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The experimental phase diagram of the binary system implying the nonisomorphous
consecutive n-alkanes heneicosane (C,:Has4) and docosane (C22Hae) has been determined by
combining X-ray diffraction and microcalorimetric methods. The phase diagram is very
complex. X-ray experiments performed on powder samples at 288 K have shown the presence
of five monophasic domains at “low temperature”: three orthorhombic (Oi, Odci, and Op),
one monoclinic (Mdci), and one triclinic (Tp). With increasing temperature occur successively
the rotator forms RV, RI, and RIIl. No less than ten solid—solid and two solid—liquid biphasic
domains are observed, as well as three peritectoid, one eutectoid, and one peritectic
invariants. Moreover, cell parameters of mixed samples corresponding to the forms Odci
(space group Pnam), Mdci (Aa), and Op (Pca2;) have been determined at 288 K.

Introduction

This work, which takes part in a general study
concerning the syncrystallization of substances in the
alkane family, represents one part of the research done
within the REALM (Réseau Européen sur les Alliages
Moléculaires). Such substances are interesting from
both fundamental and practical points of view. They
present a rich polymorphism, the incidence of which in
the formation of molecular mixed crystals is of great
interest from a fundamental point of view. These kinds
of materials are used in a large field of applications and
they are a model for other substances, such as the
polymers. Moreover, they lead to molecular alloys with
important latent heat of phase transition, which are
suitable MAPCM (molecular alloy phase change materi-
als)inthefield of energy storage and thermal protection.1=*
The aim of this work is the determination of the
experimental equilibrium phase diagram between two
consecutive n-alkanes [n-heneicosane (Cz1Ha4) and n-
docosane (Cz2Ha46), which will be denoted hereafter by
C,1 and Cyy, respectively]. To our knowledge, this binary
system has not been published before. However, many
authors have pointed out a complex structural behavior
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at “low temperature” (“low temperature” is relative to
the solid ordered phases) in binary systems of n-
alkanes.5~7 They have shown the existence of interme-
diate phases that do not necessarily occur in the pure
components involved. Recently, Rajabalee et al.® as-
signed space groups to these forms and gave explana-
tions concerning their occurrence in the mixed samples.
These findings, added to the nonisomorphism of the two
components, led us to predict a complex behavior of the
binary system C,; + Cy. The experimental phase
diagram has been determined by combining microcalo-
rimetric and X-ray diffraction experiments.

Experimental Section

Powder X-ray Diffraction (XRD) Analyses. Crystal-
lographic measurements at selected temperatures were made
using a Siemens D500 vertical powder diffractometer. A thin
plate of glass was placed between the sample to be analyzed
and the sample holder to avoid the diffraction lines of copper
and nickel, caused by the holder, which disturb the analyses
of the diffractograms. The data were collected with a 0.05° 26
step and 3-s interval time. Diffraction measurements were also
performed versus continuous temperature variations with a
Guinier—Simon camera (GS). The wavelength of copper Kal
radiation (1 = 1.5406 A) was used in both cases.

Calorimetric Measurements. Calorimetric measurements
were carried out using a Perkin-Elmer DSC7 differential
scanning calorimeter (DSC) operating in the subambient mode.
Transition temperatures and enthalpies were determined from
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four independent experiments performed on (4.0 &+ 0.1)-mg
samples with 2 K-min~! speed of heating. Temperatures were
determined from the DSC curves using the shape-factor
method.®® The random part of the uncertainties was esti-
mated using the Student’s method with 95% threshold of
reliability.

Materials. Compounds C,; and Cz,; were purchased from
Fluka and Aldrich, respectively, with certified purity grades
of >99.5% for C,; and >99% for Cs,.

The polymorphism of the two components has been studied
previously in our group.t'? The following phase transition
sequences are observed:

Oi — RI — liquid for C,,;
and
Tp — Rl — RIl — liquid for C,,

where Oi is orthorhombic with space group Pcam (Z = 4); T,
is triclinic (P1, Z = 1); Rl and RII, the so-called rotator forms,
present an orientational disorder,'3* where the RI form is
face-centered orthorhombic (Fmmm, Z = 4) and the RII form
is hexagonal (R3m, Z = 3).

Binary Mixed Samples. Twenty-one binary mixed samples
were prepared according to the melting—quenching method;
that is, the components are weighed in the desired proportions,
melted, mixed to get an entirely homogeneous sample, and
then quenched into liquid nitrogen.

Results and Discussion

Isotherm Characterizations. Isotherm structural
characterizations versus C,, molar concentration were
performed at 288 K and 311 K to determine the limits
of monophasic and biphasic domains and the crystal-
lographic parameters of the observed alloys.

Measurements at T = 288 K. X-ray diffraction
analyses carried out on the 21 mixed samples show the
presence of intermediate forms called Odci, Mdci, and
Op, which do not occur in the pure components involved.
In Figure 1 are represented some diffraction patterns
characteristic of the different phases encountered with
increasing C,; molar concentration. They are repre-
sented in the most pertinent 26-range, between 34° and
48°. The symbols B (Oi), ¢ (Odci), ® (Mdci), O (Op), and
* (Tp) are used in the diffractograms to point out some
reflections specific of one particular phase that are not
present in the other phases. Indexation of these reflec-
tions will be the purpose of a forthcoming paper.

The following sequence is observed with increasing
C,, molar concentration:

[0i]—[Oi + Odci]—[Odci]—[Odci + Mdci]—~[Mdci]—
[Mdci + Op]—[Op]—[Op + Tp]—[Tp]

Odci is orthorhombic (Pnam, Z = 4).1516 The transition
between Oi and Odci is mainly characterized by the
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Figure 1. Isothermal structural characterization (performed
at 288 K) versus C,; molar concentration in the range 34° <
20 < 48°.

disappearance of the reflection located at 26 ~ 39° and
by the increase of the intensity of the reflection at 20 ~
40.5°. Mdci is monoclinic (Aa, Z = 4).1617 The disap-
pearance of the reflection at 20 ~ 41° together with the
appearance of two reflections on the both sides of the
one corresponding to 20 ~ 42.5° show the transition
from Odci to Mdci. For x = 0.05, the reflections
characterizing the Mdci form still exist. Op is ortho-
rhombic (Pca2;).8 The Op form is mainly characterized
by the occurrence of reflections located at 26 ~ 39.5°
and 20 ~ 42.5°. The domain [Mdci + Op] is clearly
distinguished by the coexistence of two typical diffrac-
tion patterns corresponding to the Mdci and Op forms,
for compositions between x = 0.15 and x = 0.50. At x =
0.70, reflections corresponding to the Tp form appear,
whereas the ones characterizing Op decrease. At x =
0.80, only the Tp form remains. The Odci, Mdci, and
Op forms are described in more detail elsewhere.816
Cell Parameters of the Odci, Mdci, and Op Forms. The
cell parameters of the intermediate forms Odci (x =
0.02), Mdci (x = 0.05), and Op (x = 0.60), which were
determined at 288 K using the option “Pattern-Match-
ing” of the program FULLPROF,'® are given in Table
1. In addition to the determination of the cell param-
eters, this program allows a comparison between cal-
culated and experimental diffraction patterns. Cell
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Figure 2. “Pattern-matching” analysis of the mixed sample
corresponding to x = 0.05. (a) Experimental (crosses) and
calculated (line) diffraction patterns. (b) Position of calculated
reflections. (c) Difference between experimental and calculated
intensities.

Table 1. Cell Parameters of Mixed Samples in the Odci,
Mdci, and Op Forms Determined at 288 K
xin Cy form spacegroup a(A) b (A) ¢ (A) B ()

0.02 Odci Pnam  7.48(1) 4.99 (1) 57.27 (4) 90
0.05 Mdci Aa 7.51 (1) 4.99 (1) 57.42(3) 91.3 (2)
0.60 Op Pca2;  7.50 (1) 4.99 (1) 58.86 (3) 90

parameters as well as the space groups of the Odci,
Mdci, and Op forms can be considered to be very
reliable, as confirmed by the very good agreement
between experimental and calculated diffractograms (as
it is shown in Figure 2 for the mixed sample corre-
sponding to x = 0.05).

Measurements at T = 311K. Representative diffrac-
tion patterns performed at 311 K are given in Figure 3.
They show a large domain in composition (>80%) of RI
alloys. For x = 0.85 and 0.90, the diffractograms exhibit
two diffraction pattern families characterizing the co-
existence of the Rl and Tp forms. Tp alloys are observed
for compositions very close to Ca;.

Isopleth Characterizations. Central Composition.
The X-ray analysis by the GS chamber carried out on
the mixed sample C»1(0.5)+C»,(0.5) (Figure 4) points out
the following sequence with increasing temperature:

[Mdci + Op]—[Op + RV]—[RV]—[RI]—[RI + RII]—
[RIUJ—[RII + L]—[L]

The nature of the “low temperature” form is hardly
distinguishable in this photograph. However, isothermal
X-ray measurements performed at 288 K allow us to
assert that the mixed sample is biphasic [Mdci + Op].
The RV form, which is only observed by cooling of Cp,
appears before the RI form in the mixed samples. The
[RV]—[RI] transition is of second order. The transition
from the ordered to the rotator form RV is characterized
by the disappearance of many reflections due both to
the disorder and to the fact that the symmetry of the
molecule increases. The RI form, which shows a rota-
tional disorder of the molecule along its ¢ long axis, is
very much affected by temperature. The disorder strongly
increases with temperature. This fact is reflected in the
GS photograph by a clear evolution of the reflections
(111) and (020) with increasing temperature. These two
reflections come to a single one (101) synonymous with
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Figure 3. Isothermal structural characterization (performed
at 311 K) versus C,; molar concentration in the range 16° <
20 < 32°.
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Figure 4. Guinier—Simon photograph of the mixed sample
C21(0.5)+C2,(0.5) performed between 293 K and 319 K [the two
reflections indicated by an asterisk correspond to the reflec-
tions (110) and (020) at “low temperature”, which come to (111)
and (020) in the RV and RI forms to reach (010) in the RII
form].

the passage to the hexagonal RII form. The biphasic
domains observed are very narrow.

Compositions Rich in Cy;. Due to the narrowness of
the Oi and Odci domains (as it was shown in the
isotherm characterization at 288 K), many X-ray stud-
ies, combined with calorimetric experiments, were car-
ried out with increasing temperature in order to deter-
mine the experimental phase diagram in the region
close to Cy. As an example, the more representative
diffractograms performed on the mixed sample corre-
sponding to x = 0.03 are given in Figure 5.

The sequence [Odci]—[Odci + Mdci]—[Mdci]—[RV] is
observed with increasing temperature. The entrance
into the biphasic domain [Odci + Mdci] is observed at
300.5 K by the decrease of reflections corresponding to
20 ~ 41° and 20 ~ 42°, whereas two reflections appear
on both sides of the one corresponding to 20 ~ 42°
(which are clearly visible at 301.5 K). At 302.5 K, the
reflections characterizing the Mdci form remain. At T
= 303.5 K, the sample is monophasic RV. The biphasic
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Figure 5. X-ray diffraction patterns performed between 292.5
K and 303.5 K on the composition corresponding to x = 0.03
(range 37° =< 26 =< 45°). The main reflections characterizing
the Odci and Mdci forms are represented by the symbols ¢
and @, respectively.
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Figure 6. DSC curve of the mixed sample corresponding to x
= 0.03 between 298 K and 317 K.

domain [Mdci + RV] was not observed because of its
extreme narrowness. The same sequence was observed
by calorimetric measurements. The amplification of the
DSC curve of the sample corresponding to x = 0.03 is
given in Figure 6. This figure points out the existence
of first-order transitions [Odci]—[Mdci] and [Mdci]—[RV]
at “low temperature”.

The “low temperature” experimental phase diagram
in the area close to Cy; (for 0 < x < 0.10) is represented
in Figure 7 together with the results of X-ray experi-
ments and experimental points determined from the
DSC curves. Figure 7 points out the presence of two
peritectoid invariants located, according to X-ray data,
at Tp, ~ 303.5 K and T, =~ 303.2 K.
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Figure 7. “Low temperature” part of the phase diagram C;;
+ Cz in the area close to (0 < x < 0.10) deduced from DSC
experiments (x) and X-ray measurements (the symbols R, ¢,
&, and “tilted triangle” represent the domains of mixed
samples with Oi, Odci, Mdci, and RV structures, respectively;
biphasic domains are represented with the two symbols
corresponding to the forms involved.

Compositions Rich in Cy,. For the composition x =
0.75, starting from 288 K, the following sequence is
observed with increasing temperature (Figure 8).

[Op + Tp]—[Tp + RV]—[RV]

Diffractograms performed at 303 K and 304 K are
clearly distinguished by the coexistence of two typical
patterns, characterizing the Tp and Op forms in the first
case and the Tp and RV forms in the second case. The
direct passage from [Op + Tp] to [Tp + RV] points out
the existence of a peritectoid invariant located between
303 K and 304 K. The coexistence between Tp and RV
remains until 307 K. At 308 K, the sample is monopha-
sic RV.

Energetic Characterization. Calorimetric mea-
surements performed on 19 binary mixed samples
allowed the determination of transition temperatures
and enthalpies. Figure 9 shows the DSC curves between
293 K and 323 K. This set of curves clearly reveals the
presence of a eutectoid invariant located at Tg, = (300.8
+ 0.2) K. The two intense peaks observed for each
composition are relative to the transitions “low temper-
ature” ordered form—R (V or I) and R (I or IlI)—liquid,
respectively. The weak peak appearing just before the
melting one for compositions between x = 0.20 and x =
0.95 corresponds to the RI—RII transition. The second-
order transition RV—RI is only observable in an am-
plifying scale (see Figure 6). “Low temperature” ener-
getic parameters (i.e., transition temperatures and
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Figure 8. X-ray diffraction patterns (range 16° < 26 < 28°)
of the mixed sample corresponding to x = 0.75 performed
between 288 K and 308 K. The reflections characterizing the
Op and RV forms are represented by the symbols O and “tilted
triangle”, respectively, the other reflections are characteristic
of the Tp form.

enthalpies between a solid ordered form and a rotator
form) are given in Table 2. Tp, corresponds to the
temperature of the peritectoid invariant, which was
pointed out by X-ray experiments. Energetic character-
istics corresponding to transitions between rotator forms
and to the melting are reported in Table 3.

Experimental Phase Diagram. The binary phase
diagram of Cy; + Cy, determined by the calorimetric
and X-ray experiments, is presented in Figure 10,
together with the most representative X-ray data de-
termined at 288 K and 311 K. The diagram is charac-
terized by the following parameters:

nine monophasic domains: [Oi], [Odci], [Mdci], [Op],
[Tpl, [RV], [RI], [RII], and [L]

ten solid—solid domains: [Oi + Odci], [Odci + Mdci],
[Mdci + Op], [Op + Tp], [Oi + RV], [Odci + RV], [Mdci
+ RV], [Op + RV], [Tp + RV] and [RI + RII]

two solid—liquid domains: [RI+L] and [RI1+L]

three peritectoid invariants located at Ty, ~ 303.5 K
between x =~ 0.005 and x ~ 0.025, T, ~ 303.2 K between
X 2 0.020 and x =~ 0.035, and T,, ~ 303.8 K between x
~ 0.69 and x ~ 0.77

one eutectoid invariant located at Tg, ~ 300.8 K
between x ~ 0.22 and x ~ 0.52 and

one peritectic invariant located at T,, ~ 314.0 K
between x ~ 0.02 and x ~ 0.11.

Conclusion

The structural behavior of the binary phase diagram
Cz1 + Cy is very complex, both at “low” and “high”
temperatures. No less than three “low temperature”
phases, which do not occur in the pure components Cy;
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Figure 9. Evolution of the DSC curves as a function of molar
fraction in C,; and temperature.

Table 2. Temperature and Enthalpy Parameters of the
Solid Ordered Phase — Rotator Phase Transitions?

solid ordered phase — R
X Tsolvi Te Tp, Tsolvs AHm

0.00 304.3+0.2 15.7+ 0.6
0.01 303.5+0.3 304.0+ 0.4 143+ 0.6
0.02 303.6 = 0.3 303.9+£04 139+0.1
0.03 303.4 £ 0.5 303.6 £0.2 12.1 + 0.6
0.04 302.9 £ 0.3 303.3+0.2 1144+ 05
0.05 302.7 £ 0.4 303.2+0.4 10.8+0.1
0.10 301.9+0.1 302.3 £0.2 10.7+0.3
0.20 301.2 £0.2 301.7+0.2 10.3+0.1

0.25 300.8 £0.2 301.3+0.3 10.1 +0.5
0.30 300.8 £0.2 300.9+£0.3 99+0.3
0.40 300.8 £0.1 301.4+0.2 10.3+0.1
0.50 301.0+0.1 301.8 +£0.2 10.24+0.2

0.60 301.6 £0.2 302.8 £0.1 10.4+0.2
0.65 302.3+0.1 303.5+0.5 10.5+0.1
0.70 303.2+ 0.3 304.1+04 104+ 0.6
0.75 303.8+£0.2 307.3+£0.3 13.2+0.3
0.80 306.0 0.2 309.4 £0.3 16.0 + 0.6
0.85 308.6 = 0.3 311.0+0.2 182+ 0.4
0.90 310.2+0.3 3129+ 0.5 223+ 0.6
0.95 3129+ 0.3 3145+ 0.5 23.6 +0.8
1.00 316.0£0.2 27.3+ 1.6

a Temperatures are in K and enthalpies in kJ-mol~1.

and Cyy, are observed: they are, one monoclinic (Mdci)
and two orthorhombic (Odci and Op) ones. These forms
are induced by conformational defects.86

Previous studies performed on numerous other binary
systems of n-alkanes (from Cy¢ to C2g)6 have shown that
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Table 3. Thermo-energetic Parameters Relative to Transitions between Rotator Phases and Melting?

RV—RI RI—RII RI—L
X T Tsolvi Tsolvs Tsol Tliq AHp
0.00 3128 +0.2 46.9+1.0
0.01 310.7 + 0.4 313.3+0.2 313.5+0.2 46.2 + 0.9
0.02 310.7 £ 0.2 313.4+0.3 313.6 + 0.4 4594 0.1
0.03 310.9+0.3 313.7+0.3 314.0+0.1 45.8 + 0.6
0.04 3109 + 0.4 3135+0.1 313.7+0.2 459+ 0.5
0.05 3105+ 0.4 313.6 +£0.2 313.8+ 0.4 458 + 2.0
RII—L
0.10 310.1+0.1 3136 +0.2 313.9+0.3 457+0.8
0.20 309.9 + 0.1 313.4+0.2 3135+ 0.1 314.0+0.1 314.4+0.2 45.8 + 0.9
0.25 310.2+0.2 313.440.2 31354+ 0.2 3142401 314.7+0.3 45.9 + 0.5
0.30 309.5+0.1 3135+ 0.2 313.6 +£ 0.2 3145+0.1 3149401 46.0 + 1.0
0.40 309.8 +£0.1 3136+ 0.1 313.7+0.1 315.0+0.1 3154 +0.1 46.2+0.3
0.50 309.8 + 0.3 313.8+0.1 313.9+0.1 3153+ 0.2 315.8+0.2 46.6 + 0.6
0.60 310.2+0.1 3141401 3142401 3157+ 0.1 316.1 4+ 0.2 47.0+0.3
0.65 310.6 +£ 0.4 3143 +0.1 3145+0.1 315.9+0.2 316.2+0.2 471409
0.70 310.6 + 0.3 3145+0.3 314.7+0.2 316.1+ 0.4 316.3+ 0.3 4754 0.9
0.75 310.7 + 0.6 314.7+0.3 314.940.2 316.2 + 0.3 316.4 + 0.3 47.8+0.9
0.80 311.5+0.7 31514+ 0.2 31524+ 0.2 316.3+0.1 316.5+ 0.2 48.0 + 0.3
0.85 315.3+0.2 3154 +0.2 316.4+0.2 316.5+0.3 48.1+0.4
0.90 3155+ 0.3 315.6 + 0.3 316.4 + 0.4 316.6 + 0.3 484+ 1.0
0.95 315.6 + 0.2 3157+ 0.2 316.6 + 0.3 316.8 + 0.4 48.7+ 0.8
1.00 316.1+0.2 316.7+0.2 49.1+1.2
a Temperatures are in K and enthalpies in kJ-mol~1.
T(C) T(X) another paper) and continues to Oi. Its domain is very
narrow. When Odci is stable in none of the two compo-
[ nents involved, it is always observed close to the odd
Rl : alkane but appears only if the odd alkane has the
F:cj:ﬁi!::ﬁj:' shortest chain length. Then, for example, it is not
R X A
40 _—— % 313 encountered in the system Cy,y + Cy; where the odd
aaan s aRIy Ao ooa X * alkane has the highest chain length.
AT . S TR S Hoe ST .
The Op form is always encountered close to the Tp
Rv] / form in systems, implying at least one even alkane and
30 % 303 in the central part of odd—odd systems, excepting the
N o Cas + C,7 one, in which the miscibility in the Mdci form
is total.
(O] . .
In the system C,; + Cy,, the extent in the composition
20 [Mai] [Onl [Tl range of each “low temperature” monophasic domain is
» narrow, whereas very large domains of the rotator forms
[Owil RV and RII occur at “high temperature”. The miscibility
epw B B8 @poOojEagx is total in the RI phase. RV, which is only observed in
pure Cy on cooling, is stabilized in the mixtures of Cy;
+ Cy. Our previous studies!® have shown that this form,
21 0.25 0.50 0.75 Cc22 : : . :
_— which always precede the RI one with increasing

X

Figure 10. Experimental phase diagram of the binary system
C21H44—C2Hs6. Results of X-ray measurements performed at
288 K and 311 K are represented by the symbols ® (Oi), ¢
(Odci), ¢ (Mdci), O (Op), and * (Tp). Biphasic domains are
represented with the two symbols corresponding to the forms
involved.

the Mdci form always appears in all the systems,
implying at least one odd alkane in the composition
range(s) close to the odd alkane(s).

The Odci form, which is stable in n-alkanes of higher
chain lengths (from C,3 and at least till Cyg),° occurs
for the first time in the system Ci9 + Cyo (subject of

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

temperature, is observed in all the systems that exhibit
a RIlI form before melting: it is never observed in
systems with smaller number of carbon atoms (Cn;—
Cny with n; and n, < 21), in which the only stable
rotator form is the RI one.

To conclude, it can be said that the mixing stabilizes
the disordered forms, both at “low” (phases presenting
conformational defects) and “high” (rotator phases)
temperatures. Moreover, from a practical point of view,
the high values of enthalpies of melting, combined with
narrow thermal windows (temperature difference be-
tween liquidus and solidus), enable us to say that C,;
+ C,2 mixtures can be good candidates for the storage
of energy and the thermal protection.
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