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Phase transitions during heating in odd normal alkanes, characterized by orthorhombic unit cell symmetry at
room temperature, were investigated by differential scanning calorimetry. The analysis of thermograms revealed the
presence of a series of crystalline and rotator phases during the transition from the solid to the liquid state. The
phase transformations were characterized from the perspective of heterogeneous process development based on the
theory of diffuse phase transitions. A similar multi-stage mechanism of phase transitions was established for the
three normal alkane homologs. For the first time, it was found that the transition from the initial crystalline phase
to the rotator phase occurs in a uniform manner in heneicosane (C21), tricosane (C23), and pentacosane (C25)
via two intermediate crystalline phases: O; — Og4.i — Maci — Ry. The subsequent transition to the liquid state in
heneicosane proceeds through two rotator phases: Ry = R; — liquid liquid, whereas in tricosane and pentacosane
the phase sequence was found to be more complex: Ry = R; — R;; — liquid liquid.
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1. Introduction

One of the priority fields of development of modern sci-
ence is to search for ways of going over to environmentally
friendly (,,green”) and resource-saving energy. One of the
possible methods of solving this problem is development
of phase change materials (PCM) with improved operating
properties. The PCMs can absorb, store and release
flows of thermal energy in an unlimited number of times
from various external sources due to intrinsic thermal
effects. In order to provide operation within a pre-defined
temperature range, an optimal PCM is selected, determining
a suitable temperature of the phase transition that provides
accumulation or release of heat within this interval.

As the PCM, long-chain molecular crystals (LCMC)
can provide conditions of comfortable human activity and
operation of equipment in conditions of both decreased and
increase temperatures from —50 to +80°C. The LCMCs
have a unique property — it is possible to select the
operating temperature range by varying a length of the
molecule chain, i.e. selecting a required homolog, which,
combined with high capacity, makes them ones of the most
promising PCMs.

Wide PCM distribution requires improvement of practi-
cally important characteristics of the materials. But basics
of phase transformations in substances from which these
materials are manufactured are still understudied. The
present study is aimed at solving this problem in relation
to the LCMCs of normal alkanes.

The normal alkanes (n-alkanes) of a chemical formula
C,Hjy,1» are the most simple in terms of an LCMC
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structure. Moreover, it is possible to produce monodisperse
samples of a high purity degree, thereby making them the
most preferable for fundamental thermodynamic research.

At the room temperature, odd n-alkanes with a chain
length from 9 to 45 carbon atoms have an orthorhombic
symmetry of basic cells and subcells [1,2]. A symmetry
type of molecule packing in the even and odd n-alkanes is
induced by specific features of symmetry of their (trans-
or cis-) molecules that affect arrangement of end methyl
groups.

It is found that with an increase of the temperature the
n-alkanes transit into rotation phases that are an intermediate
state between a crystal and a liquid, which is characterized
by origination of molecular rotation around their main
axes [3,4].

There are five distinguished rotator phases (R;—Ry) that
are different by a symmetry type and a number of possible
orientations of the molecules [5,6]. Three of them are well
characterized: R;, R;; and Ry that are manifested exactly
in the n-alkanes when n < 27 carbon atoms [7-12]. In
the structure R;, the molecules are packed vertically with
orthorhombic symmetry at a two-layer sequence of ABAB
packing of lamellae. The phase Rj; is also characterized
by vertically arranged molecules in the lamellae, but with
a three-layer ABC packing and true hexagonal (rhombohe-
dral) symmetry of the molecule packing. The molecules in
the phase Ry are packed with monoclinic symmetry in the
lamellae that in turn have the ABAB packing. The other
phases, Ry and R;y, are noticeably more poorly studied
are typical for longer n-alkanes and we do not consider
them therefore.
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Figure 1. DSC heating thermograms within a range of phase transition of the n-alkanes: C,Has (pink), C23Has (blue), CosHsy (green).

2. Experiment

In order to find a mechanism of structure transformations,
the following odd n-alkanes were studied by differential
scanning calorimetry (DSC): heneicosane Cy Has (C21),
tricosane Cp3Hag (C23) and pentacosane CpsHs, (C25).

Samples to be studied were monodisperse n-alkanes pro-
duced by Sigma-Aldrich with purity of > 99.0%. Thermal
properties were determined in a calorimeter Henven HSC-4
(China) in the nitrogen atmosphere. A weight of tested
samples was selected to be ~ 10mg, which is enough
for recording low-energy transitions between the rotator
phases, but at the same time providing minimization of
thermal resistance of a calorimetry cell. A scanning rate
was selected to be 0.5 °C/min, which was optimal for the
samples of the given mass, on the one hand, to achieve the
best resolution of peaks of heat capacity and, on the other
hand, to ensure heat capacity that was enough for recording
intensity. The measurements were performed within the
temperature range from 10 to 70 °C.

Figure 1 shows the DSC thermograms of the studied
n-alkanes within the range of phase transitions, which
are obtained during heating at the rate of 0.5°C/min.
It was previously found [2,13,14] that the n-alkanes are
characterized by two types of the phase transitions mani-
fested as peaks on the DSC curves. The low-temperature
endothermic peak during heating is related to a structure
transition inside a solid phase, while the high-temperature
peak is related to a transition from the ordered structure
to disorder (melting). It can be noted from analysis of
Figure 1 that the studied n-alkanes demonstrate presence
of two pronounced peaks in the transition between the
crystal and the liquid. However, more detailed analysis
also shows presence of weak endothermic effects that are
predominantly manifested between the base peaks. It can be
assumed that these effects can be related to the transitions
between the rotator phases.

3. Results and discussion

Among the three homologs in question, presently, the
most fully studied in the literature are the phase trans-
formations exactly for C23, in particular, we have in
detail studied kinetics of polymorphous transformations by
a combination of synchronous X-ray diffractometry and
DSC [15]. Based on the literature data [5-8,12,16-18] and
our own results, we have found the following sequence of
the phase transitions of a different nature in C23:

0; Ogci v =
38°C 40—41°C 41—-42°C
R[ R[[ lquId,
450°C 47-48°C

where O; is a low-temperature orthorhombic crystal phase
(Pbecm (57)), Oy is a high-temperature orthorhombic
crystal phase (Pbnm (62)), Ry is a monoclinic rotator
phase (Aa (9)), R; is an orthorhombic rotator phase
(Fmmm (69)), Ry is a thombohedral (hexagonal) rotator

phase (R3m (166)), Ry e R; — a continuous second-

order transition.

It can be assumed that the nearest odd homologs with
the same initial structure shall exhibit a similar sequence
of the solid-solid phase transitions. However, the literature
has controversies for origination of the monoclinic rotator
phase Ry in the homologs C23 and C25. For example,
authors of the study [19] confirm that all the above-said
polymorphous modifications appear in C25, but negate
appearance of the monoclinic phase in C23. In the
studies [17,20], the authors found all the listed polymor-
phous modifications both in C23 and C25, meanwhile
distinguishing for the latter an additional monoclinic phase
Mg.i (Aa) when T =~ 46—47 °C, which precedes the rotary
one Ry and has the same space group. The authors of
the study [18] also distinguish for C25 the monoclinic non-
rotator phase, but find a non-rotator phase Fmmm instead of
the phase Ry for both the homologs C23 and C25. Based
on the above-given literature data as well as data of the
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Thermodynamic parameters of the diffuse solid-solid phase
transitions in heneicosane (C21), tricosane (C23) and penta-
cosane (C25)

Sample Peak | No. | Tmax, °C | Cmax, J/gK | AH, J/g | ©, nm®
a1 1 333 117.7 19.3 672
2 337 38.5 59.2 220
1 40.6 46.0 30.9 328
C23 2 410 106.0 484 308
3 452 55 7.5 24604
25 1 475 30.0 19.8 547
2 48.1 107.5 65.7 178

study [2], one can expect the following phase sequence and
transitions between them in C25:

0; Od-' Md-' RV —_—
" 3g0c’ %! 4a_4p0C ci/ 46-48°C

R 1 R 11 lquId

49-50°C 52—-53°C

In spite of similarity of the homolog C21 to C23,
the literature does not consider the above-give wide and
controversial sequence of the phase transitions for it. It is
found for C21 that the initial orthorhombic phase O; (Pbcm
(57)) transits only into the orthorhombic rotator phase R,
(Fmmm (69)) [2,5,6,11]. However, it is also noted in the
study [18] that the non-rotator phase Fmmm is originated
in C21 as well. Thus, the phase sequence can be as follows:

0; —— Fmmm/R; —— liquid.
320C 40°C

It should be noted that the most intense solid-solid
phase transition in the DSC thermograms is attributed by
the authors of the study [18] to transitions of an order-
disorder type (o—d), since it includes significant changes
of orientation of the molecules around their main axis —
rotation appears. Thus, this solid-solid phase transition is a
transition into a rotator phase and can not be attributed to
the transition into the non-rotator phase Fmmm. However,
a non-rotator phase that is similar in the structure and
precedes the transition into the rotator state can occur.

The solid-solid phase transitions in the n-alkanes are
attributed to diffuse phase transitions (DPT), since their half-
width is 1-2K (,,diffuse” in the temperature) [21]. The
DPT theory [22-24] presupposes fluctuation formation of
nuclei of a new phase with origination of an interphase
boundary. The new phase propagates sequentially via
layering of the nuclei, where each new stage is accompanied
by a slight change of the temperature (AT), thereby
determining a heterogeneous mechanisms of DPT kinetics.

According to the DPT theory, the peaks of heat capacity
shall have a symmetrical A-like form. It is shown by
experimental data that our peaks PT-1 have asymmetry,
thereby making it possible to expand them into symmetrical
components using a previously developed method [25]. One
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of the criteria for this separation is a condition that the
enthalpy of the experimentally-obtained peak is equal to
a sum of enthalpies of its components. All the studied
samples exhibited presence of two symmetrical components
and, consequently, we consider development of these solid-
solid phase transitions as a two-stage one. The thermograms
of the solid-solid phase transitions and their expansions into
the symmetrical components are shown in Figure 2.
According to the DPT theory, the symmetrical A-like
peaks of heat capacity are described by the following

relationship:
T—Tp T-To\] "’
1 B
To )[ +€Xp< To ﬂ ’

(1)
where Tj is a temperature of the phase transition; AC,, —
a maximum value of heat capacity when T = Tp; B is an
athermal parameter.

Nanonucleus volumes @ are calculated based on a shape
of the peaks of heat capacity C,(T) via the athermal pa-
rameter B that characterizes a material structure and affects
a degree of phase transition smearing in the temperature.
A relation of the parameter B with the nucleus volume w is
determined according to the study [26]:

AC,(T) = 4AC,, exp <B

BT

W = )
Prqo

(2)
where g is a conversion enthalpy, p is a density of the
substance, k is the Boltzmann’s constant.

The relationships (1) and (2) were used to calculate the
elementary volumes w. Results of the calculations of w;
as well as the thermodynamic parameters of the solid-solid
phase transitions are provided in Table. The peak numbers
are marked on Figure 2.

All the samples have a peak of the main solid-solid phase
transition expanded into two symmetrical peaks according
to the DPT theory (No. 1 and No. 2). For C23, at the
higher temperature, we managed to additionally distinguish
the diffuse phase transition that also has a symmetrical form
of the peak (the peak No. 3).

Based on the obtained thermograms and the analysis
performed according to the DPT theory, in accordance
with the literature data one can find a sequence of the
phase transformations for each of the samples (Figure 2).
It is clear from the figure that positions and forms of the
endothermic effects on the DSC curves are similar for C21,
C23 and C25. It can be concluded that the phase transitions
develop similarly in all the three homologs, but there can be
some differences due to a length of the molecules.

In C21, at the temperature of 31.4°C, a deviation from
the base line is observed, which can be related to the
transition O; — Oy; similar to the longer n-alkanes. At
32.8°C, the DPT with a peak at 33.3°C starts, which
is probably related to origination of the phase M. (Aa)
that almost immediately starts transiting into the rotator
phase Ry via the DPT with a peak at 33.7°C. Then, a
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Figure 2. Phase sequence when heating the n-alkanes C21 (a), C23 (b) and C25 (c), which is marked on the DSC thermograms. The
digits marks DPTs that are selected among all the solid-solid phase transitions.

deviation from the base line within the temperature range
35.7—40.0°C is observed and is probably related to the
continuous transition into the phase R;. We used a method
of synchrotron X-ray diffractometry to show that a second-
order phase transition is observed in C23 and it is related
to the transition of the phase Ry into R; and manifested on
the DSC curves as a protracted endothermic effect [15]. At
40.5°C, the crystal starts melting. Thus, the following phase
sequence can be assumed for C21:

O; Ogei
" 3140c Y 3330C
My.; —— Ry - R —— 11qu1d
33.7°C 35.7-40.4°C = 40.5°C

In C23, the initial sequence of the transitions is similar
to C21. The transition O; — Oy.; at 37.6°C; the tran-
sition Og4.; — My.; at 40.6°C, the transition M;.; — Ry
at 41.0°C. Our previous study [15] has not analyzed the
DSC thermograms according to the DPT theory, which
resulted in neglecting the transition Oy, — My4.;. But a

noticeable change of the X-ray patterns was observed in this
range, which can also confirm presence of an intermediate
non-rotator phase M,.;. Further in the temperature, the
continuous transition Ry — R; follows, which, unlike C21,
in C23 starts just after the transition into the phase Ry
around 41.6°C and proceeds up to 44.8 °C. Besides, C23
exhibits a peak at 45.2°C, which is weak in intensity, but
symmetrical in the form and corresponds to the DPT into
the phase R;;. At 46.9 °C, melting starts. Then, the phase
sequence in C23 will be as follows:

O; Ogci Mgci ——— Ry
37.6°C 40.6°C 41.0°C

R 11 th.ld

— RI
41.6—44.8°C 45.2°C 46.9°C

In C25, the sequence of the transition is similar to C23,
but there are some differences. In the literature (see the
studies [2,18]), the transition O; — Oy,; in C25 is attributed
to a very weak endothermic effect at 38 °C, while on the
contrary, in C23 it is related the deviation from the base
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line, which precedes the transition into the rotator phase.
There is a similar deviation observed in C25, which precedes
the peak No. 1 in Figure 2,c. In this regard, it can be
assumed that the transition O; — O.; occurs at 45.4°C.
But in this case the nature of the effect at 38 °C remains
unknown and further research is required, including by
synchrotron X-ray diffractometry. Similar to C21 and C23,
the peak No. 1 is related to the transition O,.,; — M. at
47.5°C, while the peak No. 2 is related to the transition
M g.; — Ry at 48.1°C, which is confirmed by the literature
as well. The continuous transition Ry — R; starts similar to
C23 just after the transition into the phase Ry at 48.9°C.
However, according to the literature data, a transition into
the phase R;; shall be observed around 50 °C. Due to the
proximity of the transitions, their peak can merge on the
DSC curves, but at 49.9 °C one can note a maximum that
is probably related to the DPT into the phase Rj;. Thus, it
may be assumed that the transition Ry — R; ends with a
transition into the phase R;;. A weak endothermic effect
is observed around 52.5°C, but the literature does not
mention phase transitions in this temperature interval. Since
it is not possible to determine symmetry of the crystal cell
based on the DSC data, then this case also requires X-ray
diffraction studies, which are planned by us for C25 in the
future. At 53.5°C, melting starts. Based on the above-
given data for C25, the following phase sequence can be
determined:

O; Ogci M. Ry
45.4°C 47.5°C 48.1°C
— 1 R[[ lquId
48.9—49.8°C 49.9°C 53.5°C

By analyzing the DSC thermograms with taking into
account the above-described phase sequences, one can
note an interrelation of energy of the transition with a
transformation type. Thus, the low-energy transitions that
are manifested as weak endothermic effects are transitions
between the rotator phase, as energy differences of these
phases are small. But, on the contrary, a transition the
crystal phase—the rotator phase requires a large amount
of energy, since the molecules obtain rotational motion,
which is manifested on the DSC curves as intense peaks
that are the highest of all observed for the solid-solid phase
transitions. The transitions between the crystal phases are
characterized by an intermediate value of energy and are
intensity-average peaks that are different in a dependence
on a type of the crystal cells. For example, the transition
from one orthorhombic phase into another orthorhombic
phase is manifested as a weak deviation from the baseline,
since it is a low-energy one, while the transition from
the orthorhombic into the monoclinic phase is manifested
as a quite intense peak (see the tramsitions O; — Ogy;
and Oy4.; — My,; in Figure 2).
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4. Conclusion

As a result of the comprehensive DSC studies done, we
were the first to find a sequence of the crystal and rotator
phases when heating the odd n-alkanes (heneicosane,
tricosane and pentacosane), which turned to be similar for
these homologs. The thermograms were analyzed in detail,
including in accordance with the diffuse phase transition
theory, to reveal a number of new phase transitions. The
observed phase transitions were characterized based on
literature data for each homolog and with taking into
account their maximum similarity in the crystal structure
and the chain length. We were the first to find presence of
the intermediate orthorhombic phase Og.;, the monoclinic
phase M,.; and the rotator monoclinic phase Ry. And
we were the first to reveal the intermediate monoclinic
phase M .. The phase sequence has been proposed
for pentacosane according to heneicosane and tricosane.
Moreover, we have revealed new thermal effects that require
further research.

The results obtained in the study facilitate development of
an overall picture of the phase transformations in the long-
chain molecular crystals, which are still understudied due to
their complexity and many stages.
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