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Effect of a rigid nonpolar solute on the splay, bend elastic constants, and on rotational viscosit
coefficient of 4,48-n-octyl-cyanobiphenyl

Sudeshna DasGupta, Pinku Chattopadhyay, and Soumen Kumar Roy
Department of Physics, Jadavpur University, Calcutta-700 032, India
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The effect of a rigid nonpolar nonmesogenic solute ‘‘biphenyl,’’ that is, C6H5-C6H5 on the splay and bend
elastic constants and on the rotational viscosity coefficient of 4,48-n-octyl-cyanobiphenyl is reported. The
experiments involve the measurement of the voltage dependence of the capacitance of a cell filled with the
mixture. Anomalous behavior of bothK11 andDe near theN-SA transition have been observed.
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I. INTRODUCTION

It is well known that, with few exceptions, the presence
nonmesomorphic solutes in nematics depress the no
nematic-isotropic transition temperature (TNI) @1#. More-
over, experiments@2,3# over the last few decades have co
firmed that the presence of such impurities leads to the
mation of a two-phase region. This is consistent with
laws of thermodynamics and the first-order nature of theN-I
transition. Two types of models have proved to be gener
useful for investigatingN-I transitions in dilute solutions
The first is a lattice model@4,5# that takes into account th
role of intermolecular repulsion or the steric effect. The oth
@6# is the mean-field theory of the Maier-Saupe type t
takes into account the anisotropic intermolecular attraction
the dispersion forces. More recently Mukherjee@7# has ex-
plained the behavior of the two-phase region using the p
nomenological Landau de Gennes theory.

The role of nonmesogenic impurities on a mesog
which exhibits a smectic phase as well, has not receive
great deal of attention from either experimentalists or th
rists. Here too, in favorable circumstances, remains a po
bility of the existence of a two-phase region near the sme
transition@8#.

In this paper we report the results of measureme
carried out on a mixture of biphenyl an
4,48-n-octyl-cyanobiphenyl~8CB!. The latter which has a
strong polar group and a long alkyl chain, has received c
siderable attention from experimentalists over the last
decades@9–12# and is known to exhibit a first orderSA-N
transition. The biphenyl-8CB system to the best of o
knowledge, has not been studied before and is a natural
interesting choice in its own merit since the solute, which
chemically C6H5-C6H5, is a nonmesogenic, nonpolar rig
molecule and is nothing but 8CB deprived of its cyano gro
and the flexible alkyl chain. We have observed that biphe
is easily miscible with 8CB and lowers bothTAN andTNI by
an amount that depends on the impurity concentration.
range of the nematic phase, i.e., (TNI2TAN) however, is not
significantly altered. The effect of this rodlike nonpolar im
purity on the dielectric anisotropy, on the Frank elastic co
stants~splay and bend!, and on the effective rotational vis
cosity coefficient of pure 8CB has been reported here. To
best of our knowledge, no measurement has yet been
1063-651X/2001/63~4!/041703~8!/$20.00 63 0417
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ported on the effect of impurities on the elastic constants
the viscosity coefficient of a nematic. The experiments
have carried out involve an electric-field-induced Fre´eder-
icksz transition and consist of two parts. The dielectric a
isotropy and the Frank elastic constants are extracted fro
set of measurements of the voltage dependence of the ca
tance of a sample cell filled with the 8CB and biphenyl m
ture. For the determination of the rotational viscosity coe
cient a method based on dynamic Freedericksz transitio
used. Interesting features have emerged from these mea
ments and the splay elastic constant is seen to exhibit ano
lous behavior in the vicinity of theSA-N transitions for the
impurity concentration exceeding a certain value.

II. PRINCIPLE OF THE METHOD

The splay elastic constantK11 is related to the Fre´eder-
icksz threshold voltageVth by the relation

K115e0De/p2Vth
2 , ~1!

wheree0 is the permittivity of free space andDe5e i2e' ,
the dielectric anisotropy of the sample. The method of de
mination ofDe is described below.

The exact relationship between the cell capacitanceC and
the voltageV applied across the cell was obtained by Gru
et al. @13#,

V

Vth
5

2

p
~11g sin2fm!1/2

3E
0

fmF ~11k sin2f!

~11g sin2f!~sin2fm2sin2f!
G 1/2

df ~2!

and

C

C'

5

E
0

fmF ~11k sin2f!~11g sin2f!

~sin2fm2sin2f!
G 1/2

df

E
0

fmF ~11k sin2f!

~11g sin2f!~sin2fm2sin2f!
G 1/2

df

, ~3!

wherek5K33/K1121 (K33 being the bend elastic constant!,
g5e i /e'21, f is the tilt angle made by the director with
direction parallel to the cell walls,fm is the tilt angle at the
©2001 The American Physical Society03-1
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center of the cell, andC' is the capacitance of the cell whe
the liquid crystal molecules are homogeneously aligned,
is, before the onset of Fre´edericksz transition when the vol
age applied is lower than the threshold voltage. These e
tions can be combined to yield

C2C'

C'

5g2
2g

p
~11g sin2fm!1/2

Vth

V

3E
0

sin fmF ~11kx2!~12x2!

~11gx2!~sin2fm2x2!
G 1/2

dx ~4!

When the applied voltage is much higher than the thresh
voltage, the director at the center of the cell becomes perp
dicular to the cell walls andfm5p/2. Then the above equa
tion reduces to

C2C'

C'

5g2
2g

p
~11g!1/2

Vth

V E
0

1F ~11kx2!

~11gx2!
G 1/2

dx ~5!

or dividing by g,

C2C'

Ci2C'

5CR512
2

p
~11g!1/2

Vth

V E
0

1F ~11kx2!

~11gx2!
G 1/2

dx,

~6!

whereCR may be called the reduced capacitance.Ci is the
capacitance of the cell when the nematic is homeotropic
oriented, i.e., the value ofC in the limit 1/V→0. e i ande'

may be obtained by dividingCi and C' by the empty cell
capacitanceC0, respectively. In the above equation use h
been made of the relationg5(Ci2C')/C' .

Thus Eq.~5! predicts that a plot of (C2C')/C' against
1/V for V@Vth should be linear and the extrapolated value
the ordinate for 1/V→0 should directly provide the value o
g5De/e' . This procedure for obtainingg was first sug-
gested by Meyerhofer@14#.

The variation of capacitance with applied voltage was
ted against Eqs.~2! and ~3! to obtainVth and k. We then
used Eq.~1! to calculateK11 and henceK33. This method for
obtainingVth andk was suggested by Morriset al. @11#.

The viscous behavior of a nematic can be obtained
studying the response to a sudden change in an applied
netic or electric field that is normally stronger than t
Fréedericksz-threshold value. In case of deformations
volving a pure twist there is no hydrodynamic flow. Th
molecules merely rotate without any translational motion a
the analysis is rather simple@15#. The situation is far more
complicated in case of a splay geometry, which we ha
studied, since the director reorientation is now accompan
by a hydrodynamic flow. The gradient of the angular velo
ity of the director produces a backflow motion, first demo
strated by Pieranskiet al. @16#, giving rise to a frictional
torque. The sudden removal of an external field in this c
would result in a director relaxation time

t5g1* d2/~p2K11!, ~7!
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whereg1* is the effective rotational viscosity coefficient,d is
the cell thickness, andK11 is the splay elastic constant. I
practiceg1* is about 10% less than the rotational viscos
coefficientg1.

We have determined the relaxation timet by measuring
the decay of the capacitance in a nematic cell. The details
given in the next section.

III. DETAILS OF THE EXPERIMENTAL METHOD

We have used a Hewlett-Packard LCR meter HP 427
to measure the capacitance of the sample cell. The ins
ment employs the so-called ‘‘autobalancing bridge metho
to measure both the real and complex parts of impeda
simultaneously. The voltage was varied from 0.1 V to 5 V at
a frequency of 1 KHz. The sample cells, which were of ve
high precision, were obtained from Displaytech, USA. T
cells, consisting of two indium tin oxide~ITO!-coated glass
plates with a spacing of 4mm and an active area o
0.26 cm2, underwent brushed polyimide treatment to ens
planar orientation. They also had a guard ring incorpora
in them to minimize fringe electric fields. The temperature
the cells was controlled to remain within60.1 K by placing
the cells within a Mettler hot stage FP 82. The texture of
samples was viewed through a Leitz polarizing microsco
and photographs were taken with the help of Photoautom
Both 8CB and biphenyl were obtained from Merck and we
used without further purification.

The samples that we have used were mixtures of vari
concentrations of biphenyl, ranging from 0.4% to 6.4%,
pure 8CB. The smectic-to-nematic transition temperatu
TAN and the nematic-to-isotropic transition temperatureTNI
were determined from texture studies of the samples. V
ous photographs were taken at different stages of the tra
tion. In the capacitance measurement experiments the p
voltage of the LCR meter HP 4274A provided the aligni
ac electric field. The voltage was varied from 0.1 V to 5 V at
a frequency of 1 KHz in theCP-G mode of the instrument
In the neighborhood of the Fre´edericksz transition, reading
were taken at intervals of 10 mV. The samples were filled
the cells and theC-V variation was recorded at a large num
ber of temperatures ranging from the smectic-to-nem
transition temperatureTAN to a few degrees beyond th
nematic-to-isotropic transition temperatureTNI . It must be
noted that all measurements were carried out as the temp
tures of the sample were increased, gradually starting fr
T,TAN and none of the measurements were taken du
cooling. Figure 1 shows a few capacitance-voltage variati
of the mixture with biphenyl concentration 4.59% at tem
peratures near the two transitionsSA-N and N-I and at an
intermediate temperature. There is always need to hav
refinement in the value ofVth as theC-V curves obtained in
a polyamide cell usually do not exhibit a very sharp thre
old of the Fréedericksz transition so as to yield a preci
value of Vth from the data directly. From theC-V datae'

and e i were calculated and subsequentlyVth and k were
determined as described below.e' was determined directly
from the value of the capacitance at voltages lower than
threshold voltage~before the onset of the Freedericksz tra
3-2
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FIG. 1. Variation of capaci-
tanceC with voltageV for differ-
ent temperaturest for a 4.59%
mixture of biphenyl in 8CB.
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sition!, by dividing the capacitanceC' by the empty cell
capacitanceC0 . e i was obtained by plottingC against 1/V
for the higher voltage range (4.025.0 V). The extrapolated
value of capacitance in the limit 1/V→0 gives Ci , which
when divided byC0 givese i .

A direct measurement ofCi was also carried out to chec
the reliability of the value ofg obtained by the above
method. A homeotropic alignment was obtained in the IT
coated glass cells using CTAB~cetyl trimethyl ammonium
bromide! and the capacitance of the cell was measured w
a 10 KG magnetic field was applied across the cell. T
values ofg thus obtained never differed from theg ’s ob-
tained from the (1/V)-extrapolation method by more tha
0.1%.

A two-parameter nonlinear least square fit for findingVth
and k worked in the following manner. Starting values
Vth andg were taken directly from the experiment. Equati
~2! was then used to obtain thefm’s for all values ofV for
which measurements of capacitance were carried out.
fm’s thus obtained were used in Eq.~3! to obtain C. The
error that was minimized in the least square program
( i 51

n (Ci
expt2Ci)

2 whereCi
expt is the measured value of th

capacitance atV5Vi andCi is the value of capacitance ob
tained by solving Eq.~3!, n being the number of data point
for a particular temperature. The final values ofVth never
differed a great deal from the input values.

For the rotational viscosity coefficient measurements,
have used a Hewlett-Packard impedance gain-phase ana
HP 4194A in the programmable mode to record the deca
capacitance with time. An integration time of 500ms was
chosen that resulted in an interval of 5 ms between suc
sive readings at the operating frequency that was fixed a
KHz. With our instrument, a delay time in multiples of 1 m
could be introduced between the readings but in this case
did not introduce any delay since the decay of the cap
04170
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tance was found to be pretty fast. The ac probe volta
across the sample cell was held fixed at 0.3 V. A lo
frequency ac voltage about 2 V peak to peak was app
across the cell for about 30 s. It was switched off and
transient~decaying! capacitance of the cell was captured a
function of time by the HP 4194A. A plot of this decay o
capacitance with time, which was always found to be ex
nential, was then dumped into a HP 7475A plotter that w
connected to the impedance analyzer over a HPIB bus. F
the plots thus obtained for different concentrations of bip
nyl mixtures at different temperatures, the time constant
was calculated and using the values ofK11 obtained from the
static capacitance measurements, the effective rotational
cosity coefficientg1* was evaluated.

IV. RESULTS AND DISCUSSION

The transition temperaturesTNI ~upper!, TNI ~lower!, and
TAN were determined from optical texture studies and

TABLE I. Variation of phase transition temperaturesTAN and
TNI with concentration of biphenyl in 8CB.

Concentration~%! TAN TNI ~lower! TNI ~upper!

0.00 33.2 40.1 40.2
0.40 32.8 39.8 39.9
0.90 31.0 38.1 38.4
1.58 29.9 37.2 37.6
2.00 29.6 36.5 37.1
3.30 27.1 34.3 35.0
4.00 25.5 33.1 33.9
4.59 24.9 32.2 33.2
6.40 - 28.2 29.8
3-3
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FIG. 2. Variation of TNI

and TAN with concentration of
biphenyl, c. @a5TAN , b15TNI

~lower!, b25TNI ~upper!#.
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results are presented in Table I and Fig. 2.TNI ~upper! is the
temperature at which the field of view of the polarizing m
croscope ~with crossed polarizer and analyzer! becomes
completely dark. All real nematics contain impurities a
Rosenblatt@17# has observed in 8CB a two-phase (N1I )
region of temperature of width 13 mK in the absence of
electric field. Needless to say, with our temperature res
tion of 0.1 K, we were unable to confirm this. The width
the two-phase region was seen to increase with the con
tration of biphenyl and for the maximum concentration
6.4% this was 1.6 K. We were unable to work with high
04170
n
-

n-
f
r

impurity concentrations because of nonavailability of an e
perimental arrangement for producing subambient temp
tures. All the transition temperatures reported in Table I w
determined without the presence of any external field. Ho
ever, we confirmed that with the highest electric field w
applied across the sample cells, namely, 1.253104 V/cm,
there was no noticeable change in any of the transition t
peratures.

The temperature dependence of the dielectric anisotr
for the concentrationc of biphenyl ranging from 0% to
4.59% is shown in Fig. 3. In pure 8CB and for all mixture
s

FIG. 3. Variation ofDe with T
for different concentrations of bi-
phenyl in 8CB. The vertical lines
denote the transition temperature
TAN andTNI for different concen-
trations of biphenyl in 8CB as
shown in Table I.
3-4
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FIG. 4. Variation ofK11 with
T for different concentrations of
biphenyl in 8CB. The vertical
lines denote the transition tem
peraturesTAN and TNI for differ-
ent concentrations of biphenyl in
8CB as shown in Table I.
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tio,
that we have studied,De in the neighborhood ofTNI shows
the same feature, in that it disappears atTNI ~upper!. At this
particular temperature the field of view in the microsco
with crossed polars is completely dark and hence the pha
isotropic. Values of the dielectric constante iso obtained well
within the isotropic phase show a gradual increase with te
perature for pure 8CB as well as for all mixtures we ha
studied.

Focusing on the behavior ofDe as TAN is approached
from the higher temperature side, we find that for biphe
concentrationc up to 2.00%,De in mixtures behaves in the
same way as that in pure 8CB, namely, it shows a sh
increase. However, for impurity concentrations of 3.30% a
higher,De goes down sharply while always remaining po
tive ~at least in the temperature range we have explored!. We
have noted that the decrease inDe results from a reduction
of e i (e' remaining fairly constant! asTAN is approached. A
similar decrease ine i as TAN is approached has been o
served in purep,p8-diheptylazoxybenzene where theN-SA
transition is almost second order. This has been attribute
the presence of pretransitional effects within the nem
phase@18#.

The temperature and concentration dependence of
splay elastic constantK11 is shown in Fig. 4. The ratiok was
seen to approach the value 0 and stay around that valu
and around transition but then it was seen to increase a
with increase in temperature. The plot of bend elastic c
stantK33 with T is shown in Fig. 5.

The bend elastic constantK33 is seen to diverge as th
smectic phase is approached from the nematic side. The
havior was of the typeDK33}tn, whereDK33 is the differ-
ence @11# betweenK33 and its nematic part,t5(T/TAN*
21), andn is the critical exponent. We found that for all th
samples studiedn is 1.060.1, which is in agreement with
the exponent obtained by Morriset al. @11# in pure 8CB. It
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must be recalled, however, that anisotropic scaling laws p
dict thatDK33 should vary as the correlation lengthj i both
above and belowTAN and this should result in an expone
n i , which from x-ray scattering experiments in man
samples turn out to be.0.57–0.75@8#. But the temperature
TAN* at which K33 diverges is slightly higher (;1 K) than
TAN for the mixtures and, for ease of the eye, is indicated
vertical lines in Fig. 5. We are, however, unable to say if t
weak first-orderSA-N transition in pure 8CB approaches
second-order transition in the mixtures and this needs m
detailed studies.

On plottingK11 againstg we find that the variations for
all the concentrations lie nearly on a universal curve,
shown in Fig. 6. The deviations that are seen in the figure
mainly the points for the higher concentration mixtures th
lie in the vicinity of the two transitions.

The abrupt decrease ine i as the smectic phase is ap
proached seems to occur at relatively higher concentrat
of biphenyl and is totally absent in pure 8CB and in t
mixtures of low impurity concentration. The optical textu
studies we have performed fail to reveal the existence of
smectic phase other than smecticA in the mixtures at low
temperatures. It may however be conjectured that the
crease in the proportion of biphenyl in the mixture, thou
small, is leading to a type of ordering, cybotactic or oth
wise, of the 8CB molecules where the contribution of t
permanent dipole moment of the -CN group toe i is greatly
reduced.

The decrease ine i , which suggests the existence of pr
transitional smectic effects within the nematic phase, occ
only for biphenyl concentrations greater than a limitin
value. It may be noted that the ratioTAN /TNI changes from
0.9779 in pure 8CB to 0.9735 in the 4.59% biphenyl-8C
mixture. It may be pointed out that the decrease in this ra
3-5
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FIG. 5. Variation ofK33 with
T for different concentrations of
biphenyl in 8CB.
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though marginal, is believed to favor a second orderSA-N
transition.

The temperature dependence of the rotational visco
coefficient for the concentration of biphenyl ranging fro
0% to 4.59% is shown in Fig. 7.TNI ~upper! is the tempera-
ture at which the field of view of the polarizing microscop
~with crossed polarizer and analyzer! becomes completely
dark. In pure 8CB and for all the mixturesg1* in the neigh-
borhood ofTNI , it shows the same feature in that it disa
pears at or beforeTNI ~upper!. However, as we approachTAN
from the higher temperature side we find that for impur
04170
ty

concentrations up to 2.00%,g1* shows a sharp increase as
pure 8CB while for impurity concentration of and high
than 3.30%,g1* is seen to decrease sharply. We are n
aware of any systematic study invloving the effect of no
mesogenic solutes on the rotational viscosity coefficient
nematics in the neighborhood of the nematic-smectic tra
tion. The Miesowicz viscosities of a mixture of 8OCB an
4TPB ~exhibiting the nematic-smectic transition! were re-
cently investigated by Janiket al. @19# using a Miesowicz
viscometer.

Figure 8 shows the plot of 1/T vs ln(g1* /De). The dielec-
FIG. 6. Variation ofK11 with
g for different concentrations of
biphenyl in 8CB.
3-6
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FIG. 7. Variation ofg1* with T
for different concentrations of bi-
phenyl in 8CB. The vertical lines
denote the transition temperature
TAN andTNI .
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tric anisotropyDe is roughly proportional to the long-rang
nematic order parameter. For pure as well as all mixtures
plot of 1/T vs ln(g1* /De) gives a straight line. The same so
of dependence has been obtained by Gasparoux and
@20#, Heppke and Schneider @21# for
n-~p-methoxybenzylidene!-p8-butylaniline ~MBBA !, and
Prost et al. @22# for a mixture of two isomers of
p-methoxy-p8-butylazoxybenzene. Close toTNI and TAN
there are deviations and those points have not been show
the figure. From the slope of these plots the activation ene
for diffusion @15# was calculated and has been shown
Table II.
04170
e

ost

in
y

V. CONCLUSIONS

To summarize, it can be stated that the presence of
rigid, nonpolar and nonmesogenic solute biphenyl in 8C
results in a change in the dielectric anisotropyDe, the splay
elastic constantK11, and the effective rotational viscosit
coefficientg1* . In the neighborhood of the nematic-smec
A transition for the concentration of biphenyl>3.3% the
changes in these quantities have been found to be anoma
in that, instead of the usual rapid increase observed on c
ing, De, K11, andg1* sharply decrease. This may perhaps
attributed to the presence of pretransitional effects within
FIG. 8. Variation of ln(g1* /De)
vs 1/T for different concentrations
of biphenyl in 8CB.
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nematic phase. From optical texture studies we could
identify any new smectic phase in the mixtures other th
what is found in 8CB. The bend elastic constantK33 in all

TABLE II. Variation of activation energies with concentratio
of biphenyl in 8CB.

Concentration~%! Activation energy~eV!

0.00 0.74
0.40 0.62
0.90 0.73
1.58 0.54
2.00 0.53
3.30 0.32
4.00 0.40
4.59 0.29
ar

st

hy

l.

04170
ot
n

the mixtures was found to diverge as the smectic phase
approached and the critical exponent was found to be
same as that observed for pure 8CB, although the temp
tures at which the divergences occur were slightly hig
than the respective values ofTAN . More elaborate studies
involving differential scanning calorimetry, x-ray diffraction
and refractive index measurements~to obtain the long-range
nematic order parameter! may perhaps reveal more abo
what is actually happening in the mixtures near the nema
smectic-A transition particularly for those containing rela
tively higher biphenyl concentration.
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