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The results of the numerical analysis of the thermodynamic
parameters of solid benzene are presented. The calculations of the
temperature dependence of the isochoric heat conductivity of solid
benzene have been carried out with the help of various methods.
The influence of thermal pressure on elastic properties and the
isochoric heat conductivity has been studied. Possible reasons of
the exceeding of the isochoric heat conductivity of benzene over
the classical law 1/T are described within the framework of the
phonon concept.

The results of the researches of the thermal properties
of molecular crystals point out some their features
which go beyond the framework of traditional ideas
about thermal processes taking place in dielectric
crystals [1-6]. The available theoretical models [7-9]
were created mainly on the basis of researches of the
simplest crystal structures, atomic crystals. Therefore,
the features typical of molecular crystals were not
taken into account in them. In particular, the question
is about the orientational motion of molecules. In
this connection, the necessity to carry out researches
of the thermal properties of molecular crystals more
systematically has arisen, with the obtained results being
applied in future to check and develop the existing
theoretical models of thermal processes in dielectric
crystals.

Solid benzene was selected as an object of researches.
One can note that the situation concerning the
temperature dependence of the heat conductivity of
the particular substance in the region of submelting
temperatures remains rather controversial now. For
example, an insignificant increase of the recalculated
isochoric heat conductivity Ay, as the temperature rises
in the indicated region, was observed in [10], while the
value of Ay, experimentally determined in [11], is almost
constant here. To elucidate this issue and to obtain
additional data about thermal properties, we carried out
the calculations of thermodynamic parameters of solid
benzene and made the analysis of the high-temperature
behavior of the heat conductivity in the framework of
the Callaway model and taking into account the thermal
pressure which arises in specimens during isochoric
researches.
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It has been established earlier that solid benzene
under the pressure of its own saturated vapors exists
only in a single crystal modification and has the
orthorhombic structure [12] (Fig. 1) with the space
symmetry Pye, — D1?Q [13]. The researches of the solid
benzene structure [12] testify that there is a significant
reduction of the second moment of the nuclear magnetic
resonance signal in the temperature interval of 80 —
120 K, which results from molecular reorientations in the
ring plane around the axis of the sixth order (the c-axis).
The reorientation frequency at 85 K equals 10* s~ and
considerably increases, as the temperature grows further,
reaching the values of about 10! s~! near the melting
temperature (T, = 278.5 K [14]).

The results of the neutron scattering experiments
[15] testify that the oscillation frequency of the benzene
molecule increases to some extent, as the temperature
decreases, while the oscillation amplitudes substantially
diminish at the same time. This brings us to a conclusion
that solid benzene is a crystal where, provided that
the temperature grows, the transition from librations of
molecules to their practically free rotations takes place
only in a single plane perpendicular to the c-axis.

In the general case of anisotropic solids, the
coefficient of volume thermal expansion [ can be
calculated according to the formula

f = afa) + a(b) + a(c), (1)

where a(a), a(b), and a(c) are the coefficients of linear
thermal expansion along the relevant axes. Their values
were obtained making use of the data of [13]. The
absence of phase transformations in solid benzene over
the whole interval of temperatures under investigation
allowed us to carry out their reliable extrapolation to the
melting temperature. The obtained results are presented
in Table 1 and in Fig. 2.

The temperature dependence of the Griineisen
constant was obtained with the help of the dependence

Y= BVmol/CPXSa (2)

where Xg is the adiabatic compressibility, Vi is a
molar volume of the studied specimens, Cp is the
isobaric heat capacity. The temperature dependence of
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Fig. 1. Crystalline structure of solid benzene

the molar volume Vi, (table 1) was obtained from
literary data [11,12]. The adiabatic, X g, and isothermal,
X7, compressibilities were calculated according to the
following formulae [16]:

Xs = [p (v} —4/307)] (3)
XT = BVmol/’yCV7 (4)

where the corresponding values of the heat capacities at
constant pressure, C'p, and constant volume, Cy, were
evaluated (table 2) making use of the data of [14] and
the well-known relation

Cy = Cp/(1+18T), (5)
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Fig. 2. Temperature dependences of the thermal expansion
coefficients 8, a(a), a(b), and a(c) of solid benzene

the temperature dependence of the crystal density p(T')
(Table 1) was obtained on the basis of the data for
Vinol, and Uf and ’UtP are the isobaric longitudinal and
transverse sound velocities, respectively, in the crystal.

The necessary initial data for the calculations of
isobaric sound velocities were taken from [17]. The linear
dependence of elastic constants on the temperature
allowed us, in the isobaric case, to carry out their reliable
extrapolations and calculations in the whole investigated
range of temperatures (Fig. 3). In so doing, the following
relations [18] were used:

ol = (Cn/p)'?,
vl = (Caa/p)'”. (6)

The Griineisen constant characterizes the change
of the frequency spectrum with the change of the
crystal volume. The obtained values for the Griineisen
constant (Table 2) decrease at first with the temperature
approximately up to 120 K, with such a behavior agrees

T able 1. Temperature dependences of the thermal expansion coefficients 3, a(a), a(b), a(c), the density p, the
molar volume V.1, the longitudinal and transverse sound velocities in the benzene crystal for isobaric and isochoric

cases
T, a(a) - 1074, a(b) - 104, a(c) - 1074, B-104, p-103, Vipop - 108, of, o, o/, o/,
K Kt K1 K1 Kt kg/m? m?/mole m/s m/s m/s m/s
80 — — — — 1.110 70.5 9591 6381 9591 6381
100 0.116 0.104 0.218 0.439 1.103 71.0 9402 6193 9592 6383
120 0.233 0.208 0.437 0.879 1.094 71.6 9205 6016 9593 6385
140 0.350 0.312 0.656 1.318 1.088 72.1 8983 5839 9594 6387
160 0.466 0.416 0.875 1.758 1.078 72.6 8806 5524 9597 6390
180 0.583 0.520 1.094 2.198 1.071 73.2 8539 5328 9599 6394
200 0.700 0.624 1.313 2.673 1.061 73.6 8323 5119 9603 6399
220 0.816 0.728 1.532 3.077 1.048 74.4 8114 4874 9607 6405
240 0.933 0.832 1.751 3.516 1.037 75.2 7850 4543 9611 6412
260 1.050 0.936 1.970 3.956 1.024 76.1 7629 4227 9617 6421
278 1.17 1.040 2.189 4.396 1.013 77.0 7488 4072 9622 6429
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Fig. 3. Theoretical dependences of longitudinal and transverse
sound velocities in solid benzene for the isobaric, v*, and isochoric,

vV, cases

well with the data of [12]. The latter correspond to an
untwisting of the benzene molecules in the ring plane
at temperatures of 80 — 120 K. Then the curve of the
Griineisen constant (Fig. 4) passes through a minimum
and starts to grow, similarly to what takes place for
the majority of atomic crystals. The average value of
the Griineisen constant is 1.84, being close to those
values which are observed in disordered phases of simple
molecular crystals [19] and crystals of inert gases [20].

The temperature dependence of the thermal pressure
P(T) in the isochoric case (Fig. 5) was obtained making
use of the formula [21]

(),
\%4 mol
One can see from Fig. 5 that the thermal pressure in the
isochoric specimen changes by more than a factor of 100
over the whole investigated interval of temperatures.
The value of the molar volume depends on the
temperature of the crystal growing. The obtained results
of calculations are in a good agreement with the data
of direct researches of the thermal pressure of solid
benzene [11] carried out for specimens with the molar
volume Vi1 = 75.05 cm® /mole and presented in Fig. 1
by a solid curve 1. The high-temperature values of the
Debye characteristic temperature Ops, (table 2) were
evaluated according to the formula [22]

h [47Vio [ 1 2 \1°®
E|: 9N <'UZPB+'UtPS>:| 9 (8)

6Doo =

where kg is the Boltzmann constant and N is a number
of atoms in a volume unit.

The results of researches of the heat conductivity of
equilibrium spesimens of solid benzene, which have been
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Fig. 4. Temperature dependence of the Griineisen constant in solid

benzene

carried out in [10], are shown in Fig. 6. The isobaric heat
conductivity Ap, which corresponds to a solid curve,
falls down as the temperature increases according to
the dependence Ap ~ T~'1.The values of the isochoric
heat conductivity Ay at the given temperatures were
obtained by recalculating the experimental data for the
isobaric heat conductivity Ap to the constant volume
Vinol = 70.5 ¢cm?®/mole, occupied by the sample at the
temperature of growing. The calculation was carried out
with the help of the formula [23]:

%O

Vimo (9)

Av = Ap <
where V,,,(T) is a temperature dependence of the molar
volume of a free sample, V0 is the molar volume of
the recalculated sample. The Bridgeman factor ¢ =
Oln\/OInV was accepted to equal 7.5 [11].

The temperature dependence of the benzene isobaric
heat conductivity is satisfactorily described by the
classical dependence A = B/T in the whole investigated
interval of temperatures. In the isochoric case, the

satisfactory agreement with the law 1/T is observed only
below 180 K.

T a b le 2. Temperature dependences of the Griineisen
constant ~, the high-temperature characteristic Debye
temperature ©®p.,, the theoretical and experimental
values of the heat conductivity, and the isobaric Cp and
isochoric Cy heat capacities

T,| 7 |©ODoo Atheors A, Cp, Cv,
K mW/(cm-K)|mW/(cm-K)|J/(mole-K)|J/(mole-K)
80 1.79 190 8.31 8.19 40.7 38.7
100 1.65 185 7.18 6.43 47.6 45.5
120 1.53 179 6.32 5.80 54.2 51.5
140 1.59 174 5.42 5.35 61.8 57.5
160 1.69 166 4.51 5.04 68.9 61.9
180 1.83 160 4.16 4.62 74.8 64.6
200 1.97 154 3.73 4.38 83.6 68.1
220 2.03 147 3.52 4.26 93.5 72.8
240 2.07 138 3.39 4.18 104.2 75.6
260 2.09 130 3.24 4.15 114.5 76.7
278 2.04 125 3.12 4.16 125.5 80.8
1107
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Fig. 5. Temperature dependence of the thermal pressure for the

solid benzene specimens with various molar volumes. Curve 1

corresponds to the experimental data [11]

The results of our calculations and those of the direct
researches [11] show (Fig. 6) that the value of Ay of
benzene depends on T more weakly than it is required
by the law 1/T, and at T > 200 K practically ceases
to depend on it and even starts to grow slightly. It is
important to note that this effect cannot be explained
for benzene by the influence of the rotational motion of
the molecules only because the transition of its molecules
to a practically free rotation comes to an end at 120 K,
and all this occurs only in a single plane perpendicular
to the c-axis. The experiments show [12] that the further
temperature growth does not augment the rotation
frequency of benzene molecules substantially.

It is interesting to note that the weaker than
1/T dependence of the high-temperature isochoric heat
conductivity is observed also for crystals of inert
elements [23], where the rotational degrees of freedom
are absent altogether. The deviations upwards from the
law 1/T are also typical of other molecular crystals,
which consist of asymmetric molecules [6]. Due to this
circumstance, the total orientational ordering preserves
in those systems up to the melting temperature.
Therefore, besides the influence of the orientational
disordering on the heat conductivity, one must pay
attention to other possible effects in order to explain
the exceeding above the law 1/7.

According to theoretical representations, the speed of
phonons in dielectric crystals is practically independent
of the temperature in the isochoric case and is equal to
an average sound velocity in the crystal.

At carrying out the isochoric experiment with the
temperature growth, the measuring ampoule of the
practically constant volume prevents from the thermal
expansion of the investigated speciment, which leads to
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Fig. 6. Temperature dependences of the isobaric, Ap, and isochoric,
Ay, heat conductivities of solid benzene. The circles present the
experimental values of Ap [10] and the squares the values of Ay
obtained according to Eq. (9). The solid curve corresponds to
the smoothed experimental data. The dash-dotted curve shows
the results of calculations on the basis of the Callaway method
(Atheor ~ 1/T). The dashed line shows the values of the heat
conductivity obtained according to Eq. (10). It is also shown the
limiting heat conductivity A, calculated for the isobaric case in
the framework of the Einstein model of the diffusion heat transfer
directly from atom to atom. Line I corresponds to the data of [11]
for a specimen with the molar volume V1 = 75.05 cm?®/mole

an increase of the thermal pressure [11]. It does not
exclude an opportunity to affect the thermal properties
through the growth of the sound velocity. However, now
there are no experimental data of structural researches
and measurements of the sound velocity in solid benzene
in the isochoric case.

Taking into account that the isochoric heat
conductivity exceeds the diffusion minimum of the heat
transfer in benzene by a factor of three (Fig. 6), we shall
consider the concept of phonons suitable, despite of the
exceeding of the Debye temperature in the experiment.
We use the well-known relation of the kinetic theory of
gases
A=Yz (Cyop), (10)
where ¢ is a mean free path, for the calculation of
the isochoric heat conductivity. The average speed of
phonons v at the given temperature was defined with
the help of the formula

3 1 2
U3 - 31}2/3 Utv37

(11)
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where v} and v} are the isochoric longitudinal and
transverse sound velocities in the crystal, respectively.

At isochoric researches, the crystal sample undergoes
the permanently growing pressure of the measuring
ampoule walls, because the ampoule has a practically
constant volume. This process is analogous to a uniform
squeezing with a negative sign, since the thermal
pressure, in this case, arises owing to a confinement
imposed on the thermal expansion of a polycrystalline
specimen. At such a squeezing, each unit of the crystal
surface undergoes the pressure, identical by value and
directed always normally to the surface. This is just what
corresponds to the conditions of isochoric experiment.
We use the data obtained for thermal expansions (Table
1) and thermal pressure (Fig. 5) to analyze the influence
of thermal pressure upon the isochoric heat conductivity.

It is known [24] that the stress tensor is connected
to the strain tensor at a uniform squeezing by the
relation C;; = 3Kuy, where K = —% (%)T is
the volume compressibility of the substance, and is
defined exclusively by its diagonal elements. The values
of the diagonal elements of the strain tensor were
calculated using the thermal expansion data (Table 1).
The temperature dependence of (g—g) was obtained
with the help of the data for the thermal pressure (Fig. 5)
and the molar volume of the research specimens (Table
1). Evaluating the diagonal elements of the stress tensor
according to Egs. (6), the temperature dependences
of the values of v} and v} were calculated (Fig. 3).
The results of calculations show (see table 1) that the
isochoric sound velocity, despite the substantial growth
of the thermal pressure, increases only a little, remaining
practically constant over the whole interval of studied
temperatures. The temperature dependence of the mean
free path was calculated using the experimental heat
conductivity data and making an assumption that
it has a reciprocal temperature dependence at high
temperatures. The obtained values of the isochoric
sound velocity (Table 1) and the isochoric heat capacity
(Table 2) were used to calculate, in accordance with
Eq. (10), the heat conductivity Ay taking into account
the of influence of the thermal pressure (see Fig. 6).
The curve qualitatively correctly describes the behavior
of the temperature dependence of the isochoric heat
conductivity and agrees well with the results of its direct
researches [11] without any use of fitting parameters.
The quantity Cy in Eq. (10) is the isochoric heat
capacity of the system per unit volume. Its components
may be as follows:

C1V = Ctr + C1rot + Cim (12)
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where Ci, Crot, and Cj, are the translational,
orientational, and intramolecular heat -capacities,
respectively. But it is known that for the high-
temperature region the elementary excitation of different
nature are interdependent. Therefore, the hypothesis of
the additivity of their contributions into the total heat
capacity does not work [18].

Thus, the analysis, carried out on the basis of
the results obtained for equilibrium specimens of solid
benzene and the simple dependence A = iCyul,
shows that the reason of why the isochoric heat
conductivity exceeds the law 1/T can be seeked in
the behavior of Cy as well. In this case, although the
isochoric speed of phonons also slightly increases over
the whole temperature interval (table 1), it does not
influence substantially. In this model, the mean free
path, which decreases reciprocally to the temperature,
does not cause the exceeding, though the account of
the libron scattering relaxation, which is due to the
molecule untwisting, undoubtedly will be also favorable
for an excess. However, as it has already been noted,
concerning the c-axis, it has already taken place at
temperatures about 100 K, and concerning other two
main axes, the transition to the decelerated rotation is
complicated down to the melting temperature.

To analyze the experimental data on the heat
conductivity, the Callaway method [25], which is based
on the kinetic equation in a relaxation approximation
taking into account the special role of normal processes
and the Debye model, is widely used. In Fig. 6,
the results of theoretical calculations of the heat
conductivity Atheor With the help of this method are
presented by the dash-dotted line. In accordance to the
Callaway method, the heat conductivity is determined
by the following relations:

A=A+ Ao, (13)
o= ke (B) 67/T770w46x d (14)
" ortu \h S )2
ke (ke)°
Az = 2m2v (f) %
Op/T
[ (ro/tn)zte (65 — 1) dx
x T3 G)D[/)T , (15)
1o /TNTR) Thet (et — 1) 2 da
({ (rc/ )
751 = TEI +T1§1, (16)
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' = ANT?z (1 + 1), (17)
7'1;1:751%-7'51, (18)
5= (19)
= AyT?2%e™ 7, (20)

where 7 ! is a combined relaxation time for resistive
(r5') and normal (74') processes, 75' and 7' are
relaxation times for the limiting and phonon-phonon
(the U-processes) scatterings, respectively, Ay and Ay
are numerical constants, E is the activation energy of the
U-processes, £ is a characteristic size of the crystal. Since
the influence of the phonon-rotational interaction was
not taken into account in this model, the temperature
dependence of the heat conductivity appeared close to
1/T.

The limiting heat conductivity of solid benzene,
calculated for the isobaric case in the framework of the
Einstein model of the diffusion heat transfer directly
from atom to atom [26]

Amin = (%)1/3 ks N?/%x

e,;/T

/ xz3e”
ﬁdl’

) e

is shown in the bottom of Fig. 6. The sum is
estimated taking into account three oscillation modes
(two transverse and one longitudinal) with the sound
velocities wv;, where ¢ = 1,2, and 3, ©; =
%’Ui (671'2N)1/3 is the limiting Debye frequency for
each polarization, expressed in Kelvins. It can be
feen from Fig. 6 that the experimental curve of
the heat conductivity of equilibrium specimens of
solid benzene approach the absolute minimum at
T > 220 K. But similarly to the isochoric case, it
exceeds the diffusion minimum by more that a factor
of 2.

Thus, the consideration of the exceeding effect
of the isochoric heat conductivity over the classical
dependence 1/T in the framework of the expression
of the kinetic theory of gases shows that all its three
factors make contributions to this effect. However,
the determination of the quantitative relations among
those contributions appears to be rather involved
and requires additional studies, both theoretical and
experimental. In the framework of the gas-kinetic

(21)

w(3)
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model, the main contribution to the excess over
the law 1/T was revealed to be connected to
the heat capacity growth, with the contributions
connected to the phonon-libron scattering relaxation
and the increasung of the phonon speed being
smaller.

1. Konstantinov V.A., Manzhelii V.G., Revyakin V.P., Smirnov
S.A. /] Physica B.— 1999.— 262.— P. 421—425.

2. Purskyi O.I. // Ukr. Fiz. Zh.— 2000.— 45, N 9.— P. 1076—
1077.

3. FEuken A., Schréder A.// Ann. Phys.— 1939.— 5.Folye.—
36.— P. 609—620.

4.  Purskii O.1., Zholonko N.N., Konstantinov V.A. // Fiz. Nizk.
Temp.— 2000.— 26, N 4.— P. 380—384.

5.  Purskyi O.I., Zholonko N.N., Konstantinov V.A. // Ukr. Fiz.
Zh.— 2001. — 46, N 7.— P. 740—743.

6. Purskyi O.1., Zholonko N.N., Tsybulin V.V. // Ibid.— 2001.—
46, N 3.— P. 337—341.

7. Debye P. // Vortrage iiber die kinetische Theorie der Materie
und der Elektrizitdt.— Berlin: Teubner, 1914.— P. 19—60.

8. Berman R. Thermal Conduction in Solids. — Oxford:
Clarendon Press, 1976.
9. Ziman J.M. Electrons and Phonons.—London: Oxford

University Press, 1962.

10. Purskii O.1., Zholonko N.N., Konstantinov V.A.// Fiz. Nizk.
Temp.— 2003. — 29, N 9—10.— P.1021—1026.

11. Konstantinov V.A., Manzhelii V.G., Smirnov S.A. // Ibid.—
1992.— 37.— P. 757—763.

12. Andrew F.P., Eades R.G.// Proc. Roy. Soc.— 1953.—
218A.— P. 537—552.

13. Coz E.G., Cruickshank W.J. and Smith A.S.// Proc. Roy.
Soc.— 1958.— 247, N 1248.— P. 1—21.

14. Kikoin I.K. Tables of Physical Values.— Moscow: Atomizdat,
1976 (in Russian).

15. Bacon G.E., Curry N.A., Wilson S.A.// Proc. Roy. Soc.—
1964.— 279, N 1376.— P. 98—110.

16. Isakina A.P., Prokhvatilov A.I. // Fiz. Nizk. Temp.— 1993.—
19, N 2.— P. 201—206.

17. Heseltine C.W., Elliot D.W., Wilson O.B. // J. Chem.
Phys.— 1964.— 40, N 9.— P. 2584—2587.

18. Manzhelii V.G., Freiman Y.A. Physics of Cryocrystals.—
New York: Woodbury, 1997.

19. Verkin B.I., Prikhotko A.F. Cryocrystals. — Kyiv: Naukova
Dumka, 1983 (in Russian).

20. Klein V.L., Venables L.A. Rare Gase Solids.— London: Acad.
Press., 1977.

21. Konstantinov V.A., Manzhelii V.G., Smirnov S.A. // Fiz.
Nizk. Temp.— 1991.— 17, N 7.— P. 883—888.

22. Leibfried G. Gittertheorie der Mechanischen und
Thermischen Eigenschaften der Kristalle. — Berlin: Springer,
1955.

23. Konstantinov V.A., Manzhelii V.G., Strzhemechnyi M.A.,
Smirnov S.A. // Fiz. Nizk. Temp.— 1988.— 14, N 1.— P.
90—100.

ISSN 0503-1265. Ukr. J. Phys. 2004. V. 49, N 11



THERMAL PROPERTIES OF SOLID BENZENE

24. Landau L.D., Lifshits E.M., Kosevich A.M., Pitaevskii I.P.  TEIIJIO®I3NYHI BJIACTUBOCTI TBEPJIOT'O BEH30JIY
Course of Theoretical Physics. Vol. 7. Theory of Elasticity.—

London: Pergamon, 1986. O.1. ITypcoruti, M.M. >Koaonxo

25. Callaway J.// Phys. Rev.— 1959.— 113, N 4.— P. 10461051, © €310Me

HaBeneHo pe3ynbTaTy 4HCEIBHOrO aHAI3y TepMOTWHAMIYHUX Ia-
pamerpis TBepgoro 6ersony. IIpoBeseno po3paxyHKu TeMmIepaTyp-
HOT 3aJI€KHOCTI 130X0pHOI TemmonposiguocTi TBepgoro CgHg pi3-
HAME MeTogaMu. J{0C/Ii J2KeHo BIJIMB TEPMIYHOIO TUCKY Ha IPYIKHI
BJIACTUBOCTI Ta i30XOPHY TEIJIONPOBiTHICTH. Y paMKaxX KOHIIEHILiT
Received 01.12.03.  donoHis ommcano MOXKJIMBI MPUYHHT TIEPEBUIIECHHS i30X0OPHOT Ter-
Translated from Ukrainian by O.I.Voitenko  nomposigmocti 6enszony mam xracwarmm 3axomom 1/7.

26. Cahill D.G., Watson S.K., Pohl R.O.// Phys. Rev. B.— 1992.
— 46.— P. 6131—6147.

ISSN 0508-1265. Ukr. J. Phys. 2004. V. 49, N 11 1111



