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Abstract—We analyze the dependency of melting points of molecular crystals with different chain lengths on
the crystal habit of elementary volume for the first-order phase transition. We demonstrate that molecular
crystals with identical chemical structure of their cores—unbranched alkanes CH3(CH2)nCH3, diols
HOC(CH2)nCOH, unbranched aliphatic alcohols CH3(CH2)nCOH, saturated carboxylic acids
CH3(CH2)nCOOH, and dicarboxylic acids HOOC(CH2)nCOOH—lose their identity and individual proper-
ties and evolve toward polyethylene as the number of repeating –CH2– groups increases.
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This study is the next in a series of works in which
we have been investigating the effects different end-
groups have on the structure and properties of long-
chain molecular crystals (LCMCs). Owing to their
monodespersity and a lack of chemical defects, the
LCMCs are suitable model compounds for studying
such arguable questions as the effects the chain length
and type of end-groups have on the evolution of struc-
ture during crystallization and structural transforma-
tions at phase transitions. Studying the differences
between LCMCs and ordinary polydisperse polymers
with chemical defects is of particular importance in
establishing generalized quantitative structure–prop-
erties relationships.

In our earlier works, we provided quantitative anal-
yses of the phase transitions in homologous series of
long-chain alkanes [1, 2], n-alcohols [3], alkane diols
[4–7], mono- and dicarboxylic acids [8, 9]. The
supramolecular structures of these LCMCs consist of
nanocrystalline plates (lamellae) that are few nm
thick, values comparable to the chain lengths, and
have ordered three-dimensional cores of aligned CH2
groups, with the plate’s surface layers being consti-
tuted of different end-groups (e.g., –CH3, –OH, and
–COOH).

Since repeating methylene groups (–CH2–) form
the cores of LCMCs, these compounds can be ordered
in a series in terms of the strength of interactions
between the end-groups (from weaker to stronger),
starting from compounds exhibiting van der Waals
interactions (–CH3 groups of alkanes and alcohols)
and ending with members exhibiting specific interac-
tions to form hydrogen bonds (–COH groups of alco-

hols and diols and –COOH groups of carboxylic
acids). Hydroxyl end-groups cover the basal planes of
lamellar crystals to form double layers and extended
“polymer” chains of hydrogen bonds. This results in
considerable surface energy on the end side of such
crystals, and, consequently, in alteration of their ther-
modynamic properties including the melting point. At
the same time, with the growing number of repeating
–CH2– groups in the core of lamellar crystals, the
crystals tend to lose their identity and their individual
properties evolve toward those of polymethylene,
since the energy of crystal bulk, which consists of
cohesive interactions between methylene trans-chains
in the crystalline cores of lamellae and is proportional
to their length, increases, while the surface energy
component of the indicated LCMCs remains
unchanged.

The variation of melting point Tm, one of the ther-
modynamic characteristics of LCMCs, with n is
shown in Fig 1. These are differential scanning calo-
rimetry data for the whole set of different LCMCs with
varying number of repeating –CH2– groups in their
molecules. Two immediate conclusions can be drawn
from these data: (1) an increase in the free energy of
the end side results in elevated melting points for
lamellar crystals with the same n, especially for n ≤ 20;
and (2) Tm increases with n in a nonlinear manner.

The nonlinear dependency of Tm can be explained
by a size effect, which manifests for sufficiently small
particles, and nanoscopic lamella of LCMCs can be
attributed to this category. The differences in the phase
states of small particles are dictated by various “inter-
nal” causes that are in certain relation to one another
1458
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Fig. 1. Melting point Tm as a function of the number n of
methlene groups –CH– for various LCMCs: (1) alkanes,
(2) alcohols, (3) carboxylic acids, (4) diols, and (5) dicar-
boxylic acids.
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[10–12]. The size effect in particular manifests as a
shift in the phase transition temperature including the
melting point. The temperature shift ΔT depends on a
number of different factors and the general expression
for it reads: ΔT/T0 = γK/ΔHρR, where γ is the surface
free energy; ρ, the crystal density; ΔH, the enthalpy of
phase transition; R, the characteristic size of a small
particle or the thickness of a thin film; K is shape fac-
tor; and T = T0 – Tm, with T0 and Tm being the phase
transition temperatures for the material in question in
its bulk form and in the form of small particles.

This general expression, as applied to a LCMC,
takes the form:

(1)
where L is the thickness of lamella, and more specifi-
cally L = 0.1273n, with n being the number of carbon
atoms in the chain. The factor 0.1273 (in nm) is the
projection of a C–C bond on the axis of the consid-
ered molecule; and A is a parameter that accounts for
the surface free energy, the density of lamella’s crystal-
line core, and the phase transition enthalpy. Because
the cores of molecular crystals are built from chains of
identical methylene groups (–CH2–), the two latter
parameters, to the first approximation, can be taken as
general ones and independent of n for the whole set of
LCMCs considered in this work.

The experimental melting points for the different
molecular crystals are in a satisfactory agreement with
Eq. (1), as can be appreciated from Fig. 1. In so doing,
the parameter A took the following values: 0.95 for
dicarboxylic acids, 2.25 for diols, 4.15 for monocar-
boxylic acids, 4.68 for alcohols, and 7.3 for alkanes.
These values for A show us that contrary to the
expected increase in the surface free energy with pro-
gressively more intensive interaction between the end-

= −414.5(1 / ),mT A L
PHYSICS OF THE SOLID STATE  Vol. 60  No. 7  2018
groups, as Eq. (1) suggests—when the energy of inter-
action grows from van der Waals forces to specific
interactions that give rise to different types of hydro-
gen bonding—we observe seemingly lower surface free
energies for molecular crystals of comparable lengths.
This conclusion is in line with the assumption that
lamellae are the structural units of molecular crystals.
If, however, the lamellae overlay preserving the long-
distance crystallographic ordering in the crystal and
thus giving thicker effective crystals, the effect under
discussion can be rationalized by mismatch of the
thickness L of a singular lamella as used in Eq. (1) for
calculating the curves shown in Fig. 1 and the actual
(effective) thickness L*, which exceeds L several times.

To establish the relation between the parameters L
and L*, we must consider the energetics of phase tran-
sition and the balance between the surface energy and
volume energies during nucleation of a new phase.

This has actually been accomplished earlier in a
study in which the shapes of peaks on the thermal con-
ductivity profile of the first-order solid–solid (struc-
tural) phase transition were analyzed using differential
scanning calorimetry [13]. Quantitative treatment of
the peak shapes was performed within the theory of
smeared phase transitions enabling us to determine the
volumes of heterogeneous nanonuclei of the new
phase Ω that originate as a result of f luctuations at
defects in the parental phase and that are responsible
for advancement of the interface during the phase
transition [14, 15]. It was shown that the crystal habit
of LCMCs varied from nanoprisms (for n-alkanes) to
nanofibrils consisting of stacks of 6–7 lamellae (for
dicarboxylic acids), depending on the ratio of the sur-
face free energy of the lateral sides to that of the end
sides of crystals. This effect is caused by the character-
istic symmetry of packing of molecules in lamellae and
these lamellae in stacks, in addition to the formation of
dimer hydrogen bonds between adjacent lamellae [13].
The actual thickness of a single lamella was found to
be in line with the formula

(2)
where Ek1 and Ekn are the cohesion energies for the
methylene groups and end-groups, respectively. Here
we used the values for cohesive energies as quoted in
work [16]: Ek1 = 3.6 kJ/mol for contributions from
CH2 groups, Ek2 = 4.14 kJ/mol for CH3 groups, Ek3 =
13.4 kJ/mol for hydrogen bonding involving COH
groups, and Ek4 = 26.8 kJ/mol for dimer hydrogen
bonding in COOH groups. Taking the smallest of
these values as unity for the surface energy of an
alkane, we obtained the following ascending series for
L*: alkanes (  = 1), alcohols (  > 1.5), carboxylic
acids (  > 1.7), diols (  > 3.0), and dicarboxylic
acids (  > 6.9).

Shown in Fig. 2 are the variations of melting points
Tm with the number n of repeating –CH2– groups in
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Fig. 2. Melting point Tm as a function of the number n of
methylene groups –CH– in lamellae having effective
thickness  for various long-chain LCMCs (designa-
tions for symbols are the same as in Fig. 1).
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Fig. 3. Melting point Tm as a function of lamella thickness
for polyethylene (6; data from [19]) and LCMCs (designa-
tions for other symbols are the same as in Fig. 1).
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lamellae with effective thickness  for all the
LCMCs considered in this study. As can be seen from
the figure, the experimental data accurately fall on a
single curve Tm(n) that was obtained using Eq. (1) for
alkanes. This means that the function Tm = f(n) for
which the balance between the internal and surface
energies of crystalline lamellae was accounted for
embraces LCMCs with different chemical structures.

As was noted above, with increasing number of
repeating –CH2– groups, the LCMCs tend to lose
their identity and their individual properties evolve
toward those of polymethylene. The Thomson–Gibbs
equation [17, 18], which is similar to Eq. (1), is com-
monly used in studies on melting and crystallization of
polymer crystals with lamellar structure, in particular,
polyethylene and polymethylene:

(3)
The thickness of lamella L0, free surface energy at

the end side (γ), enthalpy ΔH0, and the melting point
T0 of an infinite crystal at equilibrium are used as size-
determining parameters. For polyethylene ΔH0 =
290 J/g and T0 = 414.5 K [19]. For lamellae having
rather large cross section sizes, the surface free energy
of the lateral side can be neglected because the surface
of the end side is considerably larger than that of the
lateral side. Because LCMCs bear the features of both
small particles that are subject to the phase size effect
and “polymer” lamellar supramolecular structures
with nanoscopic thicknesses of the constituent lamel-
lae, the correct application of the Thomson–Gibbs
equation to molecular crystals requires, in addition to
the surface free energy being accounted for, estimating
the actual thicknesses L* of effective macrocrystals,
the stacks of lamellae.
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The melting points of polyethylene crystals with
lamellar structure were studied in work [19] for a broad
range of different types of samples: some lacked orien-
tation, while others were obtained by crystallization
from a melt or a solution. These data, in the form of a
Tm vs. reciprocal lamella thickness are plotted in
Fig. 3. We can see that the experimental data fall on a
straight line Tm = 414.2[1 – 6.27/L0] ± 0.8 K. Extrap-
olation of this line gives Tm = 414.2 K, which is the
equilibrium melting point for crystals consisting of
stretched chains of high molecular weight polyeth-
ylene.

The same figure shows the Tm data for the LCMCs
plotted vs. reciprocal thickness . These data cover
considerably broader range of sizes of lamellar forma-
tions. It can be seen that the data points fall fairly well
on the straight line that describes the lemallar struc-
ture of polyethylene. The greatest deviations from the
straight line are observed for the LCMCs with the
shortest chain lengths, including dicarboxylic acids.

These deviations seem to be related to breaking of
intermolecular van der Waals forces among –CH2–
groups in short chains at temperatures below Tm. This
effect can be caused by end-groups (e.g., –CH3,
‒OH, and –COOH) that create significant steric hin-
drances for ordered packing of methylene groups
inside of lamellae thus giving rise to a peculiar, dis-
torted layered structure. In this case, crystallization
and re-establishment of van der Waals forces between
the methylene groups either occurs at lower tempera-
tures or it does takes place at all. The crystalline cores
of these lamellae exist in a mesophase state, similar to
liquid crystals [3, 8, 9].

As can be seen from Eq. (2), L* grows when Ek1
decreases, and at the same time the data points in
Fig. 3 that deviated from the interpolating line must
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now fall closer to it. In this case, additional experi-
mental data on the enthalpy of solid–solid phase tran-
sition that precedes melting are necessary to obtain a
more accurate estimate of the decrease in Ek1 and to
calculate L*.

In summary, we note that the discussed effect—
generation, in small particles, of intermediate phase
states that are not observed typically in corresponding
bulk materials—enabled us to point to a similarity
between LCMCs and high molecular weight poly-
mers. Due to the presence of the first-order solid–
solid (structural) phase transition in the LCMCs as a
component of the melting process, we will be able to
analyze the kinetics of new phase nucleation during
melting and to study the interface expansion.
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