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Abstract

The structural behaviour of the orthorhombic muttalkane crystallingd’ phase, observed in mixtures consisting of 23418 < 43) and
33 (19< n < 53) n-alkanes respectively, is studied by X-ray diffraction with increasing temperature. A Rotator single-phase domain of
rhombohedral (or hexagona®)-RIl type is observed below the solidus point. The product, consisting af-2&anes, undergoes this
structural transition®’ — «-RII) through two two-phase domains: first, a region with gieand 3(Fmmm) phases; then, a domain with
the two 8(Fmmm)-RI ande(R3m)-RII Rotator phases. For tw® solid solutions consisting of 38-alkanes, a single two-phase domain
(8" + o-RII) is observed in the course of this structural crystal—Rotator transitidi®99 Elsevier Science Ltd. All rights reserved.

Keywords: nalkanes; Multin-alkane solid solution; Rotator phases

1. Introduction 2. Structural behaviour of orthorhombic intermediate
solid solutions versus temperature

According to experiments carried out in our laboratory
[1], a single orthorhombic solid solution was highlighted in The intermediate solid solutions, which have been
complicated mixtures of numerous consecutivalkanes observed in all the binary and ternary mixtures qf [@—
(hereafter denoted by {Lat ‘room’ temperature. The struc- 13] (19 < n < 27), are isostructural with two phases only,
ture of this multi-G, phase, consisting of 23 (19 n < 43) calledB,’ andB,’. These intermediatg,’ and3," phases
or 33 G, (19 < n < 53) respectively, is identical to one of present orthorhombic unit cells (Fig. 1a and b), whose space
the two orthorhombic intermediate solid solutions which groups have not yet been precisely determined [2,3,5,8].
have been observed in binary [2—11] and ternary[12,13] The indexn = 1 or 2 allows the identification of isostruc-

molecular alloys of consecutive,@nd called3,” andg,. tural phases of different sichiometries on both sides of the
Like the orthorhombic odd-numbered purg,G and the middle intermediate solid solution in the same binary or

intermediated,’ andB,” phases of binary mixtures of (2— ternary system.

11], this multi-G, solid solution presents a lamellar structure ~ With increasing temperature, all th&,’ and 8," solid

of molecule layer stacking: the stacking identity langer- solutions undergo the same solid—solid transitions as the

iod of this lamellar structure corresponds to a chain length orthorhombic pure & or C,5 [14—17] above theib transi-
of a hypothetical orthorhombic Gvhose carbon atom num-  tion[18] up to their melting point [9,11,19-31] (Fig. 1), for
ber is quasi-equal to the average carbon atom number of thereminder:

multi-C,, mixtures [1]. , "
The aim of this study is to determine the multj-@oduct Bn" andfy” — S(Fmmm = § — RI(Fmmm) — «

behaviour with increasing temperature and to compare it — RII(R3m) — liquid
with that of theg,’ and@,” intermediate phases of binary
mixtures. where — denotes first-order transition, ane> denotes

higher-order transition.

1. The occurence of th8(Fmmm) phase is accompanied
* Corresponding author. by:

0032-3861/99/%$ - see front matt€r 1999 Elsevier Science Ltd. All rights reserved.
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Fig. 1. Structural evolutions with increasing temperature from the interme@ljasolid solution of G410 mol% G, mixture up to thex-RIl Rotator phase.

« the disappearance of all the diffraction pealsk () crystallographich parameter and of the unit cell base
whose indices have not the same parity [19-27]; area 4,b) (Fig. 1c, d and e).At the first, th&(Fmmm)
e an important shift of the (02 0) diffraction towards phase does not undergo any crystalline parameter

small Bragg angles, that corresponds to an increase of evolution in a small temperature range; then, the
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crystallographic parameteb/a ratio of this phase R3m has been determined by Ungar [14] and Ungar and
increases progressively: the beginning of the phenom-  Masic [15]: the stacking mode of the chains along the
enon is observed by X-ray diffraction when the (0 2 0) crystallographic long axis corresponds to the rhombo-
line moves toward the (1 1 1) diffraction peak (Fig. 1f, g hedral ABCABC sequence of cristalline planes instead
and h); however, the X-ray diffraction line intensities do of the orthorhombic (or hexagonal) ABABAB sequence
not change significantly and the appearance of a second as in the orthorhombig(Fmmm) structure [14—-17].
phase, which characterizes a first-order transition in the
binary systems, is not seen. This phenomenon, which is
accompanied by an abnormal and continuous enthalpy
consumption without change of the space group
(Fmmm) of the crystallographic structure and the com-
position of thisg phase, does not obey Gibb’s phase law
concerning first-order transitions and probably corre-
sponds to a second-order transition, which characterizes
the RI Rotator state of thi8(Fmmm) phase, as was
highlighted by Ungar [14] and Ungar and Masic [15]
for the pure Ga.

2. When the two (0 2 0) and (1 1 1) diffraction lines coin-
cide (Fig. 1i), the symmetry of the unit cell basgh) C.s were purchased from Aldrich Chemical Company:
becomes hexagonalb/a = \/§) and the mixtures their purity grade is 99 mol% as determined by gas chroma-
undergo a further weak first-order transition into the tography. The binary mixture (710 mol% Gyg) was pre-
rhombohedrake-RIl Rotator phase whose space group pared by weighing together the solid components, melting

NB: when the temperature increases, the crystalline
phases of the even-numbered,Gvhose structures are tri-
clinic or monoclinic (3 < 38), undergo a single crystal—
Rotator transition with the appearance of #adRIl phase
only or of another Rotator phase, denoted RIll, RIV, RV
[16,17,32—34]; but at the equilibrium state, the orthorhom-
bic 5(Fmmm) phase are not observed in the triclinic even-
numbered pure &, nor in the RI Rotator state.

3. Experimental

Sample No.1

50.2°C

thermal power
(mW/g)
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Fig. 2. DTA curves of multi-G mixtures 1-3: temperature of solid—solid transition beginning and of solidus point, according to the conventional scheme.
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Fig. 3. Structural evolutions of the multiz@B’ solid solution of Sample 1, Fig. 4. Structural evolutions of the multiz@3’ solid solution of Sample 2,
consisting of 23 Gs (19< n < 43): observation of two two-phase domains  consisting of 33 @Gs (19 < n < 53): observation of the orthorhombic—
in the course of the solid—Rotator transition; figgt 4 3(Fmmm)), theng- Rotator transition’” — «-RIl) through a single two—phase domapi ¢+
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and thorough mixing. The homogeneous liquid solution thus
obtained was quenched in a crystallizing dish maintained at
a low temperature in a Dewar vessel filled with liquid air.
Such rapid cooling ensured an uniform steric concentration
of each component in the mixture.

X-ray diffraction experiments were carried out on powder
samples using\k, copper radiation. The X-ray diffracto-
grams were obtained with a CGR diffractometer (Theta
60) and the X-ray diffraction analyses were performed at
different temperatures with the help of a heated sample
holder; heating or cooling of the sample holder was based
on the Peltier effect: the precision of the sample temperature
was within = 0.2 K of the set point. The focused mono-
chromatic beam was obtained with a filament intensity of
10 mA at 48 kV and the line positions were measured with
an accuracy of 0.05for each value of Bragg angles; the
calibration was done with pure aluminium as standard, of
which the sample holder was made.

The differential thermal analyses (DTAs) were performed
using a Setaram DSC111 calorimeter of the Tian Calvet
type. The samples, preliminary melted and cooled in the
measuring crucible, were heated from room temperature
to above the liquidus point at a rate of 0.5 K min The
temperature of transition peaks are determined as defined
on Fig. 2 with a precision of-0.5 K.

Four samples have been studied, with the following num-
bering:

1. Samples 1 and 2: two commercial products, purchased
from Prolabo, respectively called paraffin 52-64and
60-62C in its commercial catalogue.

2. Sample 3: a 50-50 wt% mixture of the two commercial
products (Sample ¥ Sample 2).The X-ray analyses,
carried out at ‘room temperature’ [1], have shown that
these three multi-gmixtures (Samples 1-3) form a sin-
gle solid solution identical to the orthorhombic inter-
mediate 3, phase of binary and ternary molecular
alloys of G, [2-13](Fig. 3a, Fig. 4a and Fig. 5a).

3. Sample 4: the binary mixture of,& 10 mol% G whose
‘low temperature’ phase is the orthorhombic intermedi-
ate,’ solid solution [8,9].

The G, concentrations of Samples 1-3 were determined
by gas chromatography; they are shown in Table 1 and
Fig. 6.

4. Results

On the one hand, the thermal accidents, which are
observed on the DTA curves (Fig. 2), show a peak of
solid—solid transition below the solidus point of the multi-
C, mixtures and indicate the temperature range of transfor-
mation equilibria (Table 2). On the other hand, this range

Fig. 5. Structural evolutions of the multiz@’ solid solution of 50-50 wt%  was explored by X-ray diffraction analyses (Figs 3-5) to
3 of commercial products 1 and 2: observation of the orthorhombic—Rotator characterize the structural evolutions in the course of this
transition " — «-RlI) through a single two-phase domayst ¢- a-RI1). solid—solid transition and to confirm the initial and final
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Table 1
Mol% concentrations of multi-¢Samples 1, 2 and 3: Sample 3 is a 50—

V. Chevallier et al./Polymer 40 (1999) 2129-2137

consisting of 23 @5 (19 < n < 43), with increasing tem-
perature. Above Z€, a new diffraction line appears near

50 wt% mixture of commercial products 1 and 2 and their molar fractionsin the peak (0 2 0) towards the small Bragg angles (Fig. 3a); it

mixture 3 arexz = 0.576 andx, = 0.424 respectively

Sample 1 (mol%) Sample 2 (mol%) Sample 3 (mol%)

C20 0.070 0.038 0.056
c21 0.812 0.182 0.546
C22 4.778 0.678 3.046
C23 13.057 2.078 8.419
C24 20.360 4.254 13.556
C25 18.464 6.594 13.450
C26 14.594 8.476 12.009
c27 9.236 10.615 9.819
C28 6.568 11.756 8.760
C29 4.682 11.722 7.656
C30 3.351 10.376 6.318
C31 2.051 8.807 4.905
C32 1.050 6.702 3.438
C33 0.424 5.072 2.388
C34 0.198 3.572 1.623
C35 0.104 2.594 1.156
C36 0.062 1.831 0.809
C37 0.045 1.419 0.626
C38 0.030 1.039 0.456
C39 0.029 0.639 0.286
C40 0.014 0.489 0.215
C41 0.014 0.318 0.142
C42 0.007 0.246 0.108
C43 - 0.161 0.068
C44 - 0.113 0.048
C45 - 0.068 0.029
C46 - 0.058 0.025
Cca7 - 0.033 0.014
C48 - 0.024 0.010
C49 - 0.016 0.007
C50 - 0.015 0.006
Ch1 - 0.008 0.003
C52 - 0.007 0.003

temperatures of transition (Table 2). All the experiments

have been carried out with increasing temperature at equili-

brium state. At ‘room temperature’, the X-ray diffracto-
grams of multi-G, Samples 1-3 correspond to that of a
single orthorhombic solid solution, identical to the
phase of binary mixture 4.

4.1. Sample 1
Fig. 3 shows the structural evolutions of Sample 1,

Table 2

Temperatures of solid—solid transition starts, determined by DTA
(£0.5°C), and of transition end, observed by X-ray diffractiah0(2’C)
with increasing temperature

Sample Two-phase domain Solidus poft€)
B + B(Fmmm) B-RI + Rl
1 29.7-34.5C 34.5-35.5C 50.2
B + o-RI
2 34.9-48C 55
3 33.4-44C 52.7

indicates the occurrence of a new phase. FrofC2®
34.5C, the intensity of this new line increases and that of
the 8’ phase (0 2 0) peak decreases (Fig. 3b and c): in this
temperature range, this observation characterizes a two-
phase domain with the presence of the ‘low temperature’
multi-C,, 38" solid solution and of the orthorhombic
B(Fmmm) phase; indeed the intensities of diffraction
lines, whose If k1) indices do not have the same parity,
progressively decrease. When the characteristic peaks of
the 8’ phase have completely disappeared at a temperature
of 34.5C, the 3-RI Rotator state is detected by a small
gradual shift of theg(Fmmm) phase (0 2 0) diffraction
line from 11.3 to 11° (A\CuKc, Fig. 3d), but simultaneously
the rhombohedrak-RIl (R3m) Rotator phase appears with
the widening of the (1 1 1) peak. This two-Rotator phase
domain is observed in a small temperature range, situated
above 34.5C up to 35.8C; for the higher temperatures set
below the melting point, th@-RI phase (0 2 0) diffraction
line has disappeared and the diffractograms correspond to
that of the single rhombohedrak-RIl Rotator phase
(Fig. 3e).

4.2. Samples 2 and 3

Like the DTA curve observations (Fig. 2), the X-ray dif-

fraction analyses (Figs 4 and 5) with increasing temperature
reveal a single structural solid—solid transition for Samples
2 and 3, consisting of 33 6 (19< n < 53).

1. When the temperature increases in the range of the first

peak of DTA curves, the diffraction line intensities of the
‘low temperature’ orthorhombic multi-C8’ phase, par-
ticularly the (1 1 04+ (1 1 1) and (0 2 0) peaks, progres-
sively decrease without any significant variation of the
Bragg angle values (Figs 4 and 5).

2. Jointly:

for Sample 2, the diffraction line (110% (111)
becomes wider (Fig. 4b, ¢ and d).

for mixture 3 of two commercial products 1 and 2, a new
diffraction line appears at the base of the (1 1-9)

(1 1 1) intense peak of the ‘low temperature’ orthorhom-
bic multi-C, 8’ phase with a higher Bragg angle (10.8
instead of 10.75 A\CuKe, Fig. 5b). The intensity of this
new line, corresponding to the appearance of a new
phase, increases according to temperature in this two-
phase domain (Fig. 5b, ¢ and d).

. The structural transformation is finished when the

orthorhombic B’ phase (020) diffraction line
has completely disappeared: the diffractograms,
which are then obtained, are characteristic of a
rhombohedral Rotator phase efRIl type (Fig. 4e,
Fig. 5e).
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Fig. 6. Concentration distributions of,Gn commercial products 1-3.

NB: RI Rotator state with increasing temperature at the equi-

« in the three cases, the positions of the diffraction lines librium state.

(0 01) do not significantly evolve during this transition:
the molecule stacking identity period does not change
and thus the three multi-Omixtures also form a single
a-RIl Rotator solid solution at *high temperature’ below
the solidus point;

» for multi-C, products 2 and 3, consisting of 33,Ghe
peak (0 2 0) of the ‘low temperature’ orthorhomkge
solid solution does not significantly move in the course 1. first, the presence of the ‘low temperature’ multj-€
of this structural transformation: these two multj-C phase and the appearance of fifEmmm) phase;
mixtures do not present th&(Fmmm) phase, nor the 2. then, the observation of both tf#Fmmm)-RI Rotator

5. Conclusion

For Sample 1, consisting of 23,419 < n < 43), the
solid—solid transition corresponds to two-phase domains
with:
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Fig. 7. Probable configurations of,@nolecules in a stacking layer of the multi;@" or «-RII solid solutions: more accurate techniques must be used to

confirm them.

phase and the rhombohedsaRl1l Rotator phase when the
‘low temperature’ multi-G 3’ solid solution has comple-
tely disappeared. Finally below the solidus point ttis
RIl Rotator phase forms a single-phase domain.

Multi-C , products 2 and 3, consisting of 33%; undergo
a single crystal—Rotator transition in a temperature range
which defines a two-phase domain with the presence of the
‘low temperature’ orthorhombic multi-C B’ solid
solution and the ‘high temperature’ rhombohedral Rotator
phase ofx-RIl type (R3m). Then this Rotator phase forms a
single-phase region just below the solidus point.

The molecule stacking identity long period does not
significantly vary in the course of these orthorhombic—
rhombohedral transformations. As in the ‘low temperature’
orthorhombicB’ phase, these complex multi;Cnixtures
present a single Rotator solid solution afRIl type at
‘high temperature’: the crystallographic lorgparameter
of this phase corresponds to a chain length of a hypothetical

C,whose carbon atom number is quasi-equal to the average

carbon atonn number of multi G, mixtures [1] (Fig. 7).

As in the orthorhombic structure of the ‘low temperature’
multi-C,, 8’ solid solution, the chains, whose carbon atom
numbers are higher than that of this hypotheticgl @ust

bend to insert themselves between the molecule layer stack-

ing crystallographic planes (Fig. 7). It is difficult for these
bent molecules to undergo the orientational oscillations
around their long axis as described in the puggRI-Rota-
tor state by Craievich et al. [35]. That is the reason why this
RI Rotator state is not seen in mixtures 2 and 3 or fleetingly
observed in Sample 1; only the small molecules, which are
rigid, may freely turn around their long axis in tkeRlI
Rotator phase, as also observed in thg &RIl Rotator
phase from neutron scattering experiments by Craievich
et al. [35].

In view of the tangle of all the molecules, this movement
requires a lot of enthalpy (Fig. 2); thus, as for the triclinic

even-numbered £ structure—where the molecule layers
are very ordered—this rotation movement simultaneously
appears with the coming of the rhombohedraRIl Rotator
phase. In all likelihood, the stability of molecule layers in
the ‘low temperature’ orthorhombic multi+@3’ solid solu-

tion of both Samples 2 and 3 is higher than that of the odd-
numbered pure &, orthorhombic phase (Pbcm) in which
all the molecules are rigid. The conformational disorder of
chain stacking in the multi-Ccrystalline solid solutions, as
described by Clavell-Grunbaum et al. [31], disturbs the
interlamellar regions of molecule layers; however between
these interface regions the longer chains, which bend, must
find appropriate smaller partners. Thus the higher molecules
are associated with the smaller ones, and so on (Fig. 7), to
maintain a coherent molecule layer; the disorder in the inter-
facial planes generates a new order in molecule layers which
improves the stability of this ‘low temperature’ orthorhom-
bic multi-C,, solid solution in relation to that of the orthor-
hombic phase (Pbcm) of odd-numbereg, G.
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