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Abstract—Phase transitions in normal alkanes, such as tricosane (C23H48), tetracosane (C24H50), and penta-
cosane (C25H52), were studied by differential scanning calorimetry. The elimination of some procedural
errors provided the possibility to obtain true values for the thermodynamic parameters of phase transitions
and ascertain their nature. The comparative analysis of heat capacity jumps was performed on the basis of the
theory of diffuse first-order phase transitions.
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The study of the homological series of different
long-chain molecular crystals (of n-alkanes and their
derivatives) opens new opportunities for the establish-
ment of quantitative regularities between the structure
of polymers and their thermodynamic properties, as
these compounds do not contain any chemical defects
and can be synthesized with a purity unattainable for
conventional polymers.

One of the important problems in solid-state phys-
ics is the clarification of a number of controversial
questions about the nature of first- and second-order
phase transitions. The clarification of these questions
is important not only from the fundamental view-
point, but also for the solution of many practically
important problems, as the manufacturing of articles
from polymers is always accompanied by phase transi-
tions at different stages of their processing.

One of the efficient methods for the study of phase
transitions is differential scanning calorimetry (DSC),
which is widely used for the investigation of molecular
crystals of different type [1–5], including crystals of
paraffins [6–8]. As a rule, most published works do
not describe and analyze any studies in heating–cool-
ing cycles, which are important to ascertain the nature
of phase transitions and obtain the true profiles of
endo- and exotherm in thermogravimetric curves as
shown in this work. Moreover, procedural errors,
which are produced by the effect of thermal resistance
in DSC measurements and may lead to appreciable
distortions in the thermodynamic characteristics of
phase transitions, have not been eliminated in the
overwhelming majority of works. The latter circum-
stance is very essential for the experimental data anal-
ysis, which can be performed using the currently

developed theories of diffusion first- and second-
order phase transitions ([9, 10] and [11], respectively).

In this work, samples of n-alkanes with an even and
odd number of carbon atoms in their chain were stud-
ied to ascertain (see below) the effect of evenness on
the kinetics of the development of phase transitions in
n-alkanes. Tricosane (C23H48), tetracosane (C24H50),
and pentacosane (C25H52) samples were acquired from
the Sigma company. Thermal properties were studied
on a Seiko DSC 6100 calorimeter at heating and cool-
ing rates varied within a range of 0.6–5 K/min. A
small weight of samples for experiments at a level of 3–
5 mg provided a minimum thermal resistance in a cal-
orimetric cell and decreased procedural errors.

Figure 1 illustrates the DSC curves obtained during
the heating and cooling of samples of tricosane (1),
tetracosane (2), and pentacosane (3). As can be seen
from Fig. 1, the endothermic phase transition from a
crystalline state into a melt under heating occurs for
these paraffins in two stages: The DCS curves can be
seen to contain a doublet with maximum temperatures
Tmax1 and Tmax2. The backward process of melt–crystal
change in the phase state under cooling also occurs in
two stages (the minimum temperatures of the exo-
therms corresponding to them are Tmin1 and Tmin2). It
should be noted that the shapes of endotherms for the
transition from a crystalline state into a melt have
some specific features for each of the studied materi-
als, their analysis is given below.

Such a picture in the general form corresponds to
the results of the published works, so it might be
expected that the endotherm with Tmax1 under heating
is likely to be due to the structural solid-state phase
transition Ts–s followed by the melting of a sample at a
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temperature Tmax2. Correspondingly, the inverse pic-
ture is observed in this case under cooling from a melt:
they crystallize at Tmin2 with a solid-phase transition at
Tmin1 [6–8].

To understand the physical nature of the transi-
tions detected in the thermogravimetric curves, it is
necessary to clarify the picture with the observed tem-
perature disperancy between the peaks. The DSC
curves demonstrate the displacements of the relative
positions of endo- and exotherm peaks in heating–
cooling cycles (Tmax1–Tmin1) and (Tmax2–Tmin2) (so-
called effect of lag). It is important that the displace-
ments for each peak of the doublet have its particular
nature governed by both procedural and physical
causes. It is known [12] that some procedural errors
(peak displacements) appear during differential scan-
ning calorimetry due to the thermal resistance of a
tested sample in a calorimetric cell, and this resistance
appreciably depends on the sample mass and the scan-
ning rate. In the work [13], it is shown that these pro-
cedural errors can be eliminated as follows: depen-

dences Tmax,min = f(V1/2) are plotted by experimental
data at a varied scanning (heating or cooling) rate V
and must be linear in the absence of structural trans-
formations. The extrapolation of linear dependence to
V → 0 gives true temperatures of transitions without
procedural errors.

Figure 2 demonstrates similar dependences for the
studied samples of tricosane (a), tetracosane (b), and
pentacosane (c) in heating–cooling cycles. The
extrapolation (true) phase transition temperatures and
lags obtained from these dependences are given in
Table 1. From these data it can be concluded that the
heating–cooling cycles actually have no thermal lags
for the second maxima, and the difference observed in
the experimental DSC curves between their positions
on the temperature scale is due to procedural causes.
At the same time, the elimination of procedural error
with the use of extrapolation dependences provided
the possibility to reveal the existence of a true lag for
the low-temperature transition in these samples.

The enthalpy ΔH and entropy ΔS of transitions in
the DSC method do not depend on the rate of scanning
by temperature and are determined from the relation-
ships ΔHexp = (T)dT and ΔSexp = (T)d(lnT).
The summary enthalpy ΔHsumm and ΔSsumm and their
components for the first- and second-order transi-
tions (ΔH1, ΔS1 and ΔH2 and ΔS2, respectively) are
given in Table 2.

As is known [11], the presence or absence of a ther-
mal lag in a physical property, including the peaks in
the thermal dependence of the heat capacity, is one of
the important features by which phase transitions are
classified among first- or second-order transitions,
respectively. For this reason, the absence of a lag for
the second maxima immediately points to that the
high-temperature peaks in the doublets belong to sec-
ond-order transitions. If the data obtained at one rate
of scanning by temperature (Fig. 1) are used alone
without the extrapolation dependences Tmax, min =
f(V1/2) applied in this work, the high-temperature
peaks can be mistakenly assigned to first-order transi-
tions and, unfortunately, this takes place in a number

∫ pC ∫ pC

Fig. 1. DSC curves obtained under the heating (dashed)
and cooling (solid) of (1) tri-, (2) tetra-, and (3) penta-
cosane samples. Scanning rate V = 0.6 K/min.

Table 1. Thermal parameters of phase transitions in tricosane, tetracosane, and pentacosane (according to the results of
extrapolation to zero scanning rate)

Sample Scanning type
Peak 1 in the doublet Peak 2 in the doublet

Tmax, K Tmin, K ΔT, K Tmax, K Tmin, K ΔT, K

Tricosane Heating 315.4 0.5 322.3 0
Cooling 314.9 322.3

Tetracosane Heating 322.9 5.5 325.5 0
Cooling 317.4 325.5

Pentacosane Heating 322.4 1.3 328.5 0
Cooling 321.1 328.5
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of papers. On the other hand, the presence of a true lag
for the low-temperature peak provides the possibility
to classify this transition as a solid-phase (structural)
first-order transition associated with the change of the
crystal symmetry type on the basis of DSC data. In the

earlier works [2, 14–16], it has been shown using X-ray
diffraction that the symmetry of molecular crystals is
really changed within the temperature range corre-
sponding to the heat capacity peak with Tmax1: an ort-
horhombic unit subcell becomes hexagonal in the
crystalline cores of lamellae.

If first- and second-order transitions are spaced
apart on the temperature scale, the solid-phase transi-
tion peak can be analyzed in this case independently
from the first-order transition. As can be seen from
Fig. 1, the Cp endo- and exotherms corresponding to
first- and second-order phase transitions in a heat-
ing—cooling cycle (the transition from a crystalline
state into a melt and the backward transition from a
melt into a crystal) for the studied samples are pro-
nouncedly spaced apart on the temperature scale. This
circumstance allows us to distinguish two endotherms
corresponding to structural first-order phase transi-
tions (Fig. 3). From Fig. 3 it can be seen that the peaks
have proven to be asymmetric, and this may be due to
the existence of at least two components. These spe-
cific features in the shape of peaks are discussed below.

The peaks obtained by the above described method
were analyzed within the thermodynamic self-consis-
tent field theory [9, 10, 17] as applied to diffusion Λ-
shaped first-order phase transitions. The fact that the
transition becomes diffusion means that the change in
the phase state is not sudden, but gradual and occurs
within a certain temperature range. The theory pro-
vides the possibility to analyze the change in the phase
state of a system of interacting particles of different
phases, including the formation and further growth of
stable nuclei of a new phase in the matrix of the old
phase. The nucleation mechanism is heterogeneous,
and new phase nuclei are formed on crystal defects of

Fig. 2. Phase transition temperature versus scanning rate
for (a) tricosane, (b) tetracosane, and (c) pentacosane
under heating (dark points) and cooling (light points):
(1) Tmax2, (2) Tmin2, (3) Tmax1, (4) Tmin1.

(а)

(b)

(c)

Fig. 3. Endotherms corresponding to the solid-phase tran-
sitions in (1) tri-, (2) tetra-, and (3) pentacosane for exper-
imental data (solid line) and the result of calculation by
Eq. (1) (fine line).
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different kind, thus leading to the appearance of a
phase interface, which is the characteristic sign of a
first-order transition. The main idea of the theory
consists in the notion that numerous f luctuations are
located in a limited volume in the old phase in the
form of stable nuclei of a new phase, i.e., so-called ele-
mentary transition volumes ω. Further, as the transi-
tion develops, the motion of the phase interface occurs
via the sequential additions of nuclei with a volume ω
to the formed phase interface. The formation of
domain nuclei requires the change in the temperature
at a small value, which is determined by the energy
required for the appearance of such domains. Just this
factor leads to diffusion in the transition by tempera-
ture. For example, it has been shown for ferroelectric
materials that elementary transition volumes are com-
parable with the so-called Kenzig domain (~10–18–
10–17 cm3) and located at a mesoscopic level by their
scale [18, 19].

The sizes of stable nuclei ω can be determined from
the shape of Cp peaks corresponding to first-order
transitions. In the work [20], the temperature depen-
dence of the heat capacity in a diffusion phase transi-
tion is derived in the form

(1)

where T0 is the temperature of a first-order phase tran-
sition, ΔCm is the maximum heat capacity at T = T0,
and B is the athermic parameter.

Nonsymmetric peaks were divided into two sym-
metric Λ-shaped peaks, assuming the equality of the
enthalpy of an experimentally obtained peak to the
sum of the enthalpies of two symmetric peaks. Varying
the parameters T0, ΔCmax, and B for each symmetric
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peak, it was possible to attain coincidence with either
the right (high-temperature) or left (low-temperature)
shoulder of the peak. The best coincidence between
experimental and calculated dependences was
observed for the parameters given in Table 3 (peaks 1
and 2). The results of the calculation of Λ-shaped
peaks by Eq. (1) and the experimental dependences of
the heat capacity ΔCp(T) are plotted in Fig. 3.

The parameter B in Eq. (1) contains the most inter-
esting information about the physical nature of a phase
transition, as it is related with the maximum heat
capacity ΔCm as

(2)
where q0 is the transition heat, and the elementary
transition volume ω as

(3)
where k is the Boltzmann constant, and ρ is the den-
sity.

The parameter B proves to be structurally sensitive,
as it characterizes the volumes of new phase nuclei in
materials with diffusion phase transitions [10]. The
specific transition heat (enthalpy) can be determined
from Eq. (2), and the elementary transition volume ω
can be estimated from Eq. (3) (assuming in the first
approximation that the density of paraffin crystals ρ ~
0.8 g/cm3 [1]). The results of calculations by these
equations are listed in Table 3.

In the earlier works [3–5], it has been established
for a broad range of molecular crystals of n-alkanes
and their derivatives that the elementary volumes of
new phase nucleation domains associated with a solid-
phase transition depend on the evenness of the num-
ber of C–C bonds. Thus, the volumes ω for even n are

Δ = 0 0/4 ,mC q B T

= ωρ 0 0/ ,B q kT

Table 2. Thermodynamic parameters of phase transitions in tricosane, tetracosane, and pentacosane

Sample ΔH1, J/g ΔS1, J/(g K) ΔH2, J/g ΔS2, J/(g K) ΔHsumm, J/g ΔSsumm, J/(g K)

Tricosane 61 0.193 172 0.534 233 0.727
Tetracosane 89 0.276 153 0.470 242 0.746
Pentacosane 79 0.245 155 0.472 234 0.717

Table 3. Thermodynamic parameters of the first-order phase transition in tricosane, tetracosane, and pentacosane

Sample Peak in the 
doublet

Share in the 
transition 
energy, %

T0, K B ΔCmax, J/(g K) q0, J/g ω, nm3

Tricosane 1 87 315.9 1650 70 54 128
2 13 316.03 4000 25 8 2700

Tetracosane 1 44 323.05 1800 55 39 250
2 56 323.45 2600 100 50 290

Pentacosane 1 91 322.76 1250 55 68 100
2 9 322.97 3500 20 7 2800
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two times larger than for odd n and attain ∼200 and
∼100 nm3, respectively. From the comparison of ω
given in Table 3 (peak 1) it can be seen that this ratio is
fulfilled as a whole (for 87 and 91% of the mass of a
crystal of tricosane and pentacosane, respectively).
The estimation of the number of molecules participat-
ing in the formation of a new phase in tricosane and
pentacosane shows that elementary transition volumes
(ω ∼ 100–130 nm3) contain ~200–250 molecules at
the first phase transition stage, i.e., the transition cov-
ers a rather great domain. The phase transition in
tetracosane also occurs in two stages (peaks 1 and 2,
Table 3), which appreciably differ from each other by
their elementary transition volume containing ∼500–
600 molecules. A much greater number of molecules
(∼5000) participate in the formation of new phase
nuclei at the second phase transition stage in tricosane
and pentacosane (peaks 2, Table 3).

When considering the possible local region of the
appearance of stable new phase nuclei, it is necessary
to take into account the shape and location of new
phase domains or nuclei. For the reason of minimizing
the internal energy, it is natural to suppose that, first,
a new phase nucleus can be located within a stack of
two lamellae as shown in [21] and, second, the phase
interface cannot pass through a molecule part, i.e.,
through the strongest chemical bonds in the methy-
lene part of molecules (С–С and C–H), and seems to
pass through the relatively weak van der Waals bonds
between the methylene groups of neighboring mole-
cules and the terminal CH3 groups. Hence, a domain
can be described as a parallelepiped built of parallelly
packed “rods,” whose base contains 200–600 methy-
lene chains. The further growth of a new phase in vol-
ume, as mentioned above, will more readily occur due
to the addition of new volumes to the side surface. This
growth will occur until the appearance or accumula-
tion of hindrances increasing the side surface energy
on the side surface. In this case, methylene groups
must overcome the surplus barrier preventing the
addition of new volumes to the side surface besides
intermolecular interaction forces (IIFs).

As mentioned above, the forces of bonds between
structural units in the case of molecular crystals of
paraffins are IIFs. For the side surfaces of an elemen-
tary volume, they represent the force of van der Waals
interaction between –CH2– groups. For the end sur-
faces (–CH3 groups) they also are van der Waals inter-
action forces. The quantitative measure of IIFs is the
cohesion energy Ec determined as the energy required
for the destruction of intermolecular contacts and the
transition of a solid into a gas phase through a liquid
state. A decrease in the intermolecular interaction
energy upon phase transition occurs due to a partial
decrease in the cohesion energy ΔEc. The experimen-
tal estimation of this decrease for the compounds con-
sisting of polyatomic molecules is difficult. The energy
ΔEc can be compared with the potential barrier for the

motion of a molecule in local liquid-like acts of
motion in a solid. This barrier determined by experi-
ment for glassy liquids and solid oligomers, which
appreciably differ from each other by the character of
IIFs and the structure and shape of molecules, includ-
ing compounds with a developed system of hydrogen
bonds, is equal to ∼0.4Ec [22].

The energy Ec can experimentally be determined
only for low-molecular-weight bodies able to exist in
the gas phase. The process of vaporization is preceded
by destruction for the majority of oligomers, poly-
mers, and molecular crystals, so the cohesion energy
is determined for them in an indirect way or calculated
[22, 23]. In this work, the cohesion energies given in
the monography [22] for the contributions of –CH2–
groups Ec1 = 3.6 kJ/mol are used.

As can be seen from Fig. 3, the phase transition ini-
tiated by the nucleation of new phase domains with a
volume ω ~ 100–130 nm3 occurs at the first stage with
the overcoming of the IIF barrier equal to 0.4Ec1. The
phase transition in the greater part of a crystal (this fol-
lows from the ratio between the heat values and the
transition at the first and second stages, Table 3) leads
to the exhaustion of defect-free crystal regions and an
increase in the surface energy due to the accumulation
or appearance of hindrances in the remaining crystal
part, which has not sustained phase transition. At the
second stage of phase transition in tricosane and pen-
tacosane with ω ≅ 2700—2800 nm3, the phase transi-
tions associated with the overcoming of formed or
accumulated hindrances occurs in the remaining part
of a crystal.

To estimate the potential barrier created by these
hindrances, let us turn to the dependence relating one
of the geometric parameters, namely, the lamella
thickness L with the elementary transition act volume
ω as

(4)
where Ec1 and Ec are the cohesion energies of the
methylene and terminal groups, respectively [21].

The constancy of Ec follows from the assumption
that a further increase in the volume of a new phase on
overcoming the surplus barrier will occur via the addi-
tion of new volumes to the side surface, i.e., without
changing the wall thickness. The latter allows us to use
Eq. (4) to obtain the relationship

and determine the sought potential barrier equal to
∼0.4Ec2. For tricosane, tetracosane, and pentacosane,
these values have proven to be 6.6 kJ/mol
(1.6 kcal/mol), 3.9 kJ/mol (0.4 kcal/mol), and
7.6 kJ/mol (1.8 kcal/mol), respectively.

The comparison of the obtained values with the
known literature data on paraffins [24] allows us to
interpret these potential barriers as barriers preventing

= ω1/3 2/3
1( / ) ,c cL E E

−= ω ω1/2 1/2
2 2 1 1c cE E
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the motion of molecular defects like kinks 2g1 along
the axis of a molecule by the f lip-flop mechanism.
These defects, whose motion is associated with the
shift at one –CH2– group and the simultaneous rota-
tion of trans-zig-zag at 180°, have two potential barri-
ers. One of them (∼1.7 kcal/mol) prevents the dis-
placement of the –CH3 group exserting into the inter-
lamellar layer and the motion of a paraffin
macromolecule inside the lamellar core, and the other
barrier (∼0.6 kcal/mol) prevents the motion in the
opposite direction.

In the work [25], it is shown that the number of
irregular conformers like kinks 2g1 and terminal
gauche-conformers like g–tm, where tm is a trans-
sequence of –CH2– groups at m ≥ 5, abruptly grows
under the heating of n-alkanes (especially in the
region of phase transitions). The appearance of these
irregular conformers destroys the initial structure of
the crystalline core of lamellae of n-alkanes and, nat-
urally, this occurs during a first-order phase transition.
We believe that these conformation defects are con-
centrated during the development of a phase transition
predominantly of the phase interfaces of appearing
nuclei, thus creating hindrances for the further propa-
gation of an interface. The overcoming of appearing
potential barriers requires additional energy provided
by a further increase in the temperature.

ACKNOWLEDGMENTS
This work was financially supported by the Russian

Foundation for Basic Research (project no. 16-03-
00493).

REFERENCES
1. D. M. Small, The Physical Chemistry of Lipids (Plenum,

New York, London, 1986).
2. T. Yamamoto, K. Nozaki, and T. Hara, J. Phys. Chem.

92, 631 (1990).
3. V. M. Egorov, V. A. Marikhin, L. P. Myasnikova, and

N. Nakamura, Phys. Solid State 51, 2129 (2009).
4. V. M. Egorov, V. A. Marikhin, and L. P. Myasnikova,

Polymer Sci., Ser. A 53, 906 (2011).
5. V. M. Egorov, V. A. Marikhin, and L. P. Myasnikova,

Phys. Solid State 55, 1057 (2013).

6. Y. Ogawa and N. Nakamura, Bull. Chem. Soc. Jpn. 72,
943 (1999).

7. V. M. Egorov, V. A. Marikhin, and L. P. Myasnikova,
Polymer Sci., Ser. A 48, 1270 (2006).

8. V. M. Egorov and V. A. Marikhin, Phys. Solid State 58,
2353 (2016).

9. B. N. Rolov and V. E. Yurkevich, Physics of Diffuse
Phase Transitions (Rostov. Gos. Univ., Rostov-on-
Don, 1983) [in Russian].

10. G. A. Malygin, Phys. Usp. 44, 173 (2001).
11. L. D. Landau and E. M. Lifshitz, Course of Theoretical

Physics, Vol. 5: Statistical Physics (Nauka, Moscow,
1976, Pergamon, Oxford, 1980).

12. V. A. Bershtein and V. M. Egorov, Differential Scanning
Calorimetry of Polymers: Physics, Chemistry, Analysis,
Technology (Ellis Horwood, New York, 1994).

13. K. Illers, Eur. Polym. J. 10, 911 (1974).
14. S. Abrahamsson, G. Larsson, and E. Sydov, Acta Crys-

tallogr. 13, 770 (1960).
15. R. Popovitz-Biro, J. L. Wang, J. Majewski, E. Shavit,

L. Leiserowitz, and M. Lahav, J. Am. Chem. Soc. 116,
1179 (1994).

16. J-L. Wang, F. Leveiller, D. Jacqueman, K. Kjaer, J.
Als-Nielsen, M. Lahav, and L. Leiserowitz, J. Am.
Chem. Soc. 116, 1192 (1994).

17. M. Fisher, The Nature of Critical Points, Lectures in
Theor. Phys. VII (Univ. of Colorado, Boulder, Colo-
rado, 1965, Mir, Moscow, 1968).

18. W. Käntsig, Ferroelectrics and Antiferroelectrics (Aca-
demic, New York, 1964).

19. V. Ya. Fritsberg, Izv. Akad. Nauk SSSR, Ser. Fiz. 47,
698 (1983).

20. G. A. Malygin, Phys. Solid State 43, 1909 (2001).
21. V. M. Egorov and V. A. Marikhin, Phys. Solid State 58,

2353 (2016).
22. D. W. van Krevelen, Properties of Polymers Correlations

with Chemical Structure (Elsevier, Amsterdam, 1972).
23. A. A. Askadskii, L. K. Kolmakova, A. A. Tager,

G. L. Slonimskii, and V. V. Korshak, Vysokomol. Soe-
din. A 19, 1004 (1977).

24. G. Strobl, B. Even, E. W. Fischer, and W. Piesczek,
J. Chem. Phys. 61, 5257 (1974).

25. R. G. Snyder, M. Maroucelli, S. P. Qi, and H. L. Strauss,
Science 214, 188 (1981).

Translated by E. Glushachenkova


		2017-10-10T16:07:43+0300
	Preflight Ticket Signature




