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The influence of molecular rotation on the volume dependence of thermal conductivity in liquid
nitrogen was evaluated. A modified method of reduced coordinates has been used to calculate com-
ponents of the isochoric heat capacity of liquid nitrogen. A difference in the behavior of temperature
dependences of the Bridgman coefficient at pre-crystallization temperatures in liquid Ar, CHy4 and
N> is explained by the influence of rotational motion of molecules.
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I. INTRODUCTION

In the general case, the total energy of the molecules
in a liquid is due to their random translational motion
as well as their vibrational and rotational motions. As
indirect, but in no case secondary, experimental data on
the thermal conductivity A can serve as a source of infor-
mation on the thermal motion in liquids [1]. A thorough
analysis of the thermal conductivity features in liquids al-
lows one to compare them with the results of structural
and thermodynamic studies. The specific features of the
dynamics of translational and rotational subsystem of
molecular liquids affect their thermodynamic properties
and must manifest themselves in one way or another
in the relaxation processes [2|. This is primarily related
to the coupling (known as translation-rotation coupling)
between translation displacements and molecular rota-
tions and it is characteristically reflected in the kinetic
properties of molecular liquids and, in particular, on the
thermal conductivity. In the majority of cases, this cou-
pling is most apparent for liquids at pre-crystallization
temperatures in which the formation of orientational
subsystem is accompanied by a change of structural or-
dering. Often this change is preceded by anomalous ther-
modynamic properties.

In the present paper, we perform a detailed analysis of
heat transfer in liquid nitrogen, paying special attention
to the influence of molecular rotation on volume depen-
dence of the thermal conductivity. With that purpose,
we carried out a comparison of the isochoric thermal
conductivity of liquid Ar, CH4 and Ny. The distinctions
between the volume dependence of liquid Ar, CH, and
N> are explained by the influence of rotational motion
of molecules. Finally, we give an additional argument by
the calculation of the isochoric heat capacity components
of liquid nitrogen.

II. CALCULATION RESULTS AND DISCUSSION

The liquid that contains molecules or molecular ions is
more complex than one containing only atoms or atomic

ions because the individual species have orientation as
well as position. This allows the existence of addition-
al types of thermal motion (as compared with that in
atomic liquid) and makes the interpretation of thermal
conductivity data more difficult. It is necessary to consid-
er in molecular liquids, along with translation oscillation
of molecules, the orientational motion of molecules as
a whole, intramolecular rotation of molecular segments,
and intramolecular oscillations. At the same time, by
choosing corresponding liquids, we can exclude one or
other type of thermal motion from consideration. For
example, intramolecular rotation of molecular segments
in simple molecular liquids can be disregarded, owing to
the simplicity of the molecular structure. In most cases
the energy of intramolecular coupling in simple molecu-
lar liquids exceeds considerably the energy of intermolec-
ular interactions. Respectively, intramolecular coupling
makes no significant contribution to the kinetic proper-
ties of simple molecular liquids. Thus, while considering
the thermal conductivity of simple molecular liquids, we
may restrict ourselves to the account of translation os-
cillations and the orientational motion of molecules as a
whole. The peculiarities of translation-rotation coupling
depend on molecular structure and are determined by the
relationship between central and non-central intermolec-
ular interaction forces. In the general case, the transi-
tion of molecular motion from low-amplitude librations
to weakly hindered rotation is accompanied by a decrease
in the thermal resistance W = 1/A [3]. Translation-
rotation coupling also leads to a softening of elastic con-
stants and affects the molecular translation oscillation.
Our previous studies of high-temperature thermal con-
ductivity of simple molecular crystals [4-7] have revealed
the peculiarities of heat transfer which are due to molec-
ular rotation. The influence of this type of molecular mo-
tion on the heat transfer in molecular liquids is not yet
completely clear. The liquid Ny is the convenient object
for such a kind of investigations. As temperature rises,
the orientational disordering (OD) processes in No start
to intensify in the high-temperature solid (-phase and
increases further intensively in liquid phase immediate-
ly above melting temperature (63.15K [11]). The direct
evidences for these OD processes came from the exper-
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iments cited in [8-13]. In the solid SB-phase of Na the
frequency of reorientations varies with the temperature
from 9.5 x 10 s7! to 5.5 x 10'2 s~! immediately before
melting [8]. According to [9,10], a negative jump of the
spin-lattice relaxation time in Ny is observed at the melt-
ing temperature testifying that the rotation of nitrogen
molecules in the liquid phase is more hindered than that
in the solid one. This is due to the formation of a struc-
ture, where molecules can make free precession in the -
phase of solid Ny; such a structure is not implemented in
the liquid phase because of an irregular particle arrange-
ment and thermal fluctuation effects [11]. Data from the
consideration of the molecular volume have yielded a pic-
ture that showed for nitrogen to 48.1 x 10724 cm? in the
solid B-phase and to 57.7 x 10724 cm? in the liquid state,
whereas the value of this quantity calculated from the ob-
served distance of closest molecule approach in the solid
B-phase at 4K amounts to 64.7 x 10724 cm?, provided
the assumption of free molecular rotation is made [12].

How is it possible to observe the influence of molecular
rotations on experimental thermal conductivity depen-
dence? In this paper, we perform our study of molecular
rotation effect by way of comparison of thermal conduc-
tivity of liquid Ny with the behavior of thermal conduc-
tivity of atomic liquids or molecular liquids in which the
character of molecular rotations does not vary with tem-
perature. The liquid Ar and CH4 were chosen for this
purpose. The reasons for this choice are as follows: i)
in argon there are no rotational degrees of freedom and
a simply comparison with molecular liquids shows fea-
tures of influence of orientational subsystem; ii) in CHy
molecular rotation becomes close to free at temperatures
above 50K in the high-temperature solid phase [11,13].
In this case, comparison between thermal conductivity
dependences of liquid CHy and Ng shows direct influ-
ence of change in the character of nitrogen molecules
rotations on thermal conductivities of liquid Ny. 4i7) the
isochoric thermal conductivity of liquid Ar, CH4 and Ng
were measured under identical conditions on the same
setup [14, 15].

The analysis of thermal conductivity data of liquids
under saturated vapor pressure or under isobaric condi-
tions does not allow revealing the influence of molecu-
lar rotation on thermal conductivity due to thermal ex-
pansion. Therefore, for comparison the isochoric thermal
conductivity data must be used to exclude the thermal
expansion effect.

The experimental isochoric thermal conductivity A, of
liquid Ar, CH4 and Ny according to data [14, 15] is shown
in Fig. 1,a. From Fig. 1,a it can be seen that the behavior
of the thermal conductivity of liquid Ny differs essential-
ly from the thermal conductivity of liquid Ar and CHy.
In liquid Ar and CHy, the isochoric thermal conductiv-
ity increases with temperature. At the same time A, of
liquid nitrogen is practically constant up approximately
to 90K, and then begins to increase with temperature.
The volume dependences of thermal conductivity A(V)
are best suited for studying the influence of molecular
rotation on the heat transfer. It is known that volume
dependence of the thermal conductivity can be described
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by the Bridgman coefficient [16,17]:

Oln A
= 1
g ( aw)T, 1)
The Bridgman coefficients for liquid Ar, CHy and Ny

were calculated according to Eq. (1) using experimental
data [14,15].
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Fig. 1. a) Isochoric A, thermal conductivity in liquid Ar,
N2 and CHy4. b) Temperature dependences of the Bridgman
coefficient for liquid Ar, N2 and CHy. c) Isochoric heat ca-
pacity components for liquid and solid (3-phase [11]) N2. Tr,
is the melting temperature of N2, and T} is the temperature
of &« — B phase transition in solid Na.

Fig. 1,b shows the calculated results for g(7"). The curves
of g(T) for liquid methane and argon are similar testi-
fying that there is no effect of the rotational motion of
methane molecules. It can be seen from Fig. 1,b that
the behavior of the Bridgman coefficient of liquid Ny dif-
fers essentially from the Bridgman coefficient of liquid
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Ar and CHy. In liquid Ar and CHy, the Bridgman coeffi-
cient decreases with temperature. At the same time, the
Bridgman coefficient in liquid Ny initially increases with
increasing temperature, then passes through a smooth
maximum and starts to decrease. In our opinion, the
distinctions observed between the volume dependence of
liquid Ar, CH4; and N3 can be attributed to the influ-
ence of molecular rotation. The last assertion requires
at least simplified explanations. In the course of gradual
transition of molecules to the hindered rotation, the con-
tribution of this type of thermal motion to heat capacity
tends asymptotically to the heat capacity of a system of
free rotators, and the relevant contributions to thermal
expansion and thermal conductivity tend to zero [11]. An
increase in the angular amplitude of librations cannot
occur without an increase in the effective molecular vol-
ume. As a result this leads to an additional contribution
to thermal expansion. Free molecular rotations means
the absence of the interaction with translational oscilla-
tions and rotations of other molecules. At free molecular
rotations, translation-rotation coupling can be neglect-
ed, and it leads to negligibly small effect of molecular
rotation on thermal conductivity (for example, in liquid
methane).

A study of the influence of molecular rotation on the
heat transfer is a rather complex problem due to the
fact that, rather than being independent of one anoth-
er, the translation and rotation motions in liquids occur
as coupled translation-rotation vibrations. Therefore, to
support our point of view and to elucidate the reasons
for different behavior of ¢g(T") in liquid Ar, CH4 and No,
we have calculated the translational, intramolecular and
rotational contributions to the isochoric heat capacity of
liquid Ny. In general, the isochoric heat capacity C; of
simple molecular liquids can be written as a sum of con-
tributions from the translational C},, intramolecular Cj,
and rotational C.o¢ vibrations:

Cvv = Ctr + CVin + Crotv (2)

Despite evidence for that molecular translation oscilla-
tions in liquids can be collective, it is uncertain whether
Debye approximation is generally applicable to liquids.
Therefore, the translational component Cy, was deter-
mined using a modified method of reduced coordinates
[18]. It is important that with this method there is
no need to involve any approximate model. As a rule,
the reduction parameters are Tyo = €/kB, Amol =
kp/o*\/e/u, and Vipe = No3, where o and ¢ are the
parameters of Lennard-Jones potential, p is the molar
weight, and N is the total number of particles. As the
reduced parameters Ty,o1 and Vi,01 we used the values of
critical temperatures T, and molar volumes V., of Ny
and Ar were used [19] (Table 1). The choice of the given
parameters is explained as follows. For simple molecu-
lar substances, T., and V., are proportional to £ and
o3, respectively. However, the accuracy of determination
is much higher for critical parameters than for the pa-
rameters of the binomial potential. It should be noted,
that the quantities 0 and ¢ depend substantially on the
choice of binomial potential and the method used to de-

termine it. According to this method, if the contributions
of various vibration mechanisms to the total heat capac-
ity C, are additive, the translational heat capacity of
N5 is considered equal to the isochoric heat capacity of
liquid Ar [20], provided that the reduced temperatures
T* = T/Tmol and volumes V* = V/V,,, are identical in
both cases.

The contribution of intramolecular vibrations Cj, to
the total heat capacity C, was calculated in the Ein-
stein approximation; the required values of characteristic
temperature © p were taken from [21, 22]. The rotational
heat capacity was determined as Cyot = Cy — Cip — Cyy.
The values of the isochoric heat capacity C, of liquid Ny
were taken from [23].

Substances| Tc, Ver, g, o V, Ref.

K |em®/mole| K [107'% m|cm®/mole

Ar 150.71| 75.2 |119.5] 3.41 29.12  [[19]

N2 126.25| 90.1 95.0 | 3.70

32.42 |[19]

Table 1. Reduced parameters and molar volumes
of liquid Ar and No.

The temperature dependences of contributions to iso-
choric heat capacity of liquid and crystalline (8-phase
[11]) nitrogen calculated for samples with molar volumes
of 32.42 and 28.24 cm?/mole, respectively, are shown
in Fig. 1,c. To determine partial contributions of C,
for solid -Ns, the same calculation procedure was en-
gaged as in the liquid Ny case; in so doing, the data
cited in [11] were used. It is convenient to judge the
nature of orientational molecular motion by analyzing
the temperature dependence of rotational heat capaci-
ty. In the temperature range from the melting tempera-
ture to 85-90K, Cyot decreases considerably (from 12.1
t0 9.6 J/(mole x K), which testifies to intensive process-
es of orientational disordering. With further temperature
growth, Cjo decreases weakly approaching the value of
8.75J/(mole x K). At T > 90K, the rotational com-
ponent of heat capacity tends to the value of (i/2)R
(Fig. 1,c), typical for free i-dimensional rotators. From
the foregoing it seems reasonable to conclude that at
temperatures higher than about 90 K, the processes of
orientational disordering terminate, and molecules of lig-
uid nitrogen start to move in the weakly-hindered rota-
tion mode. The calculations carried out for the compo-
nents of the heat capacity C, reveal a jump of C,o to-
wards its increasing at the point of crystal-liquid phase
transition. This is in good agreement with data of ref-
erences [10, 11,24, 25], indicating that the orientational
ordering of molecules in liquid Ny in the range above
the melting temperature is higher than in the S-phase of
crystalline Ny at premelting temperatures.

IITI. CONCLUSIONS

The data provided by this study add to our general un-
derstanding of heat transfer processes features in molec-
ular liquids. On the basis of the results obtained in the
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present investigation it seem justified to conclude that
distinctions in the volume dependences of thermal con-
ductivity for liquid Ar, CH4 and N5 are connected with
the influence of rotational molecular motion in Ny at pre-
crystallization temperatures (64-85K). Above 85-90 K,

nitrogen molecules rotation becomes “weakly-hindered”,
and this influence disappears, so that the volume de-
pendence of thermal conductivity in liquid Ny behaves
similarly to thedependence for Ar and CHy.
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OPIEHTAIIIMHUN PYX MOJIEKVYJI I OB’€MHA 3AJIEXKHICTb
TEILJIOITPOBIZIHOCTI PIAKOI'O N

O. I. Ilypcekuii
Kuiscokuti HaUI0HAADHULT MOP208EABHO-EKOHOMINHUL YHISEpCUmMem
sya. Kiomo, 19, Kuis, 02156, Yxpaina

JlocmimKeHO BIIMB OPIEHTAIIHOTO PyXy MOJIEKYJ Ha O0'€MHY 3aJIeKHICTh TerIonpoBigHOCTi pigkoro Na.

Ha ocHoBi mMomndikoBaHOro MeTOIy HABEAEHHX KOODAMHAT PO3PAXOBAHO KOMIIOHEHTH i30XOPHOI TEIJI0OEMHOCTI
pinkoro Na. Bimminnocri B moBezinI TemueparypHux 3ajexxHocreil koedinienra Bpimkmena pinkux Ar, CHy i
N3 B obustacti TemnepaTyp 6e31rocepeHbO BUIIE BiJl TEMIIEPATYPU KPHUCTAJI3AI] TOsICHEHO BIIJIMBOM OPIEHTAIIHOTO

PYXY MOJIEKYJI.
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