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Parity effect — symmetry of n-alkanes molecules
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The features of phase transitions in the homologous series of normal alkanes of different parities have been

studied. The real values of thermodynamic parameters were obtained as a result of eliminating the methodological

errors of differential scanning calorimetry. The presence of a parity effect in the homologous series of n-alkanes was

revealed both in the behavior of the thermodynamic parameters of phase transitions and in the process of structural

rearrangement of crystallographic packing during the solid-solid phase transition, caused by different symmetries of

n-alkane molecules.
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1. Introduction

Development of a new method of energy conversion,

transportation and storage due to using phase change

materials (PCM) is one of the promising development areas

of the
”
green energy“. Wide use of PCM makes it possible

to avoid heat sources whose operation requires limited

energy resources because PCM can convert (accumulate,

store and release) thermal energy flows from various

sources using inherent thermal effects as a result of phase

transitions. Long-chain molecular n-alkane crystals are one

of the most promising materials used as PCM due to

their high energy efficiency, flexibility of thermodynamic

properties and availability [1–3]. N-alkanes and their

mixtures used as PCM help create comfortable living

conditions for people in a temperature range from −40

to 70◦C. On the other hand, monodisperse n-alkanes are

convenient models used to identify the nature of phase

transitions and establish the
”
structure−property“ patterns

owing to the absence of structural and conformational

defects.

Our previous studies [4,5] investigated thermodynamic

properties of some n-alkanes and revealed dependences of

the thermodynamic properties on parity of carbon atoms in

the chain. To identify reliable dependences of properties on

parity and establish the reasons for their appearance, this

study investigates a wide homologous series of n-alkanes

with varying the chain length (hexadecane C16H34, hep-

tadecane C17H36, octadecane C18H38, nonadecane C19H40,

eicosane C20H42, heneicosane C21H44, docosane C22H46,

tricosane C23H48, tetracosane C24H50 and pentacosane

C25H52) that have phase transition temperatures in the

temperature range that is most suitable for applications:

1T ≈ 10−50 ◦C. Thus, examination of this homologous

series is used to solve fundamental problems associated with

study of phase transition kinetics in n-alkanes as well as

practical problems associated with efficient application of

n-alkanes as PCM.

2. Findings and discussion

The investigations were performed by the differential

scanning calorimetry (DSC) method using DSK 500 Spet-

spribor (Russia) (for C16H34−C20H42) and Seiko DSC

6100 (Japan) (for C21H44−C25H52) in nitrogen atmosphere.

Scanning rates varied in a wide range from 0.25 to

25K/min. To reduce systematic errors, thermal resistance of

samples and calorimetric capsules was minimized through

low weight of samples (1−3mg) and calorimetric capsules

(16mg).
”
Sigma-Aldrich“, high purity 99.5% monodisperse

n-alkane powders were chosen as samples.

Temperature dependences of heat capacity in

heating−cooling cycles were measured by the DSC

method for each of the homologous series samples with

scan rate variation. Figure 1 shows thermograms measured

at 1K/min. The figure shows that two peaks are observed

for most n-alkanes in heating and cooling indicating

a two-stage behavior of transition from the crystalline

state to melt and back. However, for samples with even

number of carbon atoms in the chain, merging of two

heat capacity peaks into one is observed as the number

decreases. Therefore, melting and crystallization peaks

of short even n-alkanes are expected to combine both

phase transformation stages resulting in distortion of peak

shape. For odd n-alkanes with all chain lengths, two

peaks in heating and two peaks in cooling are observed

suggesting that there are different mechanisms of molecular

restructuring during solid−melt phase transformation in

n-alkanes with even and odd chain length.
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For n-alkanes, it has been previously shown [6–8] that

a low-temperature endothermic peaks Tmax 1 is caused by

the structural phase transition taking place in the solid

phase, while a high-temperature peak Tmax 2 is caused by

the order−disorder transition followed by melting. When

the sample is cooled from melt, sample crystallization

corresponds to the exothermic peak Tmin 2, while structural

solid-phase transition corresponds to Tmin 1. As shown in

Figure 1, the temperature hysteresis effect is observed for

both phase transitions, i. e. mismatch of phase transition

(PT) temperatures in heating and cooling. Such hysteresis

effect may be caused by physical aspects as well as by

technical aspects associated with the features of the DSC

method [9]. To find out the nature of hysteresis, a special

method was used for all n-alkanes of interest [10] in order

to remove the systematic error when recording a series of

thermal images with wide variation of scan rates on the

identical samples or on the same samples provided that

PT reversibility is ensured.

Figure 2 shows an example of this method used for

docosane C22H46. Experimental data is used to plot

dependences Tmax,min = f (V 1/2) that shall be linear when

there are no structural changes. Extrapolation of these

dependences to the zero scan rate gives technically undis-

torted values of PT temperatures. The figure shows that

in extrapolation to the zero scan rate melting temperature

Tmax 2 and crystallization temperature Tmin 2 coincided with

each other 1T2 ≈ 0K, including the error, while solid-phase

transition temperatures in heating Tmax 1 and cooling Tmin 1

differ by 1T1 ≈ 3.7K at the zero rate, i. e. true temperature

hysteresis is observed.
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Figure 1. DSC curves of n-alkane homologous series heating (red
lines) and cooling (blue lines) at a rate of 1K/min.
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Figure 2. Method for finding true PT temperatures for docosane

(C22H46).

Hence, it is suggested that the hysteresis effect occurs

for the second peaks (Tmax 2, Tmin 2) only on the DSC

thermograms due to technical factors, while the presence

of the true hysteresis for the first peaks (Tmax 1, Tmin 1)
is caused by physical factors. Thus, the presence of

true temperature hysteresis allows assigning the solid-phase

transition to first-order phase transitions (PT-1), while the

melting-crystallization transition in n-alkanes by the absence

of hysteresis and heat capacity peak shape may be assigned

to second-order phase transitions (PT-2) similar to [9]
for 1,22-docosanediol. It is important to note that true

phase transition temperatures may be defined using the

extrapolation method.

Phase transition temperatures calculated by the above-

mentioned method for all n-alkanes are shown in Figure 3, a.

PT-2 temperatures in heating (Tmax 2) and cooling (Tmin 2)
coincide due to the absence of temperature hysteresis

and rise smoothly as n-number of carbon atoms in the

n-alkane chain increases, while PT-1 peak temperatures

(Tmax 1 and Tmin 1) demonstrate
”
sawtooth“ dependences on

parity n. The cause of this effect is associated with different

molecular symmetry (trans and cis) even and odd n-alkanes

and, accordingly, with their different packaging in the main

cells and subcells depending on symmetry.

The effect of n-alkane parity on phase transformation

temperatures was reported in [11,12], we also reported the

effect of parity on PT-1 behavior kinetics [13]. Dependence
of thermodynamic parameters on the chain length parity of

n-alkane is known as the parity effect and is explained by

different crystallographic packaging of even (trans) and odd

(cis) molecules of n-alkanes into the main cells and subcells.

More detailed investigations have shown that not

only PT temperatures, but also intervals between

PT in heating (1Tmax = Tmax 2 − Tmax 1) and cooling

(1Tmin = Tmin 2 − Tmin 1) differ significantly in even and odd

n-alkanes. Figure 3, b shows that 1Tmax and 1Tmin in odd

n-alkanes are several times higher than in even n-alkanes.
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Figure 3. True PT temperatures of the homologous series of

n-alkanes CnH2n+2 (a) and dependences of temperature ranges

between PT-1 and PT-2 in heating and cooling on the chain

length (b).

Moreover, 1Tmax(n) and 1Tmin(n) demonstrate the opposite

behavior of dependences with n growth, 1Tmax(n) and

1Tmin(n) grow in even n-alkanes and, on the contrary,

decrease in odd n-alkanes. However, PT-2 temperatures do

not depend on parity n and smoothly grow according the

dependence that has been established previously [14] and

may by approximately considered as linear, which is also

shown in Figure 3, a.

Thus, differences in 1Tmax and 1Tmin of even/odd

n-alkanes are defined only by PT-1 position in which,

as shown in [8,15,16], structural solid-phase transition

from the initial subcell to an intermediate rotator phase

takes place in C16H34−C25H52 due to an increase in

intermolecular distances as a result of thermal expansion,

reduction of the Van der Waals interactions and occurrence

of molecular rotation about their main axis with long-

range order in molecule arrangement remained unchanged.

Due to different symmetry of crystallographic cells, for

n-alkanes with even chain length — transition to phase

RII (rhombohedral rotator) takes place, and for n-alkanes

with odd chain length — initial transition to phase RI

(orthorhombic rotator) takes place, however, then low-

energy transition to phase RII occurs and, therefore, even

and odd n-alkanes become equivalent for the next PT-2.

In short n-alkanes (C16H34, C18H38, C20H42), potential

barrier of transition from the triclinic phase to the inter-

mediate rotator phase is assumed to approach the barrier

of transition from the triclinic phase directly into melt,

therefore, the corresponding PT peaks merge on the DSC

dependences during heating and the solid-phase transition

cannot be isolated as it is. Whilst in odd n-alkanes, the

potential barrier of transition from the orthorhombic phase

to the intermediate rotator phase is obviously lower than the

barrier of transition from the orthorhombic phase to melt

and, therefore, the solid-phase transition occurs earlier than

melting by several degrees. Figure 3, a shows that PT-1

temperature dependences growing from n have opposite

slope with respect to PT-2 temperature dependences during

heating in even (dashed line) and odd (dashed and dotted

line) n-alkanes, therefore, the proportion of increase of

the potential barrier for transition from the initial phase

to the intermediate rotator phase (1E) decreases in each

successive even n-alkane (1En+1/1En < 1), and increases

in odd n-alkane (1En+1/1En > 1). For PT-1, the equivalent

approach will be valid during cooling. Potential barrier of

transition from the intermediate rotator phase to the equilib-

rium solid-state phase (triclinic phase in even n-alkanes and

orthorhombic phase in odd n-alkanes) increases with growth

of n. However, the proportion of barrier increase decreases

in even and increases in odd n-alkanes. This assumption

explains the opposite behavior of dependences of even/odd

n-alkanes observed in Figure 3 b.

Investigation of hysteresis effects of PT-1 in n-alkanes

is also of substantial interest. True temperature hysteresis

values of PT-1 (Tmax 1 − Tmin 1) depending on the n-alkane

chain length and their second-order polynomial approxima-

tion are shown in Figure 4. It may be noted that an obvious

difference in behavior of dependences on n for even and odd

n-alkanes is also observed in this case. For even samples,

hysteresis increase is observed as n grows from 16 to 24,

while, for odd samples, hysteresis decrease is observed as n
grows from 17 to 21, and then some growth is observed

with further increase of n to 25.

Investigation of the nature of hysteresis effects is a

vast problem and requires additional experimental and

theoretical analysis, that will be performed in our future

studies.

This study is focused on PT-1 behavior kinetics. Heat

capacity peak shape is important because it is the one that

contains the PT behavior data. To that end, PT-1 peak

shapes both in heating and cooling have been analyzed for

the first time. Figure 1 shows that solid-phase transition

peaks are not distinguished against the melting peaks

in heating for C16H34, C18H38 and C20H42 and against

crystallization in cooling for C16H34 and C18H38. Therefore,

Physics of the Solid State, 2024, Vol. 66, No. 5



Parity effect — symmetry of n-alkanes molecules 729

peaks of these coinciding transitions are not addressed

below.

Figure 1 shows that PT-1 peaks have a quite large half

width (1−2K, i. e.
”
smeared“ in temperature), therefore,

PT-1 in n-alkanes may be assigned to diffuse phase transi-

tions (DPT). For analysis of heat capacity peaks of this type

of phase transitions, diffuse phase transition theory has been

developed [17–19]. The main idea of the DPT theory is in

the fact that nucleation of the new phase develops according

to a heterogeneous mechanism on various defects with

generation of a phase boundary that is a specific feature of

PT-1. Stable nuclei of the new phase, so-called elementary

transformation volumes ω, are generated as a result of

numerous fluctuations. The new phase boundary, as PT

develops, moves forward by overlaying similar nanonuclei

on each other. It is such stage-by-stage development of PT

that results in PT smearing because generation of each new

nanonuclei requires some additional change in energy due

to a little temperature increase (decrease) 1T , which also

confirms the heterogeneous kinetics mechanism of PT-1.

According to the DPT theory, symmetric 3-shaped heat

capacity peaks are addressed. PT-1 peaks recorded experi-

mentally have an asymmetric shape, therefore, separation

into symmetric components may be performed using a

method developed by us and described in detail in [20].
For all samples, the solid-phase transition peaks appeared

to be divided into two symmetric 3-shaped components.

Therefore, we discuss the development of solid-phase

transitions in all samples in two stages.

The theory calculates nanonuclei volumes ω at each stage

using the analysis of peak shapes on C p(T ). In [18], relation
for the temperature dependence of heat capacity in diffuse

phase transition was written as

1C p(T ) =
41Cm exp

[

B(T−T0)
T0

]

[

1 + exp
(

B(T−T0)
T0

)]2
, (1)

where T0 is the PT-1 temperature, B is the athermic

parameter, 1Cm is the maximum heat capacity at T = T0.

Athermic parameter B is a structurally sensitive quan-

tity that defines smearing of transition over temperature.

According to [17], B is correlated with an elementary

transformation volume — new phase nuclei, as follows:

ω =
BkT
ρq0

(2)

where q0 is the heat of transformation, ρ is the density, k is

the Boltzmann constant.

Elementary transformation volumes were calculated us-

ing (1) and (2) for each of the PT-1 stages in the n-alkanes

addressed in terms of the DPT theory in heating and, or the

first time, in cooling. Elementary transformation volumes

at the first PT-1 stage are of utmost interest because it is

here where solid-phase transition is initiated. Nanonuclei

volumes at the first stage also appeared to demonstrate

general dependence on parity n, but differ in heating and
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Figure 4. Dependence of the temperature hysteresis on the chain

length in the homologous series of n-alkanes.

cooling: ω ∼ 110 nm3 in odd n-alkanes and ω ∼ 240 nm3

in even n-alkanes in heating (Figure 5, a); while in cooling

ω ∼ 120 nm3 in odd n-alkanes and ω ∼ 560 nm3 in even

n-alkanes (Figure 5, b).

At the second stage, considerable increase in nanonuclei

volumes of odd n-alkanes takes place during heating. With

increase in n, significant linear growth from 150 to 2800 nm3

occurs as n increases (Figure 5, c), while no increase is

observed in even n-alkanes and the first and second stage

nanonuclei volumes appear to be approximately equal.

The PT-1 peaks in cooling in even n-alkanes is very

narrow, resembling δ-function, however, it is still analyzable

in terms of the DPT theory and one stage may be

distinguished reliably. At the same time, the heat capacity

peak shape in short odd n-alkane (n = 17, 19) is broadened
and adequately symmetric, and, therefore, one 3-shaped

function was chosen for description within the framework

of the theory. The second stage in heating was reliably

distinguished only for the longest odd n-alkanes (n = 21,

23, 25) (Figure 5, d).

By knowing the elementary transformation volumes, the

number of molecules included in the new phase nanonuclei

may be estimated. These estimates in heating for the first

PT-1 stage in the samples show that nanonuclei contain

quite many molecules N ∼ 150−500 depending on the

sample. However, the second stage nanonuclei contain even

more molecules that achieves N = 6000 in pentacosane. At

the first stage in heating, nanonuclei appeared to contain

∼ 2 times as many molecules (N = 300−1100 molecules)
than at this stage in heating in the corresponding n-alkanes.

Second stages in cooling were successfully distinguished

just for a few n-alkanes and in this case nanonuclei include

N ∼ 300, 2500 and 5000 molecules for n = 21, 23 and

25, respectively. In this case, correlation with the heating

process is not observed, however, as n rows, a very

significant linear growth of nanonuclei volumes is observed
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and, hence, of the number of molecules contained in them

(Figure 5, d).

Knowing the nanonuclei volumes ω, nanonuclei approx-

imate thickness may be calculated L, according to [21]
for n-alkanes L = 1.1 · ω1/3. Calculation of L for the first

stages demonstrating obvious dependence on parity gives

LHeven = 6.8 nm and LHodd = 5.3 nm in heating for even and

odd n-alkanes, respectively, and similarly LCeven = 9.1 nm

and LCodd = 5.4 nm in cooling. The lamella thickness in

n-alkanes of the given homologous series does not differ

significantly from parity, but, as n grows, varies from 2.2

to 3.4 nm.

Thus, nanonuclei thicknesses of odd n-alkanes coincide

in heating and cooling, by comparing their values with

lamella thicknesses, it can be established that nanonuclei of

odd n-alkanes cover, on average, two lamellae. Nanonuclei

thicknesses of even n-alkanes are higher in cooling than

in heating. Since change in molecule inclination occurs

in structural PT-1 in even n-alkanes, crystallographic cell

restructuring process is quite different in heating and

cooling. Nanonuclei of even n-alkanes cover two to three

lamellae in heating and three to four lamellae in cooling.

3. Conclusion

Analysis of DSC curves performed herein has shown

a considerable dependence of thermodynamic parameters

of PT-1 on symmetry of n-alkane molecules, while PT-2

parameters did not show such dependence. Examination

of development kinetics of heterogeneous PT-1 at the

nanolevel using the DPT theory has made it possible to

calculate elementary transformation volumes and to identify

their dependence on the symmetry of n-alkane molecule.

Apparently large nanonuclei volumes in even n-alkanes

(∼ 2 times greater) are probably explained by more dense

cross packaging of molecules in triclinic symmetry crystal-

lographic cells and by more dense packaging of methyl-

end groups and, accordingly, by stronger bonds between

adjacent lamellae.

The study shows for the first time that the parity effect in

the homologous series of n-alkanes caused by the difference

in molecule symmetry is in different behavior of several pa-

rameters simultaneously such as first-order phase transition

temperature, PT-1 temperature hysteresis and elementary

transformation volumes of the heterogeneous PT-1. Thus,

the parity effect is exhibited not only in the difference of

generally observed microscopic PT-1 parameters, but also

at the nanolevel, in features of structural transformations of

molecular packaging in n-alkanes.
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