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The stability of binary mixed samples in the normal alkanols family is studied here via the C18H37OH–
C20H41OH and C19H39OH–C20H41OH systems. The stability of mixed samples depends on the method used
for their preparation. In the samples obtained by the dissolution–evaporation (D+E) method (with diethyl
ether), the phases in the solid–solid and solid–liquid equilibria are stable after preparation. However samples
obtained by the melting–quenching (M+Q) method (quenching in liquid nitrogen) are only stable for phases in
the solid–liquid equilibria. The phases observed in the solid–solid equilibria evolve over time, even after two
years ’ storage at low temperature (279 K).

Introduction

This paper is part of a general study of solid–solid and solid–
liquid miscibility in the n-alkanols, CH3–(CH2)(n�1)–OH
(abbreviated CnH2n+1OH), family. The study analyses the sta-
bility of binary mixed samples in the C18H37OH–C20H41OH
and C19H39OH–C20H41OH systems. This paper is a result of
collaboration with the REALMy group (Réseau Européen sur
les Alliages Moléculaires), which researches the characterisa-
tion, fabrication, future possibilities and application of mole-
cular alloys.1–4 The REALM group has been studying for
thirty years several molecular material families with different
types of configurations and interactions. Among these families
are: the naphthalenederivatives, benzenederivatives, substances
with chiral molecules, substances with plastic phases, liquid
crystals and n-alkanes. The n-alkanes family has been studied
intensively.5–8 The n-alkanes consist of chains of carbon and
hydrogen atoms, in which all the intermolecular interactions
are of the van der Waals type. These substances form homolo-
gous series, which differ in the number of carbon atoms; their
properties alternate according to the parity of the number of
carbons in the chain. They are characterised by high latent
melting heat, which means that the molecular alloys prepared
from them can be used in thermal energy storage. They are
described as phase-change materials based on molecular alloys
(MAPCM).2,3

The reason for studying the n-alkanols family is that,
although they have the same configuration as the n-alkanes
family, an –OH group at one end of the chain implies the pre-
sence of hydrogen bonds. This fact is related to an increase in
the latent heat of fusion. Therefore, the n-alkanols could be

important for energy storage, providing new MAPCM materi-
als. They also represent a diversification of the intermolecular
interactions in fundamental terms.
As REALM research into organic syn-crystallization has

revealed stabilityproblems inmixed samplesofother substances:
normal diacids,9 paradisubstituted benzenes10 and n-alkanes,8

we decided to study mixed sample stability phases in the
n-alkanols family.
In some cases, these phase stability problems are related to

the method used to prepare the mixed samples. While the sam-
ples were kept at low temperature (279 K), an evolution in the
behaviour of the sample could be detected, for example, by
DSC. Therefore, two methods were used to prepare mixed
samples: dissolution–evaporation (D+E) and melting–
quenching (M+Q). The mixed samples were kept at low tem-
perature (279 K) and were periodically examined by DSC,
X-ray powder diffraction, Raman scattering and infrared spec-
troscopy.
The polymorphism of the C18H37OH, C19H39OH and

C20H41OH is rich and complex.11 At room temperature two
ordered stable phases are observed: g and b, both monoclinic.
The g phase (C2/c, Z ¼ 8) is the stable phase for the
C18H37OH12,13 and C20H41OH,14 and the b phase (P21/c,
Z ¼ 8) is the stable phase for the C19H39OH.11 The g phase
was characterised by an all-trans conformation of the C–C
bonds in the polymethylene chain. This phase was also seen
in other even n-alkanols with shorter carbon chains, such as
C14H29OH15 and C16H33OH.16 The b phase contains two
molecules in the asymmetric unit, each of which is a different
rotational isomer. The first isomer is an all-trans conformer
(similar to the g phase), while the second isomer has all
C–C–C–C torsion angles in trans form and the C–C–C–O tor-
sion angle in gauche form (COgt-). This phase was observed in
other odd n-alkanols with shorter carbon chains such as
C13H27OH, C15H31OH (ref. 17) and C17H35OH (ref. 12).

y REALM consists of four European universities: University of Barce-
lona, Polytechnic University of Catalonia, University of Utrecht and
Bordeaux I University.
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On heating, the g and b phases transform to a monoclinic rota-
tor phase R0

IV (C2/m, Z ¼ 4) at a few degrees below melting
point.11,12 This rotator phase shows COgt- (end gauche) forms
and a disorder in the carbon chain.11 For other alkanols with
shorter carbon chains, such as C14H29OH, C15H31OH and
C16H33OH, another rotator phase R0

II is observed before
melting. This is hexagonal with space group R �33m and six
molecules in the unit cell.
Previous studies have reported that the application of

the D+E or M+Q method in n-alkanol compounds caused
differences in the polymorphic behaviour of the even
n-alkanols.11 The C18H37OH and the C20H41OH compounds
melted and quenched show the metastabilisation of a monocli-
nic b phase. This phase is isostructural to the one observed at
low temperature in the n-alkanols with an odd number of car-
bons,12 as well as in the even n-alkanols with a shorter chain
(C12H25OH). However, the same compounds after dissolution
and solvent evaporation do not change their polymorphic
behaviour (i.e. the phase observed at low temperature is g).

Experimental section

The n-alkanols, CnH2n+1OH, with n from 18 to 20, were pur-
chased from Fluka Chemica with a stated purity of more than
98%. They were used without further purification.
The mixed samples were obtained either by the dissolution–

evaporation (D+E), or themelting–quenching (M+Q)method.
In the D+E method the components are weighed in the
desired proportions and dissolved with diethyl ether. The
solvent is then evaporated. In the M+Q method the compo-
nents are weighed in the desired proportions, melted and
mixed to give a homogeneous sample, and then quenched
into liquid nitrogen.
The mixed samples were characterised as follows:

Differential scanning calorimetry (DSC)

Calorimetric measurements were made with a Perkin–Elmer
DSC-7 calorimeter. Sealed aluminium pans (with sample
weights between 3.9 and 4.1 mg) were heated to a melting point,
cooled and reheated, at 2 K min�1. The temperature range
scanned was from 273 K to the liquid phase. The instrument
was calibrated with the known melting temperature and
enthalpy of fusion of indium and melting temperature of
n-decane. Random uncertainties were estimated using the
student’s test, with a 95% threshold of reliability. The sys-
tematic uncertainties of temperatures and heat-flow calibra-
tion coefficient for the DSC were estimated as �0.2 K and
2%, respectively.

X-ray powder diffraction analysis (XRD)

A Siemens D-500 diffractometer was used with Bragg-Bren-
tano geometry, using Cu Ka radiation and secondary mono-
chromator. The data were collected at different temperatures
using an Anton PAAR TTK camera with a heating rate of
0.02 K� sec�1 and 5 min of stabilisation time. The analysis was
performed in a heating process from 298 K to the melting tem-
perature. The patterns were scanned with a step size of 0.025�,
step time of 5 sec and 2y range of 1.6–60�.

Raman scattering

Polarised Raman spectra were taken on powdered samples,
using a Jobin Yvon T64000 spectrometer and argon-ion laser
excitation. A Control Data CDC detector was used. The spec-
tra were recorded with the 514.5 nm line with a light power
equal to 3.30 W. All spectra were calibrated against selected
neon lines. The measured range was 17.5–1700 cm�1. All spec-
tra were measured at 298 K in a macro-Raman spectrometer.

The measurements for the mixed samples obtained by M+Q
were taken immediately and two years after the sample pre-
paration. The position, half width, and relative intensity of
each peak were determined, assuming a Lorentzian function
(the Gaussian contribution is negligible).

Infrared spectroscopy (IR)

The infrared spectra were recorded by a Bomem DA 3FTIR
spectrometer. All samples were finely powdered and measured
at room temperature using a diffuse reflection accessory
(DRIFT), with a range of 450–4000 cm�1. The resolution
was 4 cm�1. All spectra were run using the vacuum mode. The
detector used was MCTT (wide range) ; the beam splitter was
KBr and the source a glow bar. Each spectrum was obtained
by averaging 100 scans. The mixed samples obtained by
M+Q were measured immediately and two years after the
sample preparation.

Results and discussion

For every binary system, many compositions have been stu-
died. However, this article focuses on the equimolarity of each
system, as this is the most significant composition.

0.50C18H37OH–0.50C20H41OH

Samples obtained by the M+Q method. First heating. The
DSC curve obtained with a fresh sample just after its elabora-
tion (Fig. 1( M+Q immediate)) shows:
(i) A first signal, less energetic as a result of solid–solid

transitions (Fig. 1a). This signal, according to X-ray powder
diffraction results, corresponds to the following phase domain
sequence: [b]! [b+R0

I]! [R0
II]. The b, R0

I(orthorhombic)
and R0

II phases are metastable phases in C18H37OH and
C20H41OH.
(ii) A second signal, more energetic, corresponding to the

melting phenomenon [R0
II]! [L] (Fig. 1b). X-ray powder dif-

fraction showed that it is the R0
II phase which melts.

By monitoring samples after they were kept for 717 days at
low temperature (279 K), we observe [Fig. 1 (M+Q 717 days
at 279 K)] the following:
(i) The DSC signal, for the solid–solid transitions (Fig. 1a)

moves towards higher temperatures. And a new signal, not
very energetic, appears around 321 K. By X-ray powder dif-
fraction, this new signal cannot be assigned to any phase tran-
sition. The same phase R0

II is observed before and after the
signal.
(ii) For the melting signal (Fig. 1b) no significant differences

were observed (their deviations are inside the error bars).
The same behaviour was observed in other compositions of

the system, such as 0.80C18H37OH–0.20C20H41OH and
0.30C18H37OH–0.70C20H41OH. However, for the richest com-
positions in one of the original compounds, no displacements
were noticed in the DSC signals for the solid–solid transitions.
If we try to draw an experimental phase diagram with the

results obtained for this and other compositions studied, we
obtain a diagram which is incoherent in thermodynamic terms.
A [b+R0

I] domain that can not be closed is observed.
Although the beginning of the DSC signals seems to show
the existence of a minimum for the [b+R0

I] domain, the end
of these signals does not manage to close it. This, along with
the evolution of the DSC signals corresponding to the solid–
solid transitions, justifies the following hypothesis: the phases
involved in the solid–solid transition of the samples obtained
by the M+Q method are not stable even after having been
stored at 279 K for two years.
Second heating. The DSC curve is very similar to those obtained
during the first heating of the sample, when the heating takes
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place immediately after its preparation. This is not surprising,
as the M+Q method involves the sample melting. The differ-
ences observed in the signal forms may be explained by differ-
ent sample distributions in the DSC crucible before and after
the liquid state.
However, differences can be observed for the solid–solid

transition temperatures when comparing this second heating
signal with the signal obtained for the first heating run after
the sample has been stored for two years at 279 K. No differ-
ences were observed in the melting phenomenon.

Samples obtained by the D+E method. First heating. As in
the sample obtained by the M+Q method, two signals were
observed in the DSC curves [Fig. 1( D+E)]:
(i) One less energetic signal, as a result of solid–solid transi-

tions (Fig. 1a). However, in this case, the signal does not move
over time towards higher temperatures. X-ray diffraction
showed that this is due to the following phase domain sequence:
[b]! [b+R0

II]! [R0
II]. There was no R0

I phase.
(ii) The other signal is more energetic, corresponding to the

melting phenomenon [R0
II]! [L] (Fig. 1b). In this case, the

melting phase is also R0
II .

The main issue is that the DSC signal, corresponding to the
phenomenon that appears for the samples obtained by the
M+Q method and maintained for a long time at 279 K, coin-
cides in temperature with the solid–solid transitions for the
sample obtained by the D+E method [Fig. 1a( M+Q 717
days at 279 K and D+E)]. This confirms the previous hypoth-
esis: the phenomenon that appears over time in samples
obtained by the M+Q method determines the end of the evo-
lution. No significant differences in the melting phenomenon
were found between samples obtained by the two methods
(Fig. 1b). The same phase, R0

II , was observed.
Second heating. The DSC curves are comparable to those sam-
ples obtained by the M+Q method.

For the b phase observed at room temperature in the sam-
ples obtained by the M+Q and D+E methods, no differences
were detected by X-ray powder diffraction analysis.
However, a detailed study by Raman and IR spectroscopy

showed small differences between the samples obtained by
the two methods. The vibration mode assignments of the
Raman spectra were made using the analogy to the spectra
of the components,11 the basis of the vibrational spectra stu-
dies for the n-alkanes18–21 and the crystal structures of the
n-alkanols.12–14

Fig. 2 shows the Raman spectra for the main frequencies of
phonon modes in the 800–1550 cm�1 range for the mixed sam-
ples and components. As shown, there are no significant differ-
ences between the mixed samples obtained by different
methods. In the CH2 rocking mode zone (700< n< 1000
cm�1), bands that are attributed to movements at the
ends of the chains can be observed, according to Snyder.19,20

In all the spectra, a band (at 890 cm�1) attributed to CH3 rock-
ing of a chain with all-trans conformation in the n-alkanes
was observed. In the spectra of the mixed crystals and
the C19H39OH a band at 875 cm�1 was observed, which
was assigned in ref. 11 to COgt- (end gauche) mode observed
in the b-form of this family of substances. The bands assigned
by Snyder19,20 to kink defects (CC–gtg0- at 850 cm�1) and end
gauche defects (CCgt- at 870 cm�1), were not detected neither
in the original compounds, nor here.
No significant differences were observed in the C–C stretch-

ing bands (1000< n< 1150 cm�1), CH2 wagging/twisting
bands (1150< n< 1400 cm�1) or CH2 scissoring bands
(1400< n< 1500 cm�1) between the mixed crystals and the b
and g-forms of the original compounds.
Nevertheless, great differences were observed in the IR

spectra between the mixed samples obtained by different
methods. Fig. 3(a, b, c) shows the IR spectra at 298 K for the
mixed sample obtained by the D+Emethod, the mixed sample

Fig. 1 0.50C18H37OH–0.50C20H41OH samples obtained by D+E and M+Q methods; DSC diagrams (first heating) and the symbols for X-ray
powder diffraction results.
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obtained by the M+Q method measured immediately (M+Q
immediate), measured two years after the sample preparation
(M+Q evolved), and the spectra of pure substances.
The following main differences were observed:
— In the frequency region of n< 650 cm�1, the intensity of

modes 505, 527, and 542 cm�1 is a function of the method fol-
lowed to obtain the mixed sample. The bands at 505 and 527
cm�1 are stronger in the M+Q mixed sample analysed just
after its preparation (M+Q immediate). The band at 542
cm�1 is stronger in the D+E mixed sample and its IR spectra
are similar to the IR spectra of the b-form of C19H39OH. The
intensities in the M+Q evolved mixed sample are intermediate
between the M+Q immediate and the D+E mixed samples.
According to Snyder,19,20 in this zone the modes of C–C stretch-
ing and C–C–C bending contribute more or less equally to the
intensity of bands, but above 650 cm�1 the C–C–C bending
mode contributes more to potential energy. As no significant
differences are observed above 650 cm�1, these intensity differ-
ences between the bands of alloys can be assigned to C–C–C
bending, as well as to the differences in the packing of the chains.
— There is a variation of the splitting in the bands of the CH2

rocking (�720 cm�1) and CH2 scissoring (�1470 cm�1). These
bands show splitting in the b and g phases of the original com-
pounds and in the mixed samples obtained by the D+E
method (Fig. 3a and 3b). This splitting decreases in the M+Q
mixed samples, mainly in the M+Q immediate alloy. This
phenomenon was also observed in the mixed samples of
n-alkanes22 and the absence of this splitting, especially in the
CH2 scissoring band, was attributed to the domain size. The
increase in splitting occurs when the domain sizes are increased.
These ‘‘domains ’’ might be more appropriately referred to as
‘‘percolation cluster ’’.
— In the frequency region of CH2 rocking (1000 > n > 700

cm�1) and CH2 wagging/twisting (1150 > n > 1400 cm�1),
new bands appear between the k-odd modes in the spectra of
the mixed samples similar to the spectra of b-form of
C19H39OH. Since the k-even modes are IR inactive for the
all-trans chain, these bands must result from a non-planar
conformation, that confirms the typical gauche form of the
b-phase.
— A variation in the intensity of the bands at 1060,

1080, 1107 and 1124 cm�1 was observed in the spectra of the
three mixed samples (Fig. 3a). The b-phase of C19H39OH
shows the same bands.

The band at 1080 cm�1 was observed in polyethylenes.
According to the potential energy distribution computed by
Snyder,20 this band is best described as C–C stretching mode.
However, as it also has a significant contribution from CH2

wagging, is attributed by Snyder to anti-symmetrical C–C

Fig. 3 Main zones of infrared spectra: (a) 1150� n� 450 cm�1, (b)
1600� n� 1100 cm�1, (c) 3850� n� 2750 cm�1 at 298 K for the
C20H41OH, C19H39OH and C18H37OH mixed samples obtained by
the D+E method (D+E), by the M+Q method measured after
720 days [(M+Q) evolved] and by the M+Q measured immediately
[(M+Q) immediate].

Fig. 2 The 800–1600 cm�1 range of Raman scattering at 298 K for
the C20H41OH, C19H39OH, C18H37OH; mixed samples obtained by
D+E method (D+E), by M+Q method measured after 720 days
[(M+Q) evolved], and by M+Q measured immediately [(M+Q)
immediate].
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stretching caused by the wagging of the methylene group
adjoining the gauche bond. The 1107 and 1124 cm�1 were also
attributed to end-gauche defect of the chains.
— The OH bending out-of-plane and in-plane modes of the

D+E mixed samples are the same as those observed in the b-
phase of C19H39OH. These modes are not clearly observed in
the M+Q immediate mixed samples, while they are observed
in the M+Q evolved mixed samples, mainly the OH bending
in-plane.
— The frequency and the full-width at half maximum of OH

stretching (Fig. 3c) change from 3325 cm�1 (full-width 367) for
the M+Q immediate mixed samples to 3316 cm�1 (full-width
344) for the M+Q evolved mixed samples and to 3302 cm�1

(full-width 314) for the D+E mixed samples. The latter is
similar to the b-phase of C19H39OH.
The results obtained from Raman scattering and IR spectro-

scopy are consistent with those obtained from X-ray powder
diffraction. It was confirmed that the D+E and M+Q mixed
samples show a b-phase with two chain-types, one with an all-
trans conformation and the other with the gauche form for
CCCO moiety. The results of IR spectroscopy showed that
the b-form of D+E mixed samples was more like to the b-
form of the C19H39OH, while the M+Q mixed samples
showed a greater number of structural defects, located in the
position of the oxygen atom and the hydrogen bonds. In con-
sequence, differences in the packing of the chains and in the
domain size were observed between the D+E and M+Q
mixed samples. These differences in the M+Q mixed samples
tended to disappear over time (more than two years after the
mixed sample preparation).

0.50C19H39OH–0.50C20H41OH

Samples obtained by the M+Q method. First heating. In this
system, two different signals were also observed in DSC analy-
sis (Fig. 4):
(i) The less energetic signal, corresponding to the solid–solid

transitions (Fig. 4a). In this case, it is a result of the following

sequence of phase domains: [b]! [b+R0
I]! [R0

I +R0
IV]!

[R0
IV]. Where b is stable in the C19H39OH and metastable in

the C20H41OH,R0
I is metastable in the two original compounds,

and R0
IV is stable in both compounds.

(ii) The most energetic signal, corresponding to the melting
phenomenon [R0

IV]! [L] (Fig. 4b). Here, the melting phase is
R0

IV .
In all compositions of this system, no signal evolution is

observed in the DSC signals corresponding to the solid–solid
transitions, no matter how long the samples are kept at low
temperature (279 K). However, there are some common points
with the previous binary system:
(i) A low energy phenomenon at the end of the first signal.

Using X-ray powder diffraction, it was not possible to assign
this phenomenon to any phase transition: the same phase
(R0

IV) was observed before and after.
(ii) The existence of R0

I phase.
(iii) The experimental phase diagram based on the results

from this and other system compositions is incoherent in ther-
modynamic terms. Once again, it is not possible to close the
[b+R0

I] domain.
Second heating. There are no differences between the first and
second heating.

Samples obtained by D+E method. First heating. The DSC
signal for the solid–solid transitions coincides in the same
position as the low energy phenomenon observed at the signal
end in the samples obtained by M+Q method. The R0

I phase
was not observed. In fact, the situation is similar to the
C18H37OH–C20H41OH system.
Second heating. As in the previous system, the DSC diagram
corresponds to that obtained from the M+Q samples.
In this system, as in the C18H37OH–C20H41OH system,

whith X-ray powder diffraction differences in the b phase
between the samples obtained by M+Q and by D+E could
not be detected. Only IR spectroscopy showed small differences
in the C–C–C bending zone (Fig. 5) between the samples
obtained by the two methods.

Fig. 4 0.50C19H39OH–0.50C20H41OH sample obtained by M+Q method; DSC diagrams (first heating) and the symbols corresponding to X-ray
powder diffraction results.
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Conclusions

The stability of samples depends on which method (i.e. D+E
or M+Q) is used. The dissolution–evaporation (D+E)
method (using diethyl ether as solvent) allows to obtain stable
samples. In this case, the phases involved in the solid–solid and
solid–liquid equilibria are stable after the preparation of the
samples. However, in the case of samples obtained by the melt-
ing–quenching (M+Q) method (quenched in liquid nitrogen),
only the phases involved in the solid–liquid equilibria are
stable. The phases observed in the solid–solid equilibria evolve
over time, even up to two years after the sample’s storage at
low temperature (279 K).
Solid state miscibility shows metastable forms in the original

compounds. The b phase observed in mixed compositions of
both systems at room temperature is stable in odd n-alkanols
and even n-alkanols with a shorter carbon number. Only a
detailed study by Raman and IR spectroscopy permits us to
detect small differences. The results of IR spectroscopy show
that the b-form of D+E mixed samples is more like the b-
form of C19H39OH, while the M+Q mixed samples show a
greater number of structural defects in the oxygen atom posi-
tion. These structural defects and differences in the hydrogen
bonds, as a consequence of the packing of the chains, were

observed in the D+E and M+Q mixed samples. On heating,
these two ‘‘ types ’’ of b phase behave differently: the stable b
phase of the D+E mixed samples transforms directly to R0

II

rotator phase and then melts, whereas the metastable b phase
of the M+Q mixed samples first transforms to a metastable
R0

I rotator phase before transforming to R0
II stable phase.
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Moleculars).

References

1 M. A. Cuevas-Diarte, N. B. Chanh and Y. Haget, Mater. Res.
Bull., 1987, 22, 985–994.

2 Y. Haget, D. Mondieig and M. A. Cuevas-Diarte, Molecular Fr
91/08695 Patent–France, 1991.

3 Y. Haget, J. Chim. Phys., 1993, 90, 313.
4 M. A. Cuevas-Diarte, T. Calvet, J. Ll. Tamarit, D. Mondieig and

H. A. J. Oonk, Mundo Cientı́fico, 2000, 213, 45–49.
5 P. Espeau, PhD Thesis, Université Bordeaux I, France, 1995.
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