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Thermal conductivity and thermal diffusivity of the cyanobiphenyl „nCB… homologous series

M. Marinelli, F. Mercuri, U. Zammit, and F. Scudieri
Dipartimento di Ingegneria Meccanica and Sezione INFM Roma II, Universita` di Roma ‘‘Tor Vergata,’’

Via di Tor Vergata, Roma, Italia
~Received 24 March 1998!

The thermal conductivity and the thermal diffusivity of alignednCB samples (n55, . . . ,9) hasbeen
measured with a photopyroelectric technique. An odd-even effect has been found in the values of these two
quantities for homeotropic samples with increasingn. The results can be interpreted in terms of a model
proposed by Urbach, Hervet, and Rondelez. This model, which takes into account not only the geometrical
dimensions of the liquid crystal molecules but also their average mutual distances, has been also used to
account for the observed anisotropy in the thermal diffusivity.@S1063-651X~98!13010-6#

PACS number~s!: 61.30.2v, 66.60.1a
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I. INTRODUCTION

It is well known @1# that the heat conduction in liquid
crystal ~LC! ordered phases is anisotropic, but the physi
mechanisms that govern such anisotropy are not yet c
pletely understood. The data reported in the literature@1–9#
show that, in all the measured compounds,D i , which is the
thermal diffusivity measured in a direction parallel to t
director, is larger thanD' , which is the one measured in
direction perpendicular to it. A semiquantitative approa
based on the extension of the Eyring model for the ther
diffusivity of simple fluids to anisotropic media, has be
proposed to explain some experimental observations@1#.
This model, in which LC molecules are considered as ri
rods, is based on two simple assumptions. The first on
that, for example in the nematic phase, where all the m
ecules have, on the average, their long axis aligned par
to the director, the ‘‘empty space’’ between molecules m
sured along the long axis is not the same as the one per
dicular to it. The second assumption is that the energy is
instantaneously transferred from one molecule to the
rounding ones, but it propagates with finite speed as in
case of convective conduction. The conclusions derived fr
the explanation of the experimental results in terms of
proposed model are the following:~i! D i /D' , which has
been found to be greater than 1 for all the measured c
pounds, linearly depends on the molecular length;~ii ! D i and
D' do not depend on the long-range order of the system
thus do not vary significantly from one mesophase to
other, showing no pretransitional effects;~iii ! the depen-
dence of the value ofD i on the length of the central rigid
core of the molecule is more important than that due to
length of the aliphatic end chain.

Some open questions, however, remain. Following
above-mentioned modeling of the heat conduction in LC
turns out that the ordering of the molecules, which is e
pected to affect the amount of empty space between th
should have an influence onD. Packing of the molecules, o
the other hand, depends on their symmetry and is respon
for the so-called odd-even effect on the nematic-isotro
~NI! transition temperature (TNI) found in several LC com-
pounds@10#. An odd-even effect also in the anisotropy ofD
may therefore be expected. The absence of pretransiti
PRE 581063-651X/98/58~5!/5860~7!/$15.00
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effects has, moreover, been contradicted by some recent
resolution results on the critical behavior ofD close to sev-
eral phase transitions of various compounds@11,12# and it
has also been shown that the variation ofD from one me-
sophase to another is not always negligible@13#.

Another interesting aspect is how the heat conduction
isotropy in LC can be related to the molecular dimensio
Some authors@8# have suggested that the same express
relating the mass diffusion coefficientDm and the molecular
dimensions, via the microscopic order parameterS, may be
valid also for the thermal diffusivity. These models, how
ever, do not consider the symmetry of the molecules, wh
as stated before, is known to affect the ordering proce
Only a few experimental results on this issue are availabl
the literature and, to date, no definite conclusion has b
drawn.

In this paper we report on the simultaneous measurem
of the thermal conductivity~k! and the thermal diffusivity as
a function of temperature for thenCB (n55, . . . ,9) ho-
mologous series. The data have been compared with th
existing in literature. An odd-even effect, similar to the o
reported forTNI @10# has been found ink and D and have
been explained in terms of the model proposed in Ref.@1#. It
has been concluded that it is not only the length to wid
ratio of the molecules that influences the heat conduct
but also the intermolecular distances, and therefore the p
ing of the molecules, which is affected by the ordering due
the molecular symmetry. Data on the dependence of the
conduction anisotropy as a function ofn are also presented
It is shown that these data can be only accounted for with
above-mentioned theoretical model, while the expressi
that have been proposed forDm do not seem to be adequat

II. EXPERIMENT

Measurements have been performed in the photopyroe
tric setup described previously@12#, which enables the si-
multaneous measurement of specific heat, thermal condu
ity, and thermal diffusivity. The heating rate was between
and 40 mK/min. Samples homeotropic alignment was
tained by treating the cell walls with a trimethylcetylamm
nium bromide solution in chloroform. The concentration
the surfactant was adjusted to have a maximum value forD i
at a reference temperature, a circumstance which, as
cussed later on, ensures optimum alignment. In all case
5860 © 1998 The American Physical Society
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PRE 58 5861THERMAL CONDUCTIVITY AND THERMA L . . .
value of 5% in weight proved to be the best choice to ha
monodomain samples. A polarizing microscope was th
used to check the alignment. Planar samples were obta
by depositing on the cell walls a thin layer of quartz at
grazing angle. Also in this case the alignment was chec
by a polarizing microscope and the sputtering conditio
were adjusted to have a minimum values forD' at a refer-
ence temperature.

III. RESULTS

Figure 1~a! shows the thermal conductivity data vers
temperature for two 5CB samples with planar and homeo
pic alignment. The two data sets coincide in the isotro
phase where the thermal conductivity slightly decreases w
increasing temperature. A discontinuity, as expected fo
first order phase transition such as the NI one, is clea
evident atTNI . Below this temperatureki increases with
decreasing temperature, whilek' decreases. A compariso
between the data obtained in the present work and the
reported in Ref.@7# is also contained in Fig. 1~a!. Although
the qualitative behavior is similar, the thermal conductiv
values we have obtained in the nematic phase are syste
cally larger in the case ofki and smaller in the case ofk' .
This could be due to a poorer alignment of the sample in R
@7#. Data available in the literature suggest that the ther

FIG. 1. ~a! Thermal conductivity as a function of temperatu
for homeotropic~gray dots! and planar~dark dots! 5CB samples.
Open squares and circles represent data taken from Ref.@7#. Light
gray triangles show calculated values of the average thermal
ductivity for nonaligned samples.~b! Thermal diffusivity as a func-
tion of temperature for homeotropic~gray dots! and planar~dark
dots! 5CB samples. Open squares and circles represent data
from Ref. @1#.
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conductivity value is close to1
3 (ki12k') for nonaligned

samples andki.
1
3 (ki12k').k' . This leads to the conclu

sion that the better the alignments, the larger~the smaller!
the value ofki (k'). As pointed out by the authors in Re
@7#, in their case the sample had been aligned by a magn
field. With such a method and with their experimental se
the extent of the molecular alignment could not be check
In our case, as stated earlier on, the sample alignment
carefully checked. Figure 1~a! also shows calculated value
of 1

3 (ki12k') versus temperature in the nematic phase. T
quantity is supposed to give the average value for the th
mal conductivity in nonaligned samples, based on the
sumption that LC molecules can be represented as sim
rods. One might therefore expect that the1

3 (ki12k') quan-
tity should coincide with the extrapolation belowTNI of the
data in the isotropic phase. The data, as in Ref.@7#, do not
confirm this and we believe that the observed deviation
due to the true conformation of the molecules that can
considered as rigid ellipsoids only as a first approximation
should be, moreover, considered that the sample density
a discontinuity atTNI , the value in the nematic phase bein
larger than the one in the isotropic phase@14# so that a closer
packing of the molecules in the nematic phase can be res
sible for the larger averagek value observed in such a phas

Figure 1~b! shows the thermal diffusivity versus temper
ture for planar and homeotropic aligned samples. In b
cases, a dip inD at the transition temperature can be o
served. Again the data coincide in the isotropic phase w
D i andD' increases belowTNI with decreasing temperature
the increase inD' being less pronounced. Also shown
Fig. 1~b! are data reported in Ref.@1#. Though a good agree
ment has been found in the isotropic phase, the data ta
from Ref.@1# are systematically larger than the ones we ha
obtained in the nematic phase for both planar and homeo
pic alignments. It should be pointed out, however, that wh
we have used pure compounds in our measurements, in
@1# a dye has been added to the samples. Pretransitiona
fects inD are, moreover, clearly visible in our data close
the NI transition. This contradicts the conclusion reported
Ref. @1# concerning the absence of any pretransitional eff
near phase transition inD probably due to the much lowe
temperature resolution of such measurements in the vici
of the phase transition and possibly also to the lower sam
purity due to the presence of the dye.

For 5CB and for all of the other investigated samples
have also obtained the specific heat data~not shown!, which
in all cases where our technique was applied are in a v
good agreement with the ones reported in literature.

Figures 2 and 3 show the thermal conductivity and
thermal diffusivity versus temperature for 6CB and 7CB,
spectively. The same considerations as for 5CB apply to
data reported in these figures. Two data points forD i andD'

of 6CB, taken from Ref.@6#, are reported in Fig. 2~b!. Both
are considerably larger than the corresponding ones obta
in the present work.

The temperature dependence of the thermal conducti
and thermal diffusivity for aligned 8CB and 9CB sample
already reported in Refs.@12# and@13#, are shown in Figs. 4
and 5. Also reported in Fig. 4~b! are data taken from Ref.@5#
which show a reasonable agreement with the ones we h
obtained. The behavior ofD i andD' belowTNI in these two
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5862 PRE 58M. MARINELLI, F. MERCURI, U. ZAMMIT, AND F. SCUDIERI
compounds is different with respect to the other compou
of the series since, below the NI transition, the smectic
nematic~AN! phase transition takes place. In both cases
low TAN , a sudden increase ofki with decreasing tempera
ture, due to the smectic ordering contribution to t
orientational order parameter, as explained in Ref.@13# is
evident in Figs. 4~a! and 5~a!. This effect is more pro-
nounced in the case of 9CB because of the narrower nem
range. Such an effect is difficult to detect in the therm
diffusivity because of the dip at the AN transition shown
Figs. 4~b! and 5~b!, which is associated with the critical be
havior of the specific heat@12#. These results demonstra
that, unlike what was reported in Ref.@1#, the thermal diffu-
sivity has a critical behavior at the AN transition and that t
smectic ordering can affect the thermal transport espec
in compounds with a narrow nematic range@13#. It should
finally be noted that the temperature resolution of our m
surements is about three orders of magnitude larger than
one of Ref.@1#.

IV. DISCUSSION

A. Thermal parameters as a function of molecular length

As already stated in the Introduction, a simple kine
model based on an extension of the Eyring theory for
thermal diffusivity of isotropic fluids to anisotropic ones h
been proposed for the thermal diffusivity of LC@1#. There
are two basic assumptions: the first one is that the em
space between molecules in the nematic phase, for exam

FIG. 2. ~a! Thermal conductivity as a function of temperatu
for homeotropic~gray dots! and planar~dark dots! 6CB samples.
~b! Thermal diffusivity as a function of temperature for homeotr
pic ~gray dots! and planar~dark dots! 6CB samples. Open symbol
represent data taken from Ref.@6#.
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is not the same in a direction parallel to the long axis of
molecule and in the perpendicular one, while the second c
cerns the energy that is not instantaneously transferred f
one molecule to the surrounding ones. The first assump
is strictly connected to the elongated shape of LC molecu
while the second one derives from the analysis of experim
tal data which suggest that, generally speaking, the LC m
ecules have a highly conducting rigid core and a less c
ductive alkyl chain @1#. If we assume that a LC single
molecule or a single dimer in the case of polar compou
can be represented by a cylinder, then in the case of a pe
alignment (S51), according to the model reported in Re
@1#, we have

D i* .
L2

3di
, D'

* .
a2

3d'

. ~1!

The quantities in Eq.~1! are average values of the dis
tances indicated in Fig. 6.

If S,1 then:

D'5
D i* ~12S!1D'

* ~21S!

3
, ~2!

D i5
D i* ~112S!1D'

* ~222S!

3
.

The above expressions clearly indicate that the influe
of the molecular length on the thermal diffusivity can b
derived from the experimental data from different com

FIG. 3. ~a! Thermal conductivity as a function of temperatu
for homeotropic~gray dots! and planar~dark dots! 7CB samples.
~b! Thermal diffusivity as a function of temperature for homeotr
pic ~gray dots! and planar~dark dots! 7CB samples.
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PRE 58 5863THERMAL CONDUCTIVITY AND THERMA L . . .
pounds. The thermal diffusivity strongly depends on the o
entational order of the system, which is temperature dep
dent, but if we assume, as in the case of the Maier-Sa
theory @14#, that the molecular interactions are temperat
independent, then the microscopic order parameterS is a
universal function ofT/TNI . Following this assumption
which will be discussed again later on, and to allow a co
parison among the different compounds, the data will
plotted as a function of the reduced temperaturet5(T
2TNI)/TNI .

In Ref. @1# the authors claim thatD i increases linearly
with n while D' does not change substantially. Consideri
Eqs.~1! and~2! this would be consistent with bothL anddi
increasing linearly withn, sinceD i.L2/di . If one, how-
ever, looks more carefully at the data on the PAA series~Fig.
7 of Ref. @1#! one sees that theD i values are affected by th
so-called odd-even effect, which, in their case, produces
increase~decrease! of D i when moving from one compoun
with an odd ~even! number of methyl groups in the alky
chain to one having an even~odd! number.

Figure 7 showsTNI versusn for thenCB series where the
so-called odd-even effect is clearly visible. This effect h
been related to the symmetry of the molecule, which
changed by the progressive addition of alkyl groups@10#.
This effect becomes less evident as the molecular length
creases because of the flexibility of the alkyl chain.

In Fig. 8 we have reported the values ofD i as a function
of n calculated att520.033, which correspond to the large

FIG. 4. ~a! Thermal conductivity as a function of temperatu
for homeotropic~gray dots! and planar~dark dots! 8CB samples.
Data are taken from Ref.@12#. ~b! Thermal diffusivity as a function
of temperature for homeotropic~gray dots! and planar~dark dots!
8CB samples. Data are taken from Ref.@12#. Open squares and
circles represent data taken from Ref.@5#.
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common distance fromTNI achievable for all compounds in
our measurements. An odd-even effect is clearly visible a
in the D i values. It should be noted that while 5CB, 6C
and 7CB are always in the nematic phase for all the nega
values oft, 8CB, and 9CB are in the smectic A phase fot
<20.022 andt<20.006, respectively. Since in these tw
compounds there is an additional contribution to the orien
tional order due to the smectic layering@13#, the relevance of
the odd-even effect inD i is reduced and it therefore appea
less evident than inTNI . It is very difficult for these two
compounds to have values for the diffusivity in the nema
phase to be easily comparable with those of the other c
pounds of the homologous series because of their nar
nematic range and because of the pretransitional eff
found in D.

FIG. 5. ~a! Thermal conductivity as a function of temperatu
for homeotropic~gray dots! and planar~dark dots! 9CB samples.
Data are taken from Ref.@13#. Thermal diffusivity as a function of
temperature for homeotropic~gray dots! and planar~dark dots! 9CB
samples. Data are taken from Ref.@13#.

FIG. 6. Schematic representation of rodlike LC molecular
mensions. White areas represent rigid cores while shaded areas
resent alkyl chains.
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While in the case of the PAA seriesD i decreases going
from an even to an odd compound, the opposite occurs in
nCB series. This is obviously due to the different molecu
structure and therefore to the different molecular symme
of the two series.

Also shown in Fig. 8 isD' versusn. A variation of about
10%, smaller than the one found inD i , has been obtained
for different compounds. The data, however, do not allow
to draw any definite conclusion regarding the trend of theD'

with n, as also in the case of Ref.@1#. What may appear as
nonmonotonous behavior, particularly for 8CB, is due to
vicinity of the AN transition, which induces an anomalo
decrease ofD' . Thermal diffusivity data for 8CB taken a
lower temperatures, further away fromTAN , are quite close
to the 9CB value and this leads to the conclusion that
variation ofD' could be smaller than that reported in Fig.
if data could be taken for all the compounds at a smallert.

Figure 9 showski versusn. Though the odd-even effect i
less evident,ki behaves qualitatively likeD i and this is not
surprising if we consider thatki5rcDi . Figure 9 shows also
the approximately linear increase ofk' with n. When com-
pared with the one ofD' the behavior ofk' can be ex-
plained only if we assume an increase ofr and c with n.
While, as discussed later on,r decreases slightly withn @15#,
c increases@16# and its increase can account for the observ
behavior ofk' .

Let us now try to analyze the results we have obtained
terms of Eqs.~1! and~2!. If we consider the LC molecules a
rigid rods, then an increase of the lengthL must produce an

FIG. 7. Nematic-isotropic transition temperature as a function
n.

FIG. 8. Thermal diffusivity of homeotropic~squares! and planar
~circles! samples as a function ofn at t520.033.
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increase inD i . The presence of the odd-even effect, ho
ever, suggests that we have to take into account also
symmetry of the molecule, since it affects the ordering p
cess and therefore their average separation. In other w
the observed odd-even effect suggests a nonmonoto
variation ofdi with increasingL. We can then look at theD i
dependence onn as the combination of two contributions
one given by the increase inL, which gives a linear back-
ground increase inD i , plus the oscillation induced by th
nonmonotonous variation ofdi .

The above-mentioned results may raise some dou
about the choice we have made to plot the thermal cond
tivity and thermal diffusivity data as a function of the re
duced temperature to allow a comparison between diffe
compounds. This choice was based on the Maier-Sa
theory @14# that considers LC molecules as rigid rods. T
results we have obtained show, however, that the symm
of the molecule affects, together with other possible effe
such as, for example, the smectic contribution to orien
tional order, the ordering process. This would imply that t
microscopic order parameterS would no be longer a univer
sal function oft. In other words, the presence of the od
even effect may give rise to different values ofSat the same
t for different compounds. In the following it will be show
that the difference between the orientational order param
among the various compounds of thenCB series at
t520.033 are small enough to confirm all the conclusio
we have drawn on the basis of the normalization proced
we have chosen.

B. Thermal anisotropy

It is well known that the anisotropic part of a tensori
quantity can be used to define a macroscopic order param
which is usually assumed to be proportional to the mic
scopic one@17#. Strictly speaking, this is true only when th
field produced by molecular interactions, as in the case of
magnetic susceptibility, is negligible with respect to the e
ternal one. In all the other cases, to preserve the proport
ality, arbitrary assumptions must be made on the correla
function, even though, after a suitable normalization, mac
scopic order parameters obtained from different experime
technique show a reasonable agreement@17#.

f

FIG. 9. Thermal conductivity of homeotropic~squares! and pla-
nar ~circles! samples as a function ofn at t520.033.
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Figure 10 shows the behavior ofS as a function ofT
obtained in 5CB assuming the anisotropy in the thermal c
ductivity Dk5ki2k'.S. The data have been normalized
28 °C with a data point taken from Ref.@18#. Also shown in
the figure are data taken from the literature@18,19# and the
agreement with those we have obtained is fairly good. Si
lar agreement~not shown! has been obtained for the oth
compounds of the homologous series, this leading to the c
clusion that the assumption we have made about the pro
tionality betweenki2k' and S is reasonable. Moreover
small differences have been observed in the behavior ofSas
a function of t obtained fromki2k' for the different com-
pounds of thenCB series, thus justifying the choice we ha
made to represent the data onk andD for the various com-
pounds as a function oft. We would like to emphasize onc
again the very large temperature resolution in theSdata as a
function of temperature that can be obtained from the th
mal conductivity anisotropy via the photopyroelectric me
surements, an aspect that is very important when one is
terested in the critical behavior ofS to evaluate its critical
exponentb. A discussion on this point is, however, beyon
the scope of this work and will be presented elsewhere.

Equations~1! and~2! can be used to predict the behavi
of the thermal anisotropy as a function ofn. If we define

R5
D i2D'

D i12D'

, ~3!

then we obtain

R5S
Q221

Q212
, ~4!

where, assumingd'!2r , then a25(2r 1d')2;4r 2 and
Q25D i* /D'

* 5(L2/4r 2)(d' /di).
It has been suggested that the anisotropy inD and that in

the mass diffusion coefficientDm should be described by th
same expression@8#. The expression for the anisotropy o
Dm obtained in Ref.@20# from an affine transformation
model, is indeed equal to Eq.~4!, where, however,Q2

5(L/2r )2. Also, in the case of Ref.@21#, the prediction for
the anisotropy inDm is again equal to Eq.~4! but with Q2

5(L/2r ).

FIG. 10. Orientational order parameter as a function of temp
ture for 5CB. Open squares and circles represent data taken
Refs.@18# and @19#, respectively.
-
t

i-

n-
r-

r-
-
n-

Figure 11 shows theR versusn behavior we have ob-
tained from our data. The behavior ofR is similar to that for
ki . A semiquantitative calculation based on Eq.~4! will give
in the following an estimate of the value ofd' /di and its
dependence onn. We will not use data obtained for 8CB an
9CB, compounds with a larger anisotropy, since, as d
cussed before, they have smectic phases withTAN quite close
to TNI . At t520.033 we have, considering, for exampl
5CB and 7CB,R5CB50.23 and R7CB50.25. Combining
these two numbers with theS values obtained fromDk data
at the samet, which areS5CB50.59 andS7CB50.64, respec-
tively, from Eq.~4! we haveQ5CB

2 5Q7CB
2 52.92. SincenCB

are polar compounds and are known to form dimers, th
assuming that 2r;9 Å @22# for all the investigated com-
pounds andL5CB;25 Å andL7CB;29.8 Å @23#, we obtain
(d' /di)5CB;0.38 and (d' /di)7CB;0.26. In both cases the
variation of the geometrical dimensions and, in particul
the increase of the molecular length that affectsdi , cannot
account for the decrease ofd' /di . We believe that, withd'

approximately constant in the nematic phase, there is an
crease of the average distance between molecules in a d
tion parallel to the molecular long axis. This conclusion
supported by the decrease of the sample density with incr
ing n reported in Ref.@15# for the nCB series and it is also
consistent with what is reported in Ref.@1# for the PAA
series. Though the calculations have been performed for 5
and 7CB only for the reasons reported above, the data sh
in Fig. 11 suggests that the variation ofR with n cannot be
explained only in terms of the variation of the geometric
dimensions for all the investigated molecules. The results
have presented lead us to conclude that the models for
thermal diffusivity based on the molecular dimensions on
such as those forDm , are not adequate.

It is interesting to note that fromD i* /D'
* 5(L2/

4r 2)(d' /di) it follows that the conclusionD i.D' , unlike
that reported in Ref.@1#, may not be a general one in all th
mesophases.D i /D' in fact depends on the geometrical d
mensions of the molecules but also ond' /di . In other
words, it may be possible, at least in principle, thatd' /di is
small enough to giveD i,D' . This possibility cannot be
excluded, for example, in highly symmetric smectic phas
in which smectic layering could produce a close packing
the molecules@17# within the plane, thus reducing conside
ably d' /di.

a-
m

FIG. 11. Thermal anisotropy as a function ofn.
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V. CONCLUSIONS

The measurements of the thermal diffusivity and therm
conductivity of thenCB series have been presented. It h
been shown that, for homeotropic samples, both quant
are affected by the odd-even effect. This implies that a
theoretical interpretation of the results must take into
count, not only the geometrical dimensions, but also
symmetry of the molecules and their average distances.
has been confirmed by data on the thermal transport an
ropy, which, moreover, show that models for the anisotro
ys

q.
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e

so
p

e
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l
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used for the mass diffusion coefficient cannot be applied
the thermal diffusivity. It has been, moreover, shown that
ratio of the average distance between molecules along a
rection perpendicular to the molecular long axis and perp
dicular to it is smaller than 1 and decreases withn. The
effect of long-range order has been found to be importan
the thermal transport parameters in the cases of 8CB
9CB, where an increase in the anisotropy just belowTAN has
been found. Pretransitional effects are clearly visible in
thermal diffusivity but are absent in the thermal conductivi
ys.
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