical powder diffractometer, which
works in the reflection mode with a Bragg-Brentano geom-
etry. About 5 g of product was put into the sample holder and
the data were collected with 2θ steps of 0.04° and a time
interval of at least 4 s. A thin plate of glass was placed between
the sample to be analyzed and the sample holder, to avoid the
diffraction reflections of copper and nickel.

(ii) and (iii) An INEL CPS 120 diffractometer and a Guinier
Simon camera, which work in the transmission mode. About
3 mg of product was put in a Lindemann capillary (0.5-mm
diameter) hermetically closed.

The recordings of isothermal and function-of-temperature
diffraction analyses allow the determination of the limits of

the single-phase and two-phase regions as well as the crystal-
lographic parameters of the observed alloys.

(c) Polymorphism of the Pure Components. Despite
their relatively simple architecture, governed only by van der
Waals intermolecular forces, the polymorphism of the normal
alkanes is relatively complex. In the range from C8 to C28,
the following phase transitions are observed25,26 (the symbol
f is used for first-order transitions and the symbol - - -f for
second-order transitions):

The crystallographic characteristics (space group, number of
molecules per unit cell, and the signification of the attached
subscript) are recalled in Table 1. Two types of solid phase
may be distinguished: the ordered forms Φord (called ordered
because they are not affected by orientational disorder) in the
low-temperature (LT) domain and the orientational disordered
forms (so-called rotator phases RI, RII, RIII, RIV, RV) which
appear before melting, in the high-temperature (HT) domain.
More details about the rotator phases can be found in the work
of Sirota.27

Temperatures of transition are given in Table 2, together
with the polymorphic sequences. In the table, the phases are
arranged in order of their appearance on the temperature
scale; their nature is as follows:

(i) Tp, Oi, and M011 are the most ordered phases.
(ii) Odci and Mdci are affected by conformational defects. For

n < 25, low-temperature phases are characterized by a low
gauche-bond concentration (m(g) ) 0.10 (0.03), which is
independent of temperature.28

At the Φord f Φord transitions, the gauche-bond concentra-
tion increases discontinuously, slowly for Oi f Odci and more
abruptly for Odci f Mdci.30 The increase in conformational
defects is higher at the Φord f R transitions.
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Table 1. Crystallographic Characteristics of the Phases
of Pure Alkanes (in the Range n ) 8 to n ) 28)a,b

phase observed in Cn space group Z

RI 9 e nodd e25 and neven ) 22, 24 Fmmm 4
RII 22 e n e 26 R3hm 3
RIII 28 triclinic
RIV 28 monoclinic
RV 23, 25 monoclinic
Tp 8 e neven e 24 P1h 1
M011 neven g 26 P21/a 2
Oi nodd Pcam 4
Odci nodd g 23 Pnam 4
Mdci nodd g 25 Aa 4

a For Oi, Odci and Mdci, the subscript “dc” is for conformational
defects and “i” and “p” are for even and odd, respectively (“impair”
and “pair” in French). b M011 is one of the Mhkl phases; in this
notation (hkl) describes the plane formed by the methyl end groups
(CH3) in the referential of the orthorhombic subcell.

for n even,
C8-C20: Tp f Liquid
C22 and C24: Tp f RI f RII f Liquid
C26: M011 f RII f Liquid
C28: M011 f RIV f Liquid

for n odd,
C17-C21: Oi f RI f Liquid
C23: Oi f Odci f Mdci f RV - - - f RI f RII f Liquid
C25: Oi f Odci f Mdci f RV - - - f RI f RII f Liquid
C27: Oi f Odci f Mdci f RIII - - - f RIV f Liquid
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(iii) The R phases are characterized by a high level of
rotational and conformational disorder. Three kinds of con-
formational defects, gt (end gauche), gg (gauche-gauche), and
gtg (kink), have been identified. The concentrations of the
defects increase with chain length: gt faster than gg and gtg.
30 All transitions are first-order transitions, with the exception,
however, of RV - - -f RI and RIII - - -f RIV. Details about the
thermo-energetic data and structural characteristics of the
alkanes, from C8 to C28, can be found in recent papers from
our group.25,26,29

III. Results

(a) Phase Diagrams. The binary systems studied
are {(1 - x) mol of Cn + x mol of Cn′}, such that n′ is
greater than n: 8 systems with ∆n ) (n′ - n) ) 1, which
are C16 + C17,20 C17 + C18,22 C18 + C19,18 C19 + C20,
C20 + C21, C21 + C22,16 C22 + C23, and C23 + C24),
and 11 with ∆n ) 2 (C17 + C19, C19 + C21,23 C21 +
C23, C23 + C25,17 C25 + C27 and C8 + C10,31 C14 +
C16, C16 + C18, C18 + C20, C22 + C24, C26 + C2819).
Their phase diagrams are assembled in Figure 1 (∆n )
1, even + odd and odd + even systems), Figure 2 (∆n )
2, odd + odd systems), and Figure 3 (∆n ) 2, even +
even systems). Each colored zone corresponds to a solid
single-phase region: green for [Tp], red for [Oi], pink for
[Odci], orange for [Op], blue for [Mdci], cyan for [Mdcp],
violet for [M011], yellow for [RI] and RV, light yellow
for [RII], and green yellow for [RIII] and [RIV]. Mixing
leads to the appearance of new phases as Op and Mdcp
and to the extension of R phases. The number of solid
forms that are stabilized by mixing is relatively high;
for example, there are eight solid forms in the C21 +
C22 system.

Because the evolution with n of the structural behav-
ior is quite different for the rotator forms in the HT
domain, and the “ordered” forms in the LT domain, we
will consider these two domains separately.

New Binary Systems. The systems for which we did
not yet publish our experimental results are C19 + C20,

C20 + C21, C21 + C22, C23 + C24, C14 + C16, C16 +
C18, C18 + C20, C22 + C24, C17 + C19, C21 + C23,
and C25 + C27. Here, we give a short comment for each
of them, comparing our results with those published by
other groups.

The C19 + C20 phase diagram (Figure 1) has been
determined by Mazee.32 His solid-liquid loop and the
dimensions of the HT domain are in agreement with
our result. Mazee’s loop for the transition from the LT
to the HT domain is based on the (false) assumption
that C19 and C20 are isomorphous at LT, yielding a
continuous series of mixed crystals. Today, we know
that C19 is orthorhombic and C20 is triclinic; in addi-
tion, we have identified the three intermediate phases
Odci, Mdci, and Op. The C19 + C20 phase diagram is very
similar to the C17 + C18 diagram,22 except for the
appearance of the narrow [Odci] single-phase region.

The C20 + C21 phase diagram (Figure 1) is very
similar to the one for C18 + C19;18 the [RI] single-phase
region of the latter is larger.

The C22 + C23 diagram (Figure 1) is in agreement
with the diagram proposed by Nouar et al.;7 some small
differences should be noticed, however. In agreement
with Sirota,27 we concluded that C22 presents the RI

phase and we observed total miscibility in this phase.
The minimum in the [RI + RII] loop is situated around
x ) 0.25, as in the other systems (Nouar’s minimum is
close to x ) 0.50). For the Φord f R equilibria, Nouar
proposed a loop with a maximum for the Op f R
transition, giving rise to two eutectoı̈d [Tp + Op + R]
and [Op + Mdci + R] equilibria. We established, just as
for the other even + odd systems (see Figure 1), that
the two three-phase equilibria are peritectoı̈d and
eutectoı̈d, respectively. Another discrepancy concerns
the nature of intermediate Φord phases. The intermedi-
ate phases reported by Nouar are γ0, â′1, â′′1, â′0, and â0;
they correspond to Tp, Op, Mdci, Odci, and Oi, respectively.
Whereas Nouar indicated that they all are orthorhom-
bic, we established that one of them (â′′1) is the Mdci

(31) Rajabalee, F.; Espeau, P.; Haget, Y.; Cuevas-Diarte, M. A. Mol.
Cryst. Liq. Cryst. 1995, 269, 165. (32) Mazee, W. M. Anal. Chim. Acta 1957, 17, 1, 97.

Table 2. Temperatures (in K) and Enthalpies (in kJ‚mol-1 between Brackets) of Phase Transitionsa

ordered phases (Φord) rotator phases

Cn Ti Tp Oi M011 Odci Mdci RV RI RII RIII RIV liquid

C8 b 216.6 (21.8)
C9 b 217.8 218.2 (6.2) 219.5 (15.0)
C10 b 243.0 (27.6)
C11 b 236.3 (0.1) 237.4 (7.0) 247.6 (22.5)
C12 b 263.1 (35.7)
C13 b 255.2 (7.7) 267.7 (28.9)
C14 b 278.3 (42.7)
C15 b 270.3 (8.7) 282.7 (34.2)
C16 b 290.7 (53.0)
C17 b 284.2 (10.8) 294.7 (39.4)
C18 b 301.1 (60.1)
C19 b 294.8 (12.7) 304.4 (42.7)
C20 b 309.7 (68.1)
C21 b 304.3 (15.7) 313.0 (46.6)
C22 b 315.8 (27.3) 316.1 (<0.3) 316.6 (49.1)
C23 b 310.5 (<0.3) 312.4 (19.6) 314.2 317.9 (<0.3) 320.2 (52.6)
C24 b 319.0 (30.3) 319.6 (<0.3) 323.4 (53.8)
C25 b 310.5 (<0.4) 319.4 (0.4) 320.0 (23.6) 321.2 322.6 (<0.4) 326.4 (57.8)
C26 b 325.0 (32.6) 329.1 (60.1)
C27 b 312.9 (0.3) 322.3 (2.5) 325.9 (27.1) 327.9 331.6 (62.8)
C28 b 329.4 (35.2) 333.4 (63.0)

a The phases stable at low temperatures are indicated with the symbol b.
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Figure 1. Binary phase diagrams: even + odd and odd + even systems (∆n ) 1). Solid single-phase regions: green for [Tp], red for [Oi], pink for [Odci], orange for [Op], blue for [Mdci],
yellow for [RI] and [RV], and light yellow for [RII].
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Figure 2. Binary phase diagrams: odd + odd systems (∆n ) 2). Solid single-phase regions: green for [Tp], red for [Oi], pink for [Odci], orange for [Op], blue for [Mdci], violet for [M011],
yellow for [RI] and [RV], light yellow for [RII], and green yellow for [RIII] and [RIV].
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Figure 3. Binary phase diagrams: even + even systems (∆n ) 2). Solid single-phase regions: green for [Tp], orange for [Op], cyan for [Mdcp], violet for [M011], yellow for [RI ] and [RV],
light yellow for [RII], and green yellow for [RIII] and [RIV].
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monoclinic phase (this was confirmed by our study of
the C23 + C2517 and C25 + C27 systems, where Mdci is
stable for C25 and C27).

The C23 + C24 system (Figure 1) has also been
studied by Nouar et al.8 Their phase diagram and ours
are fairly similar; two differences can be noticed,
however. The first is related to the [RI + RII] equilib-
rium. In agreement with Sirota,27 we confirmed that RI

is stable for C24; as a consequence, we observed total
miscibility for RI, the [RI + RII] two-phase region being
a single loop. Nouar, on the other hand, proposed an
[RI + RII + Tp] peritectoı̈d equilibrium. The second
difference concerns the nature of the intermediate (â′′1)
Φord phase; see above for C22 + C23.

As far as we know, the C17 + C19 phase diagram was
only published by Robles et al.33 At that time, we
indicated total miscibility between the two components,
in the Φord phase Oi as well as in RI. By means of the
analysis of X-ray reflections with large angles we have
identified three intermediate single-phase regions: the
[Op] single-phase region in the central part of the phase
diagram is surrounded by two narrow [Mdci] regions; the
revised phase diagram is shown in Figure 2. The
ΦordfRI transition has four peritectoı̈d equilibria and
a minimum in the [Op + RI] loop.

The C21 + C23 system (Figure 2) previously has been
studied by Jouti et al.;34 their phase diagram is in fair
agreement with our results. Four differences may be
mentioned: (i) we detected the second-order RV ---f
RI transition at a higher position; (ii) their [Op] inter-
mediate single-phase region is slightly wider; (iii)
although the number of intermediate Φord single-phase
regions is the same, Jouti found four intermediate Φord
phases (â′0, â′′1, â′1, and â′′2), whereas we established that
there are only three (Odci, Mdci, and Op; the Mdci phase
is located in two fields separated by the Op single-phase
region); (iv) we found that the [Op + RV] two-phase
region has a minimum close to x ) 0.25 (just as for the
C17 + C19 and C19 + C21 systems) and that the [Op +
Mdci + RV] equilibria are peritectoı̈d; Jouti, on the other
hand, proposed a eutectoı̈d and a peritectoı̈d equilibri-
um.

As far as we know, the C25 + C27 binary phase
diagram (Figure 2) has not yet been published. Pure C25
and C27 have the same sequence of phases at low
temperature (Oi f Odci f Mdci) but different rotator
phases before melting. The phase diagram has five
single-phase regions in the LT domain, involving three
phases (Oi, Odci, and Mdci); no intermediate Op phase has
been detected, in contrast with the other odd + odd
systems. We established that, below the Φord f R
transition, there is a continuous series of mixed crystals
of the Mdci type. At room temperature the large Mdci
single-phase region is enclosed by a very narrow Odci
one and another one, Oi, at the C25 and C27 sides,
respectively. The Mdci f R transition has a [Mdci + RV]
loop with a minimum close to x ) 0.25 and a eutectoid
[Mdci + RV + RIII], situated near C27. The RI f RII loop
is very narrow (as in all the other systems), and the [RI

+ RII + RIII] equilibrium is a peritectoı̈d near C27. The

two melting loops, RII f L and RV f L, are separated
by a [L + RII + RV] peritectic equilibrium.

The two components of the C14 + C16 system are
triclinic. The phase diagram (Figure 3) has four single-
phase regions and two intermediate phases for central
compositions: [Mdcp] in the LT domain and [RI] in the
HT domain. The single-phase regions are rather narrow.
At LT, there are two [Tp + Mdci + RI] three-phase
equilibra: a eutectoı̈d at the C14 side (between x ≈ 0.25
and x ≈ 0.41) and a very large peritectoı̈d from x ≈ 0.43
up to x ≈ 0.90. At HT, there are a eutectic three-phase
equilibrium, from x ) 0.09 up to x ) 0.30, and a
perictectic one, from x ) 0.46 up to x ) 0.93.

The C16 + C18 phase diagram (Figure 3) has been
studied previously by Mazee.32 Mazee’s diagram is in
agreement with our result, as far as the HT domain is
concerned (in particular, the fact that the intermediate
RI phase is observed in a large area). There are,
however, some differences: in Mazee’s phase diagram
the solid-liquid three-phase equilibria are narrower
than those in our proposition; and for the [R + L] two-
phase region Mazee proposed a loop with a minimum.
With regard to the LT domain, Mazee’s diagram dis-
plays a continuous series of mixed crystals, against the
two intermediate phases, Mdcp and Op, in our diagram.
The [Tp + Mdcp + RI] three-phase equilibrium is a
eutectoid; [Op + Mdcp + RI] and [Op + Tp + RI] are
peritectoı̈d.

Similarly, for the C18 + C20 system, our diagram,
Figure 3, is in agreement with Mazee35 in the HT
domain and in disagreement in the LT domain, where
again he assumed the existence of a continuous series
of mixed crystals. In the HT domain, the [RI] region is
wider than that in C16 + C18, and melting occurs in a
very narrow temperature range (less than 2 K). In the
LT domain, there are five single-phase regions, which
are [Tp], [Op], [Mdcp], [Op], and [Tp]; the regions of the
intermediate phases are larger than those in the C16
+ C18 system. The two [Tp + Op + RI] equilibria are
peritectoı̈d, and the [Op + Mdcp + RI] equilibrium is
eutectoı̈d at the C18 side and peritectoı̈d at the C20
side.

The C22 + C24 has been studied by a number of
research groups, in particular, by Dirand et al. (with
references to earlier work).36 Although our phase dia-
gram (Figure 3) is in fair agreement with Dirand’s
proposition (agreement: RII continuous series of solid
solutions; same number of Φord regions), some differ-
ences should be noted. In the HT domain, Dirand
observed RI only in mixed samples and not for the
components (see above); as a consequence, he proposed
two pertectoid [RI + RII + Tp] equilibria, against a
continuous series of RI mixed crystals in our diagram.
In the LT domain, there is a difference with regard to
the nature of one of the phases. We found that the X-ray
patterns of the phase located in the middle of the
diagram (Mdcp, called â"1 by Dirand) can be indexed in
the monoclinic space group Aa, whereas Dirand indi-
cated that all the intermediate Φord phases are ortho-
rhombic. In addition, we found that, apart from Mdcp,
there are two Op single-phase regions, whereas Dirand

(33) Robles, L.; Espeau, P.; Mondieig, D.; Haget, Y.; Oonk, H. A. J.
Thermochim. Acta 1995, 2422, 1.

(34) Jouti, B.; Provost, E.; Petitjean, D.; Bouroukba, M.; Dirand,
M. J. Mol. Struct. 1996, 49.

(35) Mazee, W. M. Am. Chem. Div. Pet. Chem. 1958, 3, 4 B-35.
(36) Dirand, M.; Achour, Z.; Jouti, B.; Sabour, A.; Gachon J. C. Mol

Cryst. 1996, 275, 293.

792 Chem. Mater., Vol. 16, No. 5, 2004 Mondieig et al.



indicated the existence of two intermediate phases
named â′1 and â′2.

Comments on the High-Temperature Domains for the
Set of Binaries. The most striking aspect of the binary
systems is that the rotator form is stabilized by mix-
ing: not only that the rotator single-phase regions are
much wider than those for the triclinic form, the rotator
form is even present in systems where it does not appear
for the pure components.

(i) RI is observed in all binary systems except for C8
+ C10 (which has a large eutectic between the triclinic
forms). When RI is displayed by the two components,
there is total miscibility.

(ii) RV and RII are present for systems with 22 e n e
25, and it is RII which melts; there is total miscibility
(see Figures 1, 2, and 3 for C22 + C23, C23 + C24, C23
+ C25, and C22 + C24; and C24 + C26 by Achour-
Boudjema al.9). In C21 + C22 either RII or RI mixed
crystals are the ones that melt and in C26 + C2819

either RII or RIV (contrary to what is proposed by
Prevot,37 who mentioned total miscibility in RII); the
largest region before melting is for RII.

Four different types of phase-transition sequences
take place in the HT domain: Tp f Liquid, RI f Liquid,
RV ---f RI f RII f Liquid or RIV ---f RIII f Liquid.
The RV ---f RI transition appears in the C21 + C22
system even though RV is not stable for pure C21 and
C22 (in fact, metastable RV appears when C22 is cooled
from the liquid27). It can be noticed that the RV form is
observed over a wide range of compositions in all of the
systems that display RII.

Complete miscibility in R forms is observed when the
two components are isomorphous. The temperature
ranges of the rotator forms are much larger in mixed
samples than for the pure components (the maximum
extent is around x ) 0.30). For example, RI is observed
over 10.3 K for C17 while it is stabilized over 22.5 and
19.8 K for the mixed samples in C16 + C17 and C17 +
C18, respectively. In Figure 4, we have plotted the
temperature extent (∆T) of the total rotator domain (the
full HT domain); for the pure alkanes as a function of n
(b for ∆n ) 0), and for the Cn + Cn′ systems as a
function of nj ) xm‚n′ + (1 - xm)‚n (9 [red box] for ∆n
) 1 and [ [blue tilted square] for ∆n ) 2), where xm is
the composition at which the Φord to R transition has
the lowest temperature. ∆T increases with ∆n (in
agreement with Sirota:38 the range of stability of the
rotator phases is enhanced by increasing the width of
distribution of the n-alkanes) and decreases steeply with
increasing chain length, in the sense that from C39 on,
the rotator forms are no longer observed. A reason could
be that intramolecular kink defects (of which the
concentration increases with chain length) would act as
a brake for the free rotation of the molecules.

Comments on the Low-Temperature Domains for the
Set of Binaries. In most of the systems, additional Φord
phases (not stable for the pure components) are stabi-
lized. We have identified all the additional phases; most
of them correspond to forms that are stable for longer
alkanes (longer than the components of the system). In

the range of alkanes studied, seven “ordered” forms are
observed: Tp, M011, Oi, Odci, Mdci, Mdcp, and Op. The Op
form is orthorhombic (Pca21, Z ) 439) and it is observed
as a metatsable form in even alkanes with n g 28.19,40

The Mdcp phase is observed only in even + even systems.
The curve of the Mdcp f R transition temperature as a
function of n is slightly below the Mdci f R one. The
X-ray diffraction patterns of Mdcp and Mdci are similar:
the two can be indexed in the same space group, which
is Aa. The space groups of the other phases are given
in Table 1. The sequences of the Φord single-phase
regions in terms of composition are presented in Table
3. The number of additional single-phase regions reaches
3 in the ∆n ) 1 systems and in the even + even systems;

(37) Provost, E.; Balesdent, D.; Bouroukba, M.; Petitjean, D.;
Dirand, M.; Ruffier-Meray, V. J. Chem. Thermodyn. 1999, 31, 1135.

(38) Sirota, E. B.; King, H. E.; Shao, H. H.; Singer, D. M J. Chem.
Phys. 1995, 99, 798.

(39) Teare, P. W. Acta Crystallogr. 1959, 12, 294.
(40) Poirier, B. Ph.D. Thesis, University of Bordeaux I, 1996.

Figure 4. Temperature range (∆T) of the full rotator domains
for the pure alkanes as a function of n (b for ∆n ) 0) and for
all the Cn-Cn′ systems (∆T has been measured at the
composition xm where the Φord fR transition temperature is
at its minimum) as a function of nj ) xm‚n′ + (1 - xm)‚n′ (9 for
∆n ) 1 and [ for ∆n ) 2).

Table 3. Sequences of the Φord Single-Phase Regions on
the Composition Scale

sequences of the Φord single-phase
regions on the composition scale

systems

Cn-Cn′
form
of Cn mixed crystal forms

form
of Cn

Even-Even Systems
C8-C10 Tp Tp
C14-C16 Tp Mdcp Tp
C16-C18 Tp Mdcp Op Tp
C18-C20, C22-C24 Tp Op Mdcp Op Tp
C26-C28 M011 Op Mdcp Op M011

Odd-Odd Systems
C17-C19, C19-C21 Oi Mdci Op Mdci Oi
C21-C23, C23-C25 Oi Odci Mdci Op Mdci Odci Oi
C25-C27 Oi Odci Mdci Mdci Odci Oi

Even-Odd Systems
C16-C17, C20-C21 Tp Op Mdci Oi
C22-C23 Tp Op Mdci Odci Oi

Odd-Even Systems
C17-C18 Oi Mdci Op Tp
C19-C20, C21-C22,

C23-C24
Oi Odci Mdci Op Tp
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in odd + odd systems it varies from 3 to 5. For ∆n ) 2,
the longest sequences of single-phase regions are as
follows:

These sequences can be qualified as symmetrical. For
the ∆n ) 1 systems, the longest sequence can be divided
into two parts: one (Oi/Odci/Mdci; similar to one-half of
the odd + odd sequence), near the odd component, and
the other (Tp/Op; similar to one-half of the even + even
sequence) near the even component. Passing over the
difference in point of view, with regard to the nature of
the phases, the longest sequences are in agreement with
the rule proposed by Dirand.15 In fact, in the range from
n ) 8 to n ) 28, the longest sequences are observed only
for the longer alkane systems; for shorter alkanes the
number of single-phase regions is lower.

With regard to the occurrence of a continuous series
of mixed crystalsswhich is a possibility when the two
components of the system are isomorphoussthe only
example observed is Mdci in C25 + C27.

To compare their extents (in terms of composition),
the widths of the single-phase regions were measureds
for conditions just below the lower solvus of the [Φord +
R] two-phase region. In this respect two groups of
phases can be distinguished: the phases Tp, M011, Oi,
and Odci, which are located near the pure components,
with narrow regions, and the central phases Mdcp, Mdci,
and Op with wider regions. In detail,

(i) Tp alloys, close to even alkanes, have widths that
never exceed 25%. The general trend is a decrease of
width with increasing chain length (see Figures 1 and
3).

(ii) Oi alloys, just as Tp alloys, only exist in binaries
where the form is stable for the pure components. The
extent in composition of the Oi domain does not exceed
20% and it decreases with chain length.

(iii) Odci regions are very narrow (less than 3%). In
addition to systems involving C23, C25, and C27 (in
which, for the pure alkane, Odci is stable), Odci regions
also appear in binaries involving odd alkanes (from n
) 19 on) where the odd alkane is the shorter one (for
instance, the form is stabilized in C21 + C22 but not in
C20 + C21 and in C19 + C21 it appears only at the
C19 side).

(iv) Mdcp and Mdci have single-phase regions that
become wider with increasing n. Mdcp regions are
situated in the center of even + even binaries; the Mdci
ones are situated close to Odci (or Oi when there is no
Odci domain) in odd + odd systems, and also in systems
with ∆n ) 1.

(v) Op mixed crystals are stabilized in all of the ∆n )
1 systems and in nearly all ∆n ) 2 systems. They are
located near the even alkane and for odd + odd systems
in the center (between Mdci domains). The width of the
Op region reaches 45% (for C21 + C23). For ∆n ) 2
systems, it increases and then decreases with n (there
is no Op region in C25 + C27).

A general trend of the Φord single-phase regions is that
they are wider near the longer component, and such that
the solubility of the shorter alkane in the longer one is
higher than the solubility of the longer in the shorter
one.

(b) Lattice Parameters of the Ordered Mixed
Crystals. From X-ray powder diffraction data we have
determined the cell parameters of numerous composi-
tions of Mdci, Mdcp, and Op mixed crystals, using the
“pattern-matching” option of the program FULLPROF.41

In Table 4, are given the lattice parameters (uncertain-
ties are inferior or equal to 0.04 Å for a and b; to 0.04°
for â; and to 0.09 Å for c), the volume, the specific vol-
ume, and the temperature at which they were deter-
mined. Figure 5a shows the volumes of mixed crystals
(Mdci, Mdcp, Odci, and Op) and pure alkanes (Oi for all
values of n; Odci for n ) 23, 25, and 27 and Mdci for n )
25 and 27) as a function of nx (for an alloy A1-xBx: nx )
x‚nB + (1- x)‚nA). The data corresponding to ∆n ) 1
and ∆n ) 2 are distinguished by the symbols “x” and
“o” respectively. It appears, in a clear manner, that the
volumes of mixed crystals are somewhat greater than
the ones of the pure components (a linear fit of the Oi
data for pure components leads to the relationship VOi

(Å3) ) 126.5 + 94.856‚nx, with a reliability factor R )
0.9997); this is mainly due to an increase of the inter-
layer distance c sin â (Figure 5c; a linear fit of the Oi data
for pure components leads to the following relationship
c (Å) ) 3.89 + 2.535‚nx with R ) 0.9999) and an increase
of the a parameter (Figure 5b). There is no clear
distinction between the ∆n ) 1 and ∆n ) 2 systems.

(c) Solid-Liquid and Solid-Solid Equilibria.
Within the range n ) 8 to n ) 28 four types of solid-
liquid equilibrium can be distinguished:

(i) [Tp + L ] two-phase regions are always situated
close to the even component (for n < 22); their x-range
is small. When they interfere with the [RI] region, they
give rise to eutectic and peritectic three-phase equilibria
near the shorter and longer component, respectively. In
the case of C8 + C10, where RI mixed crystals are
absent, there is only a eutectic three-phase equilibrium.

(ii) [RI + L] two-phase regions (for n < 22) are narrow
in terms of temperature, generally e2 K (the largest
temperature ranges are for the short-chain even + even
systems, but ∆T remains e6 K).

(iii) [RII + L ] two-phase regions are wide in composi-
tion and very narrow in temperature (e2 K).

(iv) [RIV + L] two-phase regions (in C25 + C27 and
C26 + C28) have a limited range in composition and
are narrow in temperature.

The solid-solid [RI + RII] region is, in all of the phase
diagrams, a very narrow loop, with a minimum around
x ) 0.25.

Among the solid-solid [Φord + RI] equilibria, [Oi +
RI], [Odci + RI], and [Tp + RI] have steep boundaries.
The boundaries of [Op + RI], [Mdcp + RI], and [Mdci +
RI] are less steep; the regions are parts of flat loopss
with or without a minimum. These loops are wider at
the side of the longer alkane than at the side of the
shorter alkane.

(41) Rodriguez-Carvajal, J. FULLPROF, a program for Rietveld
refinement and pattern matching analyses: Abstracts of the satellite
meeting on powder diffraction of the XVth congress of the International
Union of Crystallography, Toulouse, France, 1990; p 11.

for even + even systems:

Tp (or M011)/Op/Mdcp/Op/Tp (or M011)

for odd + odd systems:

Oi/Odci/Mdci/Op/Mdci/Odci/Oi
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Thermodynamic assessments of binary phase equi-
libria were made for various transitions: the mixed
rotator state to liquid (RI f L, RII f L); the mixed
rotator state to mixed rotator state (RI f RII); and most
of the transitions from the ordered mixed solid state to
the mixed rotator state (Op f R, Mdcp f R, and Mdci f
R). The modeling of the phase equilibria is founded on
the concepts of isomorphism and crossed-isopolymorph-
ism.42,43 The computations are based on the equal-G
curve method;44 a detailed account of the methodology
has been given recently.45

The transition properties of the pure component sub-
stances as a function of chain length, and used for the

computations, have been established by means of a global
analysis of the set of binary systems. The relationships
are

(42) Pardo, L C.; Barrio, M.; Tamarit, J. Ll.; López, D. O.; Salud, J.;
Négrier, P.; Mondieig, D. Phys. Chem. Chem. Phys. 2001, 3 (13), 2644.

(43) Pardo, L. C.; Barrio, M.; Tamarit, J. Ll.; Négrier, P.; Lopez, D.
O.; Salud, J.; Mondieig, D. J. Phys. Chem. B 2001, 105, 10326.

(44) Oonk, H. A. J. Phase Theory: The Thermodynamics of Hetero-
geneous Equilibria; Elsevier Science Publishers: Amsterdam, 1981.

(45) Rajabalee, F.; Métivaud, V.; Mondieig, D.; Haget, Y.; Oonk, H.
A. J. Chem. Mater. 1999, 11, 2788.

Table 4. Lattice Parameters of A1-xBx Mixed Crystals and Pure Componentsa

nA nB x nx a (Å) b (Å) c (Å) â (deg) c sin â (Å) V (Å3) v (cm3‚g-1) T (K)

Mdci Alloys Aa, Z ) 4
16 17 0.70 16.7 7.43 5.01 46.59 92.4 46.55 1733 1.106 258
17 19 0.05 17.1 7.45 5.01 47.54 91.2 47.53 1774 1.106 258
17 18 0.15 17.15 7.48 5.02 47.55 92.2 47.52 1784 1.109 268
17 19 0.75 18.5 7.45 5.02 51.76 92.3 51.72 1934 1.115 258
18 19 0.75 18.75 7.45 5.01 51.35 91.9 51.32 1916 1.090 273
19 20 0.10 19.1 7.45 5.00 52.49 91.9 52.46 1954 1.092 278
19 21 0.05 19.1 7.47 5.02 52.72 91.6 52.70 1976 1.104 278
19 21 0.80 20.6 7.46 5.01 56.98 92.7 56.92 2127 1.102 278
20 21 0.70 20.7 7.49 5.01 57.08 91.7 57.05 2141 1.104 283
21 22 0.05 21.05 7.51 4.99 57.42 91.3 57.40 2151 1.091 288
21 23 0.054 21.11 7.50 5.02 57.71 91.0 57.70 2172 1.099 290
21 23 0.80 22.6 7.51 5.01 62.23 91.5 62.21 2341 1.106 290
22 23 0.85 22.85 7.54 5.02 62.59 91.6 62.57 2368 1.107 300
23 24 0.05 23.05 7.52 5.02 62.96 93.2 62.86 2373 1.010 300
23 25 0.05 23.1 7.49 5.00 62.63 91.0 62.62 2345 1.085 293
23 25 0.80 24.6 7.53 5.01 67.34 91.2 67.32 2540 1.104 298
25 27 0 25 7.573 5.011 67.631 91.64 67.603 2565 1.098 320
25 27 0.26 25.52 7.53 5.01 69.54 91.2 69.52 2623 1.099 303
25 27 0.40 25.8 7.53 5.01 70.62 91.0 70.61 2664 1.104 303
25 27 0.75 26.5 7.53 5.01 71.32 91.2 71.30 2690 1.085 303
25 27 1 27 7.53 4.99 72.60 91.30 72.58 2720 1.077 324

Mdcp Alloys Aa, Z ) 4
16 18 0.40 16.8 7.39 5.00 47.01 91.20 47.00 1737 1.102 253
18 20 0.36 18.72 7.44 5.01 52.00 91.30 51.99 1938 1.104 268
22 24 0.37 22.74 7.53 5.03 62.59 91.00 62.58 2370 1.114 308
26 28 0.61 27.22 7.53 5.01 73.96 91.00 73.95 2790 1.096 308

Op Alloys Pca21, Z ) 4

nA nB x nx a (Å) b (Å) c (Å) V (Å3) v (cm3‚g-1) T (K)

16 17 0.70 16.7 7.43 5.01 45.55 1696 1.082 258
16 18 0.60 17.2 7.41 5.00 47.44 1758 1.089 253
17 18 0.40 17.4 7.47 5.02 48.44 1816 1.113 268
17 19 0.30 17.6 7.43 5.01 49.27 1834 1.111 258
18 19 0.20 18.2 7.46 5.01 50.04 1870 1.096 273
18 20 0.15 18.3 7.43 5.01 50.77 1890 1.102 268
18 20 0.70 19.4 7.43 5.01 53.81 2003 1.102 268
19 20 0.55 19.55 7.47 4.99 54.07 2015 1.100 278
19 21 0.40 19.8 7.46 5.01 54.72 2045 1.102 278
20 21 0.20 20.2 7.46 4.99 55.49 2066 1.092 283
21 22 0.60 21.6 7.5 4.99 58.86 2203 1.089 288
21 23 0.40 21.8 7.5 5.02 60.26 2269 1.111 290
22 23 0.15 22.15 7.55 5.02 60.82 2305 1.112 300
22 24 0.08 22.16 7.53 5.03 60.64 2297 1.107 300
22 24 0.70 23.4 7.53 5.01 64.37 2428 1.109 300
23 24 0.50 23.5 7.52 5.01 64.01 2412 1.097 305
23 25 0.40 23.8 7.53 5.02 65.11 2461 1.105 298
26 28 0.05 26.1 7.52 5.00 70.05 2634 1.079 308

a V ) volume, v ) specific volume, T ) measurement temperature.

TRIIfL ) (152.16 + 11.168n - 0.1679n2) K;
∆HRIIfL ) (-10.60 + 2.720n) kJ‚mol-1

TRIfL ) (66.14 + 21.404n - 0.4628n2) K;
∆HRIfL ) (-27.23 + 5.611n - 0.1003n2) kJ‚mol-1

TRIfRII ) (324.31 - 2.497n + 0.0964n2) K;
∆HRIfRII ≈ 0.34 kJ‚mol-1

TMdcifR ) (103.05 + 13.754n - 0.2033n2) K

TMdcpfR ) (76.66 + 14.900n - 0.2143n2) K

TMdcpfR ) (107.63 + 13.220n - 0.1911n2) K

∆HΦordfRI ) (5.44 - 0.462n + 0.0462n2) kJ‚mol-1

for Φord ≡ Mdci, Mdcp, Op, and Oi
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The thermodynamic assessments are carried out for a
double reason: to verify the experimental data and to
use the available data for calculating the thermody-
namic mixing properties. With regard to the mixing
properties, we have demonstrated, in a number of
publications, that the mixed crystalline statessin a
variety of materials (molecular, ionic, and metallic)s
can be conveniently described by the ABθ model for the
excess Gibbs energy

of which the corresponding expressions for the excess
enthalpy (heat of mixing) and excess entropy are

The model is such that the excess enthalpy and excess
entropy are independent of temperature. The parameter
A is a measure of the magnitude of the excess func-
tions. Its value can be correlated to the mismatch in
molar volume, or a related property, between the
components of a given binary system. For the alkanes,
the mismatch parameter we use is the relative differ-
ence in chain length, ∆n/nj. The parameter B is a
measure of the asymmetry of the excess functions; its
value is on the order of 0.2. The parameter θ has the
property that, within a family of mixed crystals, it is
system-independent. In other words, it has a value that
is characteristic for the family as a whole. Families of
mixed crystals, therefore, are classes of similar systems
in terms of enthalpy/entropy compensation:21,22 at the
compensation temperature, θ excess enthalpy and ex-
cess entropy compensate one another, such that the
excess Gibbs energy is zero (or rather goes through
zero).

Figure 5. Crystallographic data of ordered phases for mixed crystals (Mdci, Mdcp, Odci, and Op) and of pure alkane (Oi for all the
components and Odci for n ) 23, 25, and 27) as a function of njx (for an alloy A1-xBx: nx ) x‚nB + (1- x)‚nA). (a) Volume; (b) a
parameter; (c) c sin â.

GE(T,x) ) A(1 - T
θ )[1 + B(1 - 2x)]

HE(T,x) f HE(x) ) A[1 + B(1 - 2x)]

SE(T,x) f SE(x) ) A
θ

[1 + B(1 - 2x)]
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The thermodynamic excess properties of the rotator
forms RI and RII are that similar that they can be
described by the same expression for the A parameter,
which is

The family characteristic temperature of the (RI + RII)
family is θ ) 320 K.

For the “ordered forms”22 the situation is such, that,
given the limited regions of their existence, the experi-
mental information does not allow distinction to be
made among Op, Mdcp, and Mdci. The group of forms is
characterized by the characteristic temperature of θ )
335 K. Their A parameter is given by (Figure 6)

IV. Discussion

The study of the 19 binary phase diagrams of n-
alkanes with ∆n ) 1 and ∆n ) 2 converges to a coherent
result. Although the intermolecular interactions invari-
ably have the same characteristics, the polymorphism
of the alkanes is complex, and that of their mixed
crystals even more. Mixing stabilizes various additional
phases, which we have all identified: the RI rotator form
at high temperature and the “ordered” (i.e., without
disorder of rotation) Odci, Mdci, Mdcp, and Op forms at
low temperature. As a consequence, most of the binary
phase diagrams have a considerable number of single-
phase and two-phase regions.

For the rotator phases, there is total miscibility when
the components have the same, stable phase. For the
ordered phases, isomorphism between the two compo-
nents exists only for ∆n ) 2 systems. Notwithstanding
high degrees of crystalline isomorphism46sεm

i (Oi) and
εm

i (Tp) (>0.9 for n g 20)stheir miscibility is very
limited, owing to the appearance of additional phases.
The existence of these additional phases is related to

the presence of different types of defect, favored by the
mismatch in size of the molecules in the crystal.

One of the important findings is that mixing is
stabilizing forms that for unmixed alkanes become
stable, for the first time, at higher values of temperature
or chain length. As an example, the RI rotator form
appears in alloys at lower temperatures than for the
pure components, and it is encountered already in the
C14 + C16 system, whereas for the pure even alkanes
it makes its first appearance at n ) 22. One could say
that conformational and rotational disorder are cata-
lyzed by substitutional disorder.

It is known that, in the short alkanes, and in the low-
temperature phases (Oi and Tp), chains adopt an overall
trans configuration. When the temperature rises and
the chain lengths increase, and because the molecules
are not rigid, conformational defects (end gauche, kink,
double gauche, etc.) make their appearance. When the
concentration of conformational defects is high, the
molecules can no longer be considered as flat. For C23,
C25, and C27, the defects are mainly end-gauche ones,
found at the lamellar surface. As a result, a disruption
occurs in the packing of chain endssbetween molecular
layerssaffecting the interlamellar packing. At a certain
temperature, the augmentation of the concentration of
defects undergoes a jump (also accompanied by a jump
in the interlayer spacing29) and a solid-solid transition
takes place.28,30,47 This is responsible for the solid-solid
transitions (Oi f Odci f Mdci). For an odd alkane, it is
the same sequence of phases that occurs when the con-
centration of foreign molecules in the host crystal in-
creases. One can say that the increase of intrinsic
defects (x ) 0 or 1, rise in temperature) and extrinsic
defects (given temperature, rise in composition) result
in the same sequence of solid ordered forms. For an even
alkane, the increase of concentration of foreign mole-
cules in the host crystal induces the appearance of the
orthorhombic Op phase (also observed as a metastable
form in even alkanes with longer chains, from C28 on,40

the stable form being monoclinic M011). The orthorhom-
bic phase has been obtained by crystallization from the
melt40 and from high-boiling petroleum ether solutions.39

The orthorhombic Op form is also observed near the
equimolecular composition in odd + odd (C2p-1 + C2p+1)
systems. At the equimolecular composition, the statisti-
cal molecular entity is very similar to the even alkane
C2p. It appears that the end-gauche defects, due to the
geometrical mismatch between the molecules, give rise
to a different symmetry, which is the orthorhombic form
Pca21, Z ) 4 observed in higher even alkanes.

The interpretation of the various equilibria has been
based on the concepts of isopolymorphism and crossed
isopolymorphism. Thermodynamic assessments of phase
equilibria in the binary systems were performed suc-
cessfully, for numerous transitions, including Φord f R.
The thermodynamic analysis leads to correlations be-
tween characteristics of mixed crystals and properties
of pure components. For the complete set of 19 binary
systems we applied a uniform thermodynamic descrip-
tion, referred to as the ABθ model. The A parameter of
the model, reflecting the excess enthalpy, is system-
dependent, such that it can be correlated to the mis-

(46) Haget, Y.; Bonpunt, L.; Michaud, F.; Négrier, P.; Cuevas-
Diarte, M. A.; Oonk, H. A. J. J. Appl. Crystallogr. 1990, 23, 492.

(47) Snyder, R. G.; Maroncelli, M.; Qi, S. P.; Strauss, H. L. Science
1981, 214, 188.

Figure 6. Excess enthalpy of the mixed-crystalline Φord

phases as a function of the relative difference between the
number of carbon atoms in the molecules of the components
of the system.

AR ) {51.09(∆n
nj ) + 376.5(∆n

nj )2} kJ‚mol-1 (1)

AΦord ) {660(∆n
nj ) - 1903(∆n

nj )2} kJ‚mol-1 (2)
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match in chain length. For the Φord (Op, Mdci, and Odci)
mixed crystals A is given by eq 2 and for the R (RI and
RII) mixed crystals by eq 1. The θ parameter of the
model is a characteristic property of a family of systems.
The Φord systems are characterized by θ ) 335 K and
the rotator ones by θ ) 320 K.

From an application point of view, the alkane systems
correspond to a class of high-performance MAPCM

(molecular alloy phase change materials). Over a large
range of temperature, materials are available that
combine a narrow thermal window (the solid-liquid
loops are very narrow) with a high value for the heat of
phase change. Applications are found in the fields of
thermal protection and storage of energy.
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