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The isochoric thermal conductivity of solid propane C;Hg has been investigated on three samples of differ-
ent densities in the temperature interval from 50 K to the onset of melting. In all the cases the isochoric thermal
conductivity exhibits dependences that are weaker than Aocl/7. The results obtained are compared with those
for other representatives of n-alkanes. The experimental data are discussed within a model in which the heat is
transported by low-frequency phonons and by «diffusive» modes above the phonon mobility edge.

PACS: 66.70.—f Nonelectronic thermal conduction and heat-pulse propagation in solids; thermal waves;

63.20. K- Phonon interactions.
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Normal alkanes C,H,,,.+, form a class of substances tak-
ing an intermediate, transitional position between simple
molecular solids and long-chain polymers which attracts
considerable interest. The n-alkanes have a deceptively
simple composition and a molecular packing in the solid
state: the lamellae of molecules are aligned as chains paral-
lel to one another and nearly perpendicular to the lamella
plane. Yet, despite this seeming simplicity, they show an
extraordinary variety of dynamical behavior both in the
solid and liquid states. There is an intriguing «odd-even»
effect alternating the orthorhombic versus triclinic unit
cells between the adjacent members of the series as well as
the presence or absence of premelting rotator phases.
Glassy crystalline «rotator phases» with a hexagonal sym-
metry are found below the melting points of the odd-num-
bered n-alkanes starting with n = 9. The difference be-
tween the phase transition and melting points increases
with the chain length. The hexagonal modifications are
also observed for the even-numbered n-alkanes starting
with n =22 [1,2]. The nature of the molecular disorder in
the «rotator phases» of n-alkanes is not fully clear. Besides
the more or less hindered rotation of the molecules about
the long axes other additional forms of disorder have been
discussed [3]. The melting point alternation is another
well-known phenomenon in n-alkanes; that is, the
even-numbered members of series melt at a relatively
higher temperature than the odd-numbered members [1].
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The short-chain (n < 6) n-alkanes are the least known
members of the series. Previously, we studied the isochoric
thermal conductivity of methane [4] and ethane [5]. Here
we explore studies of the heat transfer in saturated hydro-
carbons further. The isochoric thermal conductivity of
solid propane C;Hg was studied on samples of different
densities in the temperature interval from 50 K to the onset
of melting. Constant-volume investigations are possible
for molecular solids having comparatively high compress-
ibility coefficients. Using a high pressure cell, it is possible
to grow samples of sufficient density which can be cooled
then with practically invariable volume whereas the pres-
sure in the cell decreases. As samples of moderate densities
are cooled the pressure in the sell drops to zero at a certain
characteristic temperature 7y and the isochoric condition is
then broken. On further cooling, the sample can separate
from the walls of the cell or its continuity can be disturbed.
In constant-volume experiments melting and solid-solid
phase transitions occur in a certain temperature interval,
and their onset shifts towards higher temperatures as the
density of the samples increases.

The reported measurements were made by a stationary
method on a coaxial geometry device [6]. The samples
were grown at pressures from 40 MPa to 120 MPa at the
temperature gradient along the measuring cell being
about 1.5 K/cm. When the growth was completed, the
capillary was blocked by freezing it with liquid hydrogen,
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and the samples were annealed for one to two hours at
~80 K to remove the density gradients. After the measure-
ments, the samples were evaporated into a thin-walled ves-
sel and their masses were measured by weighing. The mo-
lar volumes of the samples were found from the known
volume of the measuring cell and the sample masses. The
purity of C3Hg was no worse than 99.85%.

The melting point of propane is the lowest among n-al-
kanes (7}, = 85.45 K) the melting entropy being AS/R =
=4.96 [7]. According to heat capacity data [7], there are no
phase transitions in the interval 13—85 K. The potential
barrier for internal rotation (rotation of the methyl groups
about the Cs-axis) is 13.8 kJ/mole [8,9]. In more recent
studies of the triple point of propane, two solid phases
were detected, one stable, the other metastable [10]. The
triple-point temperature of the stable solid is (85.520 +
+ 0.003) K and the enthalpy of fusion is (3.50 £ 0.025)
kJ/mole. The metastable phase reaches the triple-point
temperature at (81.226 = 0.003) K and its enthalpy of fu-
sion is (2.4 + 0.3) kJ/mole. On freezing below 79.6 K, the
stable phase is only observed, the transition between the
two solid phases occurs in the range 79.6 to 81.2 K; the
enthalpy of the metastable — stable transition is (0.70 +
1 0.03) kJ/mole. As soon as the stable phase is formed, it is
almost impossible to obtain the metasable form again from
the remelted liquid without returning to room temperature.

The crystal structure of propane (P2/n, Z=4) was de-
termined at 30 K by the x-ray technique [1]. It consist of
layers of molecules in successive (101) planes. The adja-
cent layers are at a typical close-packing separation of
3.60 A. The layers in the structure of propane are not per-
fectly flat, they are slightly corrugated because the
molecular plane is slightly inclined (10°) with respect to
the layer plane. One may expect that the rotation about the
long axis in n-alkanes is accompanied by a translation
along the axis [2].

The experimental results are shown in Fig. 1 (solid
lines are smoothed thermal conductivity values of the
solid phase). The isochoric thermal conductivity of the
three samples decreases with rising temperature by the
law weaker than Aoc1/7T, has a bend and then decreases
more rapidly. The bend can be associated with the onset
of the sample melting. Two phases solid and liquid coex-
ist above it; the amount of the liquid phase increases with
temperature. The thermal conductivity of liquid propane
at atmosphere pressure is shown at the bottom right ac-
cording to data [11]. Arrows mark the onset of the con-
stant-volume condition (7)) and the onset of the sample
melting (7). We consider that the probability of the for-
mation of the metastable phase at premelting tempera-
tures is insignificant in our experiment (see [10]). The
thermal conductivities of samples grown under the same
conditions (pressure, time and temperature gradient along
the measuring cell) coincide within the experimental er-
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Fig. 1. The isochoric thermal conductivity of three solid pro-
pane samples (C3;Hg) of different densities: No 1 (A), No 2 (@),
No 3 (M) (see also Table 1). Solid lines show smoothed values of
isochoric thermal conductivity. The thermal conductivity of lig-
uid propane at the atmospheric pressure is shown at the bottom
right according to data [11]. Arrows mark the onset of the experi-
mental condition V"= const and the onset of the sample melting.

ror, thus suggesting that the samples were fine-dispersed
(one can expect of significant anisotropy of the thermal
conductivity along and across of lamella plane).

The molar volumes of the samples V,,, the tempera-
tures 7|y (onset of V' = const condition) and 7, (onset of
melting) are also shown in Table 1. The Bridgman coeffi-
cient g=—(0InA/0InV)7 calculated from the experi-
mental data is 7.5 £ 0.8 at 7= 85 K. Monotonic decrease
of thermal conductivity was also observed in the solid
odd-numbered n-alkanes ranging from CoH,( to CigHyg
[12] and in the low temperature phase of ethane [5]. An
important feature of the odd-numbered n-alkanes exhibit-
ing a plastic crystal phase is a considerable jump in the
thermal conductivity at the liquid—plastic phase transi-
tion and the subsequent transition from the plastic to the
ordered phase [12]. The total jump AA/A; between liquid
and ordered phase is 120-130% for the odd-numbered
n-alkanes (n = 9-19) and 110% for propane. It is much
larger than for the globular-shaped molecules [13], in par-
ticular, AA/A; is only 20-30% for methane and ethane
[4,5]. This may correlate with the much higher degree of
orientational ordering in solid chain-shaped n-alkanes in
contrast to solids formed by the globular-shaped mole-
cules. We estimated the molar volume of solid propane to
be 58.1 cm®/mole at the triple-point temperature. Stewart
and Rock have a lower value 57.8 cm>/mole at 77 K [14].
The molar volume of the liquid propane is 60.1 cm’/mole
at the triple-point temperature [11]. Thus the change in
the volume during melting is near 3.5%, which is the low-
est value obtained for n-alkanes [15].
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Table 1. Molar volumes ¥, of samples, temperatures 7, of the on-
set of experimental condition 7= const and temperatures T, of the
onset of melting

Number of sample Vs cm3/mole Ty, K T,,K
1 56.4 59 102
2 57.0 67 94
3 57.6 76 88

As was shown earlier, the deviations of the isochoric
thermal conductivity from the dependence Aoc1/T in the
orientationaly — ordered phases of molecular crystals
can be explained proceeding from the concept of «lower
limit to thermal conductivity» [16,17]. In this case the
thermal conductivity can be calculated using a model in
which heat is transported by low-frequency phonons or
by «diffusive» modes above the mobility edge. Let us ex-
press the thermal conductivity as

30p/T
x*e*

A(T)=3nsz{®TJ J.l(x)idx, (1)
0

D (e* -1)?

where © p, =v(h/2nkp )(6n2n)1/3, n is the number of
atoms (molecules) per unit volume, v is the sound velo-
city averaged over polarizations, and /(x) is the mean free
path of the phonons. For 7 > ®@p the mean free path is
governed mainly by the umklapp processes:

1 h%?
(x)=———-, 2
D =er g )

where C is a coefficient. Since the mean free path of the
phonons cannot be shorter than the half wavelength /(x) =
= aM/2, where a ~1, the «diffusivity edge» O« is

O+ =2hv/ak zCT. 3)

«Diffusive» refers to the modes whose mean free path is
oM/2. We assume that @« < O, otherwise O« = @p. The
integral of the thermal conductivity can be decomposed
into two parts, describing the contribution to the thermal
conductivity from the low — frequency phonons and the
high — frequency «diffusive» modes:

A= App + Agir» 4)
3| Ox/T 4
T x"e*
Aph(T):3”kBU(®DJ J l(x)'rl)zdx > (5)
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(6)
A computer least-squares fit with smoothed values of the
thermal conductivity was performed for the most dense
sample with V,, =56.4 cm?/mole. Unfortunately, there are
no data about the sound velocity in solid propane. There-
fore, three parameters C, v and o were varied. The best
agreement with experiment was obtained for C = 1.1-107°
cm/K, v = 1.95-10° cm/s, and o = 2.84. For comparison,
the sound velocity in liquid propane is 2.17-10° cm/s at
85.5 K [11]. The coefficients C and o are close to values
observed in the other orientationally ordered phases of
molecular crystals [17].

Figure 2 shows the smoothed values of the measured
thermal conductivity, the fitted curve and the contribu-
tions of the low — frequency phonons A}, and the «diffu-
sive» modes Ay;rcalculated by Eqgs. (4)—(6). It is seen that
the «diffusive» behavior of the vibrational modes begins
manifest itself above 40 K, at 7> 90 K the heat is trans-
ported mainly by the «diffusive» modes.
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Fig. 2. The smoothed values of the measured thermal conduc-
tivity for C3Hg, the fitted curve and the contributions of the
low-frequency phonons Ay, and the «diffusive» modes Ag;p
calculated by Eqgs. (4)—(6).
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