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Thermal conductivity and thermal diffusivity of the cyanobiphenyl (nCB) homologous series
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The thermal conductivity and the thermal diffusivity of aligne€B samples 1t=5, ...,9) hasbeen
measured with a photopyroelectric technique. An odd-even effect has been found in the values of these two
guantities for homeotropic samples with increasmgThe 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 diffusiyi81063-651X98)13010-§

PACS numbd(s): 61.30~v, 66.60+a

[. INTRODUCTION effects has, moreover, been contradicted by some recent high
resolution results on the critical behavior Bfclose to sev-

It is well known [1] that the heat conduction in liquid eral phase transitions of various compouifi$,12 and it
crystal (LC) ordered phases is anisotropic, but the physicahas also been shown that the variationDofrom one me-
mechanisms that govern such anisotropy are not yet confiophase to another is not always negligiig]. _
pletely understood. The data reported in the literafared] _ Anoth_er interesting aspect is how the heat con_ductlo_n an-
show that, in all the measured compouns, which is the isotropy in LC can be related to the molecular dimensions.
thermal diffusivity measured in a direction parallel to the SOMe authorgs] have suggested that the same expression
director, is larger thaml, , which is the one measured in a “?'a“”g. the mass d|ffu§|on coefﬁmeDtm and the molecular
direction perpendicular to it. A semiquantitative approach dgﬁgn;gs%b;’ﬁéhfhgfqrzgsgﬁﬁﬁigi:de?ﬂi;imrfgég?g ?]%W_
based on the extension of the Eyring model for the thermaZver do not consider the symmetryyé)f the molecules’ which
diffusivity of S|mple_ fluids to anisotropic media, ha; been as stated before, is known to affect the ordering process.
proposed to explain some experimental observatidiis

. L in which lecul . .. Only a few experimental results on this issue are available in
This model, in which LC molecules are considered as rigicne literature and, to date, no definite conclusion has been

rods, is based on two simple assumptions. The first one igrawn

that, for example in the nematic phase, where all the mol- | this paper we report on the simultaneous measurement
ecules have, on the average, their long axis aligned parallgyf the thermal conductivityk) and the thermal diffusivity as

to the director, the “empty space” between molecules meaa function of temperature for theCB (n=5, . ..,9) ho-
sured along the long axis is not the same as the one perpemologous series. The data have been compared with those
dicular to it. The second assumption is that the energy is nagxisting in literature. An odd-even effect, similar to the one
instantaneously transferred from one molecule to the sureported forTy, [10] has been found ik and D and have
rounding ones, but it propagates with finite speed as in théeen explained in terms of the model proposed in Réf.It

case of convective conduction. The conclusions derived fronmas been concluded that it is not only the length to width
the explanation of the experimental results in terms of thgatio of the molecules that influences the heat conduction,
proposed model are the followingt) D;/D, , which has  butalso the intermolecular distances, and therefore the pack-
been found to be greater than 1 for all the measured coning of the molecules, which is affected by the ordering due to
pounds, linearly depends on the molecular lengthD and the molecular symmetry. Data on the dependence of the heat

D, do not depend on the long-range order of the system angonduction anisotropy as a function nfare also presented.
thus do not vary significantly from one mesophase to anlt is shown that these data can be only accounted for with the

other, showing no pretransitional effectsii) the depen- above-mentioned theoretical model, while the expressions
dence of the value oD on the length of the central rigid that have been proposed Dr, do not seem to be adequate.

core of the molecule is more important than that due to the
length of the aliphatic end chain.

Some open questions, however, remain. Following the Measurements have been performed in the photopyroelec-
above-mentioned modeling of the heat conduction in LC, ittric setup described previousfjL2], which enables the si-
turns out that the ordering of the molecules, which is ex-multaneous measurement of specific heat, thermal conductiv-
pected to affect the amount of empty space between thenity, and thermal diffusivity. The heating rate was between 20
should have an influence @. Packing of the molecules, on and 40 mK/min. Samples homeotropic alignment was ob-
the other hand, depends on their symmetry and is responsibtained by treating the cell walls with a trimethylcetylammo-
for the so-called odd-even effect on the nematic-isotropimium bromide solution in chloroform. The concentration of
(NI) transition temperatureT{,) found in several LC com- the surfactant was adjusted to have a maximum valu®for
pounds[10]. An odd-even effect also in the anisotropy®f at a reference temperature, a circumstance which, as dis-
may therefore be expected. The absence of pretransitionalissed later on, ensures optimum alignment. In all cases a

Il. EXPERIMENT
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0.26 conductivity value is close t(%(k”+2kl) for nonaligned
0.24 a) samples andk> 3 (k+ 2k, )>k, . This leads to the conclu-
LI sion that the better the alignments, the lar¢be smalley
_oezr Soe osy the value ofk; (k,). As pointed out by the authors in Ref.
5; 0.20 T, [7], in their case the sample had been aligned by a magnetic
2 018t field. With such a method and with their experimental setup
Z 016l the extent of the molecular alignment could not be checked.
= B =~ < e . In our case, as stated earlier on, the sample alignment was
014T% o oo o o o oo carefully checked. Figure(d) also shows calculated values
0.12+ . . . . l of %(k”+ 2k, ) versus temperature in the nematic phase. This
20 25 30 35 40 45 quantity is supposed to give the average value for the ther-
T(°C) mal conductivity in nonaligned samples, based on the as-

sumption that LC molecules can be represented as simple

1.4 rods. One might therefore expect that %(ek”+2kl) quan-
2 " oo b) tity should coincide with the extrapolation beldly, of the
—~ 12} “oo data in the isotropic phase. The data, as in Réf. do not
g o confirm this and we believe that the observed deviation is
“g 1.0} ”E due to the true conformation of the molecules that can be
"o \ considered as rigid ellipsoids only as a first approximation. It
Z 08r 60 00 0y QovesEmORTS should be, moreover, considered that the sample density has
a o a discontinuity afTy,, the value in the nematic phase being
0.6 : larger than the one in the isotropic ph4&d] so that a closer
Y packing of the molecules in the nematic phase can be respon-

0'420 2'5 3'0 3'5 4'0 4'5 sible for the larger averadevalue observed in such a phase.
Figure 1b) shows the thermal diffusivity versus tempera-
T(c) ture for planar and homeotropic aligned samples. In both

cases, a dip irD at the transition temperature can be ob-

for homeotropic(gray dots and planar(dark dots 5CB samples. served. Agam the data comudg in the |so_trop|c phase while
Open squares and circles represent data taken from{ReLight 0| @hdD. increases beloWy, with decreasing temperature,
gray triangles show calculated values of the average thermal corl€ increase irD, being less pronounced. Also shown in
ductivity for nonaligned samplegb) Thermal diffusivity as a func-  Fig. 1(b) are data reported in Re[ﬂ]- Though a good agree-
tion of temperature for homeotropigray dotg and planardark ~ Ment has been found in the isotropic phase, the data taken
dots 5CB samples. Open squares and circles represent data tak&i®m Ref.[1] are systematically larger than the ones we have
from Ref.[1]. obtained in the nematic phase for both planar and homeotro-

pic alignments. It should be pointed out, however, that while
value of 5% in weight proved to be the best choice to haveve have used pure compounds in our measurements, in Ref.
monodomain samples. A polarizing microscope was thel] a dye has been added to the samples. Pretransitional ef-
used to check the alignment. Planar samples were obtaindécts inD are, moreover, clearly visible in our data close to
by depositing on the cell walls a thin layer of quartz at athe NI transition. This contradicts the conclusion reported in
grazing angle. Also in this case the alignment was checke®ef.[1] concerning the absence of any pretransitional effect
by a polarizing microscope and the sputtering conditiongear phase transition i probably due to the much lower

were adjusted to have a minimum values By at a refer- temperature resolution of such measurements in the vicinity
ence temperature. of the phase transition and possibly also to the lower sample

purity due to the presence of the dye.
For 5CB and for all of the other investigated samples we
have also obtained the specific heat datat shown, which
Figure 1a shows the thermal conductivity data versusin all cases where our technique was applied are in a very
temperature for two 5CB samples with planar and homeotrogood agreement with the ones reported in literature.
pic alignment. The two data sets coincide in the isotropic Figures 2 and 3 show the thermal conductivity and the
phase where the thermal conductivity slightly decreases witlthermal diffusivity versus temperature for 6CB and 7CB, re-
increasing temperature. A discontinuity, as expected for &pectively. The same considerations as for 5CB apply to the
first order phase transition such as the NI one, is clearlylata reported in these figures. Two data pointfpandD ;
evident atTy,. Below this temperaturds increases with of 6CB, taken from Ref[6], are reported in Fig. (®). Both
decreasing temperature, whike decreases. A comparison are considerably larger than the corresponding ones obtained
between the data obtained in the present work and the ondés the present work.
reported in Ref[7] is also contained in Fig.(4). Although The temperature dependence of the thermal conductivity
the qualitative behavior is similar, the thermal conductivityand thermal diffusivity for aligned 8CB and 9CB samples,
values we have obtained in the nematic phase are systematiteady reported in Ref§12] and[13], are shown in Figs. 4
cally larger in the case df; and smaller in the case @&f . and 5. Also reported in Fig.(8) are data taken from Rdi5]
This could be due to a poorer alignment of the sample in Refwhich show a reasonable agreement with the ones we have
[7]. Data available in the literature suggest that the thermabbtained. The behavior @ andD, belowTy, in these two

FIG. 1. (a) Thermal conductivity as a function of temperature

lll. RESULTS
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FIG. 2. (@) Thermal conductivity as a function of temperature  FIG. 3. (a) Thermal conductivity as a function of temperature
for homeotropic(gray dot$ and planar(dark dot$ 6CB samples. for homeotropic(gray dot$ and planar(dark dotg 7CB samples.
(b) Thermal diffusivity as a function of temperature for homeotro- (b) Thermal diffusivity as a function of temperature for homeotro-
pic (gray dot3 and planardark dot3 6CB samples. Open symbols pic (gray dot$ and planardark dot3 7CB samples.
represent data taken from Rg6].

is not the same in a direction parallel to the long axis of the

compounds is different with respect to the other compoundsnolecule and in the perpendicular one, while the second con-
of the series since, below the NI transition, the smectic A—erns the energy that is not instantaneously transferred from
nematic(AN) phase transition takes place. In both cases beene molecule to the surrounding ones. The first assumption
low Tan, @ sudden increase &f with decreasing tempera- is strictly connected to the elongated shape of LC molecules,
ture, due to the smectic ordering contribution to thewhile the second one derives from the analysis of experimen-
orientational order parameter, as explained in R&8] is  tal data which suggest that, generally speaking, the LC mol-
evident in Figs. 4) and Ha). This effect is more pro- ecules have a highly conducting rigid core and a less con-
nounced in the case of 9CB because of the narrower nematductive alkyl chain[1]. If we assume that a LC single
range. Such an effect is difficult to detect in the thermalmolecule or a single dimer in the case of polar compounds
diffusivity because of the dip at the AN transition shown in can be represented by a cylinder, then in the case of a perfect
Figs. 4b) and §b), which is associated with the critical be- alignment §=1), according to the model reported in Ref.
havior of the specific hedtl2]. These results demonstrate [1], we have
that, unlike what was reported in R¢l], the thermal diffu- ) 5
sivity has a critical behavior at the AN transition and that the D* ~|-_ D* _a 1)
smectic ordering can affect the thermal transport especially I _3d”' L3d,”
in compounds with a narrow nematic randes]. It should
finally be noted that the temperature resolution of our mea- The quantities in Eq(1) are average values of the dis-
surements is about three orders of magnitude larger than titances indicated in Fig. 6.
one of Ref[1]. If S<1 then:

_Dﬁ‘(l—S)+Dj(2+S)

IV. DISCUSSION
1 3 ’ (2)
A. Thermal parameters as a function of molecular length
As already stated in the Introduction, a simple kinetic b _ D (1+25)+D7(2-29)
model based on an extension of the Eyring theory for the = 3 '
thermal diffusivity of isotropic fluids to anisotropic ones has
been proposed for the thermal diffusivity of LQ]. There The above expressions clearly indicate that the influence

are two basic assumptions: the first one is that the emptgf the molecular length on the thermal diffusivity can be
space between molecules in the nematic phase, for examplderived from the experimental data from different com-
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FIG. 4. (a) Thermal conductivity as a function of temperature  FIG. 5. (a) Thermal conductivity as a function of temperature
for homeotropic(gray dot$ and planar(dark dot$ 8CB samples.  for homeotropic(gray dot$ and planar(dark dot$ 9CB samples.
Data are taken from Ref12]. (b) Thermal diffusivity as a function  pata are taken from Ref13]. Thermal diffusivity as a function of
of temperature for homeotropigray dotg and planar(dark dot3  temperature for homeotropigray dot$ and planakdark dot3 9CB
8CB samples. Data are taken from REE2]. Open squares and samples. Data are taken from REE3].

circles represent data taken from Ri]. ) ) _
common distance frorty, achievable for all compounds in

ounds. The thermal diffusivity stronalv depends on the ori-2Ur measurements. An odd-even effect is clearly visible also

P y gly cep n the D values. It should be noted that while 5CB, 6CB,

entational order of the system, which is temperature depeH- ; . .

dent, but if we assume, as in the case of the Maier-Saup nd 7CB are always in the nematic phase fc_>r all the negative
. . Values oft, 8CB, and 9CB are in the smectic A phase ffor

theory[14], that the molecular interactions are temperature

indenendent. then the microscopic order baramstds a <-—0.022 andt=<—0.006, respectively. Since in these two
'€p L pic P . compounds there is an additional contribution to the orienta-
universal function of T/Ty,. Following this assumption,

. . . . tional order due to the smectic layerifit], the relevance of
Wh'.Ch will be d|scussgd again later on, and to allow a COMthe odd-even effect i is reduced and it therefore appears
parison among the different compounds, the data will bgegs eyident than iy, . It is very difficult for these two
plotted as a function of the reduced temperattre(T 5y n6unds to have values for the diffusivity in the nematic
T/ T - ) . , phase to be easily comparable with those of the other com-
In Ref. [1] the authors claim thaby increases linearly o nds of the homologous series because of their narrow

with n while D, does not change substantially. Consideringnematic range and because of the pretransitional effects
Egs.(1) and(2) this would be consistent with bothandd, found inD.

increasing linearly withn, since DHZLZ/dH. If one, how-
ever, looks more carefully at the data on the PAA sefffég.
7 of Ref.[1]) one sees that thB | values are affected by the dy
so-called odd-even effect, which, in their case, produces an
increase(decreaseof D when moving from one compound

with an odd(even number of methyl groups in the alkyl r
chain to one having an evdndd number.

Figure 7 showd y, versusn for thenCB series where the al |d,
so-called odd-even effect is clearly visible. This effect has L

been related to the symmetry of the molecule, which is
changed by the progressive addition of alkyl grodi8].
This effect becomes less evident as the molecular length in-
creases because of the flexibility of the alkyl chain. FIG. 6. Schematic representation of rodlike LC molecular di-

In Fig. 8 we have reported the valuesdf as a function  mensions. White areas represent rigid cores while shaded areas rep-
of n calculated at=—0.033, which correspond to the largest resent alkyl chains.
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FIG. 7. Nematic-isotropic transition temperature as a function of

n. FIG. 9. Thermal conductivity of homeotropisquaresand pla-

o ] ) nar (circles samples as a function ofatt=—0.033.
While in the case of the PAA serid3| decreases going

from an even to an odd compound, the opposite occurs in the .
nCB series. This is obviously due to the different molecularNcréase inDy . The presence of the odd-even effect, how-

structure and therefore to the different molecular symmetry2Ver, suggests that we have to take into account also the
of the two series. symmetry of the molecule, since it affects the ordering pro-

Also shown in F|g 8 IEDL versusn. A variation of about cess and therefore their average Separation. In other words

10%, smaller than the one found By, has been obtained the observed odd-even effect suggests a nonmonotonous
for different compounds. The data, however, do not allow ug/ariation ofd; with increasing-. We can then look at thB)
to draw any definite conclusion regarding the trend ofthe  dependence on as the combination of two contributions:
with n, as also in the case of Ré¢l.]. What may appear as a one given by the increase in, which gives a linear back-
nonmonotonous behavior, particularly for 8CB, is due to theground increase i), plus the oscillation induced by the
vicinity of the AN transition, which induces an anomalous nonmonotonous variation af; .
decrease oD, . Thermal diffusivity data for 8CB taken at The above-mentioned results may raise some doubts
lower temperatures, further away frofpy, are quite close about the choice we have made to plot the thermal conduc-
to the 9CB value and this leads to the conclusion that theivity and thermal diffusivity data as a function of the re-
variation ofD, could be smaller than that reported in Fig. 8 dquced temperature to allow a comparison between different
if data could be taken for all the compounds at a smailler compounds. This choice was based on the Maier-Saupe
Figure 9 shows versusn. Though the odd-even effectis theory[14] that considers LC molecules as rigid rods. The
less evidentk behaves qualitatively lik@® and this is not  resyits we have obtained show, however, that the symmetry
surprising if we consider th&j=pcD; . Figure 9 shows also  of the molecule affects, together with other possible effects
the approximately linear increase lof with n. When com-  gych as, for example, the smectic contribution to orienta-
pared with the one oD, the behavior ofk, can be ex- tjonal order, the ordering process. This would imply that the
plained only if we assume an increasemfandc with . microscopic order paramet&would no be longer a univer-
While, as discussed later om decreases slightly with[15],  sal function oft. In other words, the presence of the odd-
cincrease$16] and its increase can account for the observeayen effect may give rise to different values®#t the same
behavior ofk, . t for different compounds. In the following it will be shown
Let us now try to analyze the results we have obtained irhat the difference between the orientational order parameter
terms of EQS(l) and(2) If we consider the LC molecules as among the various Compounds of theCB series at
rigid rods, then an increase of the lengttmust produce an t=—0.033 are small enough to confirm all the conclusions
we have drawn on the basis of the normalization procedure

we have chosen.
| |t=-0.033
1o} (o] los
o~ o~ B. Thermal anisotropy
"; 14r 10.7 “; It is well known that the anisotropic part of a tensorial
5 ° T o " quantity can be used to define a macroscopic order parameter
2 ><o/ los T which is usually assumed to be proportional to the micro-
=13 " g scopic ong17]. Strictly speaking, this is true only when the
. N field produced by molecular interactions, as in the case of the
T 105 magnetic susceptibility, is negligible with respect to the ex-
12— ' ' ' ' ternal one. In all the other cases, to preserve the proportion-

ality, arbitrary assumptions must be made on the correlation
function, even though, after a suitable normalization, macro-

FIG. 8. Thermal diffusivity of homeotropitsquaresand planar ~ scopic order parameters obtained from different experimental
(circles samples as a function of att=—0.033. technique show a reasonable agreenp&m}.
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FIG. 10. Orientational order parameter as a function of tempera- FIG. 11. Thermal anisotropy as a functionraf

ture for 5CB. Open squares and circles represent data taken from
Refs.[18] and[19], respectively. Figure 11 shows th& versusn behavior we have ob-
tained from our data. The behavior Bfis similar to that for
Figure 10 shows the behavior & as a function ofT k. A semiquantitative calculation based on &4). will give
obtained in 5CB assuming the anisotropy in the thermal conin the following an estimate of the value df, /d and its
ductivity Ak=kj—k, =S. The data have been normalized at yependence on. We will not use data obtained for 8CB and
28°C with a data point taken from R¢L8]. Also shownin  9CB, compounds with a larger anisotropy, since, as dis-
the figure are data taken from the literat§il8,19 and the  ¢,55ed before, they have smectic phases Wihquite close
agreement with those we have obtained is fairly good. Simiy, Ty, At t=—0.033 we have, considering, for example,
lar agreementnot shown has been obtained for the other ;~g" 4 7CB,Rscs=0.23 andR,c5=0.25. Combining

compounds of the homologous series, this leading to the CONE wce two numbers with tH@values obtained fromk data
clusion that the assumption we have made about the propotr-

tionality betweenk;—k, and S is reasonable. Moreover, at the same, which areSscs=0.59 andS;cg=0.64, respec-

small differences have been observed in the behavieras ~ t1vely. from Eq.(4) we haveQécg=Qcp=2.92. SincenCB
a function oft obtained fromk,—k, for the different com- @€ polar compounds and are known to form dimers, then
pounds of theCB series, thus justifying the choice we have assuming that 2~9 A [22] for all the investigated com-
made to represent the data krandD for the various com- Pounds and.scg~25 A andL;cg~29.8 A[23], we obtain
pounds as a function df We would like to emphasize once (d./dj)scg~0.38 and @, /dj)7cg~0.26. In both cases the
again the very large temperature resolution in$rdata as a  variation of the geometrical dimensions and, in particular,
function of temperature that can be obtained from the therthe increase of the molecular length that affedts cannot
mal conductivity anisotropy via the photopyroelectric mea-account for the decrease of /d;. We believe that, withd,
surements, an aspect that is very important when one is irepproximately constant in the nematic phase, there is an in-
terested in the critical behavior & to evaluate its critical crease of the average distance between molecules in a direc-
exponents. A discussion on this point is, however, beyond tion parallel to the molecular long axis. This conclusion is
the scope of this work and will be presented elsewhere.  supported by the decrease of the sample density with increas-
Equations(1) and(2) can be used to predict the behavior jng n reported in Ref[15] for the nCB series and it is also
of the thermal anisotropy as a function of If we define consistent with what is reported in RdfL] for the PAA
series. Though the calculations have been performed for 5CB

= M ©) and 7CB only for the reasons reported above, the data shown
Dy+2D, in Fig. 11 suggests that the variation Rfwith n cannot be
] explained only in terms of the variation of the geometrical
then we obtain dimensions for all the investigated molecules. The results we
have presented lead us to conclude that the models for the
Q%1 thermal diffusivity based on the molecular dimensions only,
R_SQ2+2’ ) such as those fdD,,, are not adequate.

It is interesting to note that fromDj/D}=(L%

where, assumingd, <2r, then a?=(2r+d,)2~4r2 and 4r?)(d, /d)) it follows that the conclusiod;>D, , unlike
Q?=D} /D =(L%4r?)(d, /d)). that reported in Ref.1], may not be a general one in all the
It has been suggested that the anisotroppiand that in ~ Mesophased; /D, in fact depends on the geometrical di-
the mass diffusion coefficiel,, should be described by the mensions of the molecules but also on/dj. In other
same expressiof8]. The expression for the anisotropy of words, it may be possible, at least in principle, tHat'd is
D, obtained in Ref.[20] from an affine transformation small enough to giveD <D, . This possibility cannot be
model, is indeed equal to Eq4), where, howeverQ? excluded, for example, in highly symmetric smectic phases,
=(L/2r)2. Also, in the case of Ref21], the prediction for in which smectic layering could produce a close packing of
the anisotropy irD,, is again equal to Eq4) but with Q2  the molecule$17] within the plane, thus reducing consider-
=(L/2r). ably d, /d.
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V. CONCLUSIONS used for the mass diffusion coefficient cannot be applied to

The measurements of the thermal diffusivity and thermth? thermal diffusivity._lt has been, moreover, shown that the.
conductivity of thenCB series have been presented. It hagatio of the average distance between molecules along a di-
been shown that, for homeotropic samples, both quantitiekection perpendicular to the molecular long axis and perpen-
are affected by the odd-even effect. This implies that anylicular to it is smaller than 1 and decreases withThe
theoretical interpretation of the results must take into aceffect of long-range order has been found to be important in
count, not only the geometrical dimensions, but also théhe thermal transport parameters in the cases of 8CB and
symmetry of the molecules and their average distances. ThBCB, where an increase in the anisotropy just below has
has been confirmed by data on the thermal transport anisobeen found. Pretransitional effects are clearly visible in the
ropy, which, moreover, show that models for the anisotropythermal diffusivity but are absent in the thermal conductivity.
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