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The influence of the thermal expansion on heat transfer processes has been considered in ori-
entationally ordered molecular crystals. A modified method of reduced coordinates was used to
separate phonon–phonon and phonon-rotational contributions to the total thermal resistance in
isobaric and isochoric cases. It was shown that a discrepancy between temperature dependences of
the isobaric (Λp) and isochoric (Λv) thermal conductivity is mainly governed by the intensity of a
phonon–phonon interaction because the phonon-rotational component of thermal resistance weakly
depends on thermal expansion.
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I. INTRODUCTION

It is commonly supposed that in high-temperature
region, at T ≥ ΘD (ΘD is the Debye temperature),
the lattice thermal conductivity of dielectric crystals
should be inversely proportional to temperature: Λ ∝

1/T [1]. For the 1/T -dependence to be valid, it is nec-
essary that the crystal volume remain constant; oth-
erwise, vibrational modes would change, which would
result in a different temperature dependence of ther-
mal conductivity. The results of numerous experimen-
tal studies of thermal conductivity demonstrate consid-
erable deviations from the above dependence [2–7]. In
particular, the high-temperature thermal conductivity of
orientationally-ordered (OO) molecular crystals decreas-
es with temperature growth by the dependence Λ ∝ T−n,
where n < 1 — in the isochoric case, and 1 < n < 2 —
at constant pressure. In OO phases of molecular crys-
tals, the distinctions between Λv, and Λp, are associated
mainly with the thermal expansion effects.

In the present study, an attempt has been made to find
a thermal expansion effect on heat transfer processes in
OO molecular crystals.

II. RESULTS AND DISCUSSION

Molecular crystals in comparison with atomic sub-
stances are characterized by both translational and ori-
entational degrees of freedom. Depending on a specific
substance and temperature, the character of orientation-
al molecular motion can vary from low-frequency libra-
tions to a nearly free rotation. Such features of the orien-
tational subsystem manifest themselves in thermal prop-
erties of molecular crystals. It was shown earlier that the

change-over of molecular motion to a weakly hindered
rotation in the OO phases of molecular crystals is accom-
panied by an increase of isochoric thermal conductivity
[2]. The transition to a weakly hindered rotation can oc-
cur in crystals formed from highly symmetric molecules
with a low-energy barrier hampering rotation. As for the
crystals formed from low-symmetry molecules, the non-
central interaction forces are considerable, and the ori-
entational order in such crystals is conserved, as a rule,
even to melting temperature. In particular, according to
the structural data [8,9], the solid CHCl3, CH2Cl2, and
CF2Cl2 remain to be orientationally ordered (the corre-
sponding reorientation frequencies do not exceed 104s−1)
until the relevant melting temperature is reached.

An important feature of simple molecular crystals is
that in condensed phases the intramolecular frequencies
(of about 1000 cm−1) exceed by an order of magnitude
the intermolecular ones (of below 100 cm−1), so they
can be treated independently. Therefore, from the view-
point of how different forms of molecular thermal motion
affect the heat transfer processes, the translational and
rotational molecular motion must be taken into account.
In the general case, translational and orientational vi-
brations are not independent of one another, and prop-
agate through molecular crystals in the form of coupled
translational-orientational modes. A direct separation of
the contributions by translational and rotational modes
to thermal conductivity is rather an involved problem.
Therefore, a simplified approach, where the translation-
al and orientational subsystems are considered indepen-
dently, is often used in practice. In so doing, it is suggest-
ed that translational-orientational interaction results in
a renormalization of the dispersion law. In this approx-
imation, orientational vibrations of molecules induce an
additional thermal resistance [1].
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Substances Tmol, K Vmol, cm3/mole µ, g/mole σ, 10−8cm Wmol, m · K/W

Kr 209.4 92.01 83.8 5.34 8.06

Xe 289.7 119.4 131.3 5.83 10.01

CHCl3 536.6 238.8 119.39 7.34 10.9

CH2Cl2 510 181.1 81.9 6.69 8.16

CF2Cl2 384.6 218 120.9 7.13 12.7

Table 1. Reduction parameters used at calculations.

Discrepancies in the behaviour of temperature depen-
dences of Λp and Λv are connected with thermal expan-
sion of specimens under investigation in the isobaric case.
To estimate the influence of thermal expansion on the
heat transfer in the OO phases of molecular crystals, in
the present investigation we have undertaken to separate
the phonon–phonon and phonon-rotation contributions
to the total thermal resistance of solid CHCl3, CH2Cl2,
and CF2Cl2, in both the isobaric and isochoric cases.
Here, it was assumed that the heat is transferred main-
ly by translational vibrations, irrespective of the degree
of orientational ordering, since in orientationally-ordered
phases the role of librations in heat transfer turns out to
be insignificant on account of a small dispersion of libra-
tional branches.

Under the assumption that the contributions of
phonon–phonon Wpp and phonon-rotation Wpr interac-
tions to the total thermal resistance 1/Λ = W are ad-
ditive, we separate the phonon-rotation component. For
calculations, we used a modified method of reduced coor-
dinates [2]. It is important to note that, in this case, there
is no need to resort to some approximation model or oth-
er. Suggesting that the total thermal resistance W of OO
molecular crystals is the sum of the phonon–phonon Wpp

and phonon-rotational Wpr contributions and that in the
reduced coordinates (W ∗

= W/Wmol, T ∗
= T/Tmol) the

component due to the phonon–phonon scattering, is the
same as in rare gas solids [10] at equal values of the re-
duced volume V ∗ = V/Vmol, one can extract the phonon–
phonon Wpp, and phonon-rotational Wpr, components of
thermal resistance. As a rule, the reduction parameters
are Tmol = ε/kB, Λmol = kB/σ2

√

ε/µ, and Vmol = Nσ3,
where σ and ε are the parameters of Lennard–Jones po-
tential, µ is the molar weight, and N is the total number
of particles.

Here, as the reducing parameters Tmol and Vmol we
used the values of the temperatures Tcr and molar vol-
umes Vcr of CHCl3, CH2Cl2, and CF2Cl2 and solidified
inert gases Kr and Xe at their critical points [11] (see Ta-
ble 1). The choice of the given parameters is explained by
the fact that, in the case of simple molecular substances,
the critical parameters Tcr and Vcr are proportional to ε
and σ3, respectively. However, the accuracy of determi-
nation is much higher for the critical parameters than for
the parameters of a binomial potential. We note that the
quantities σ and ε depend essentially on the choice of a
binomial potential and the method used to determine it.
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Fig. 1. Phonon-phonon Wpp and phonon-rotational Wpr

components of the total thermal resistance W of solid
a) CHCl3, b) CH2Cl2, and c) CF2Cl2, calculated for the iso-
choric and isobaric cases. d) Temperature dependences of the
ratio Wpp/Wpr.
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The results of calculations are presented in Fig. 1. Note
that the phonon–phonon component of the thermal re-
sistance is practically independent (within the limits of
2–3%) of the choice of rare gas used for comparison. The
needed for calculation values of isobaric thermal resis-
tance Wp = 1/Λp and thermal resistance Wv = 1/Λv of
solid CHCl3, CH2Cl2, and CF2Cl2, at constant volumes
59.5 cm3/mole, 47.11 cm3/mole, and 59.1 cm3/mole, re-
spectively, (which are occupied by the samples of sub-
stances at 80 K), were taken from [12–14].

As temperature grows the components of the total
thermal resistance increase, irrespective of experimental
conditions. For all the investigated substances, the val-
ues of the phonon–phonon, W pp

p , components of the total
thermal resistance at constant pressure exceed the corre-
sponding isochoric values W pp

v . At pre-melting tempera-
tures, the ratio between the W pp

p and W pp
v contributions

is 1.53 for CHCl3, 1.45 for CH2Cl2 and 1.29 for CF2Cl2.
At constant density, contribution of phonon-rotational
components W pr

v differ little in values, as compared with
the isobaric case W pr

p . The ratio of W pr
v to W pr

p is practi-
cally equal to 1 (within ±0.07), and independent of sub-
stances. This is in good agreement with the data cited
in [8,9] indicating a high degree of orientational ordering
in solid CHCl3, CH2Cl2, and CF2Cl2 at the investigated
temperatures.

The processes of phonon–phonon scattering in sol-
id CHCl3, CH2Cl2 are a dominant source of thermal
resistance. The additional contribution of a phonon-
rotational component to the total thermal resistance of
solid CHCl3, CH2Cl2 increases with temperature, and
averages between 70% and 40% of a phonon–phonon
component, at constant pressure. In solid CF2Cl2, the
contributions of phonon-rotational and phonon–phonon
interaction to the total thermal resistance are slightly
(within the 20%-limits) different by value from each oth-
er, in both isochoric and isobaric cases.

In Fig. 1(d), the ratios between phonon–phonon Wpp

and phonon-rotational Wpr contributions to the total
thermal resistance of solid CHCl3, CH2Cl2, and CF2Cl2
are shown. In all instances, the general tendency of the
ratio Wpp/Wpr is observed. In particular, both at con-
stant pressure and constant volume, the ratio Wpp/Wpr

increases with temperature growth, which testifies that
the growth of the phonon–phonon contribution to the
total thermal resistance exceeds that of the phonon-
rotational one. In the isobaric case, this excess is more
substantial owing to thermal expansion. For instance, at
constant pressure, the additional contribution associated
with phonon-rotational interaction to the thermal resis-
tance of solid CHCl3 amounts to 70% of the phonon–
phonon component at 80 K, and to about 40% at pre-
melting temperatures. In the isochoric case, those values
comprise 70% and 60%, respectively.

III. CONCLUSIONS

On the basis of these studies it seems justified to con-
clude that in OO molecular crystals:
1. Discrepancies in behaviour of the temperature depen-
dences of Λp and Λv are mainly governed by the in-
tensity of phonon–phonon interaction, because phonon-
rotational components depend on thermal expansion
weakly.
2. In comparison with the isochoric case, the influence
of thermal expansion is implemented as a more rapid
growth of a phonon–phonon contribution to the total
thermal resistance.
3. The temperature growth is accompanied by an in-
crease in the ratio between a phonon–phonon and
phonon-rotational component of total thermal resis-
tance. In this case, thermal expansion causes a more sub-
stantial increase of the Wpp/Wpr.
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ВПЛИВ ТЕПЛОВОГО РОЗШИРЕННЯ НА ПРОЦЕСИ ПЕРЕНОСУ ТЕПЛА
В ОРIЄНТАЦIЙНО-УПОРЯДКОВАНИХ МОЛЕКУЛЯРНИХ КРИСТАЛАХ
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Дослiджено вплив теплового розширення на процеси переносу тепла в орiєнтацiйно-упорядкованих мо-

лекулярних кристалах. Для видiлення внескiв фонон-фононного та фонон-ротацiйного розсiяння в повний

тепловий опiр при iзобарних та iзохорних умовах використано модифiкований метод приведених координат.

Показано, що вiдмiнностi в температурних залежностях iзобарної (Λp) та iзохорної (Λv) теплопровiднос-

тi визначаються, головно, iнтенсивнiстю фонон-фононної взаємодiї, оскiльки фонон-ротацiйна компонента

теплового опору майже не залежить вiд теплового розширення.
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