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Shear viscosity of nematic liquid crystals in the vicinity of the smectic-A phase
in alkyloxycyanobiphenyl mixtures

Jan Jadz˙yn* and Grzegorz Czechowski
Institute of Molecular Physics, Polish Academy of Sciences, M. Smoluchowskiego 17, 60-179 Poznan´, Poland

~Received 15 May 2001; published 22 October 2001!

The paper presents a singular temperature behavior of the shear viscosity measured for freely
flowing nematic liquid crystals in vicinity to smectic-A phase in n-octyloxycyanobiphenyl and
n-hexyloxycyanobiphenyl mixtures—a system exhibiting the reentrant nematic phase.
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I. INTRODUCTION

In a recent paper@1# we presented the results of the she
viscosity measurements performed for freely flowing~i.e.,
without external ordering forces! mesogenic compound
of different polymorphism: n-hexyloxycyanobiphenyl
(C6H13O Ph Ph CN,6OCB) with the simplest possible s
quence of phase transitions: isotropic–nematic–crystal,
n-octyloxycyanobiphenyl (C8H17O Ph Ph CN,8OCB) with
the isotropic–nematic–smectic-A (I –N–SA) –crystal transi-
tions. Essentially different temperature behavior of the v
cosity measured in nematic phase of the compounds, coll
with the Miesowicz viscosity coefficients, was the basis
formulation of a simple principle connecting the fluid flo
with its viscosity:a free fluid adopts such a manner (or wa
of flow, that corresponds to the minimum of its viscosity
given conditions@1#.

The Miesowicz shear viscosity coefficients@2# correspond
to the nematic liquid crystal flow with different mutual or
entations of three vectors: the macroscopic molecular or
ing, which usually is forced by magnetic field,~the director
n!, the flow velocity~v!, and the velocity gradient. For elon
gated mesogenic molecules, the lowest resistance for
nematic flow, i.e., the lowest viscosity value, is expected
n uu v. Indeed, when the orienting magnetic field is para
to the nematic flow velocity, the lowest viscosity (h2) is
recorded. Among the two remaining viscosities,h1 is the
highest andh3 is close to the viscosity measured in the is
tropic phase of the compound studied.

In case offreely flowing nematics, the viscosity measure
ments give, according to the principle of the viscosity mi
mum, the values very close toh2 Miesowicz coefficient, as
shown in Fig. 1~a! for 6OCB.

The above picture of the nematic viscosity is strong
disturbed for compounds exhibiting the transition from t
nematic to smectic-A phase@3–5#, as 8OCB. Due to the
presmectic effects, theh2 viscosity goes to infinity at the
nematic to smectic-A transition. Becauseh1 andh3 viscosi-
ties are practically unaffected by the transition to smectiA
phase, the viscositiesh2(T) andh3(T) intersect themselve
a few degrees before the transition.
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Such a case is presented in Fig. 1~b!, where the results of
h2(T) and h3(T) measurements performed for 8OCB wi
the use of the orienting magnetic field@3# are compared with
the viscosity measured for freely flowing 8OCB~full points!
@1#. The results clearly show that at about 72 °C, the fre
flowing nematic 8OCB changes the manner of flow from th
corresponding toh2 (n uu v) to that corresponding toh3
(n ' v). In brief, at a given temperature the flow of 8OC
is related to the minimum of its viscosity.

In Fig. 1~b! and in the following figures, the temperatu
range where the viscosity of freely flowing nematic liqu
crystal ~N! corresponds toh2 Miesowicz coefficient is, in
short, denoted asN2 and that ofh3 asN3.

The subject of this paper is the mixtures of 8OCB a

FIG. 1. Temperature dependence of the shear viscosity m
sured for free flow of isotropic~I! and nematic~N! phases of 6OCB
and 8OCB. In~b! the open points present theh2 andh3 Miesowicz
viscosities measured by Grafet al. @3# for the sample oriented with
magnetic field.
©2001 The American Physical Society02-1
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6OCB—a classical system, already, which exhibits the p
nomenon of reentrance of the nematic phase@6–17#.

II. EXPERIMENT

n-hexyloxycyanobiphenyl~melting point 5 58 °C, the
transition from the nematic to isotropic phase atTNI
576 °C) and n-octyloxycyanobiphenyl ~melting point
5 54.5 °C, the transition from the smecticA to nematic
phase atTSAN566 °C andTNI580 °C) were synthesized an
purified at the Institute of Chemistry, Military University o
Technology, Warsaw. The purity of the compounds, chec
by the chromatography, was 99.9%.

The viscosity was measured with a Haake viscometer
20 with the measuring system CV 100. The system cons
of a rotary beaker filled with the studied liquid and a cyli
drical sensor of Mooney-Ewart-type, placed in the center
the beaker. The liquid gap was 0.5 mm. The accuracy of
viscosity determination was 0.5%. In the available range
the shear rates 30 s2122300 s21 the nematics studied
show a Newtonian behavior. The temperature of the sam
was controlled with an accuracy of 0.1 °C.

III. RESULTS AND DISCUSSION

Figure 2 presents the phase diagram for 8OCB and 6O
mixtures. The following features of the diagram are the m
important. The addition of 6OCB molecules to 8OCB ma
fests itself in a decrease of the nematic to smectic-A phase
transition temperature. Since the transition from the isotro
to nematic phase in pure 6OCB and 8OCB occurs at t
peratures (TNI) quite close to each other (76 °C and 80 °C
the value ofTNI for studied 8OCB and 6OCB mixtures
practically independent on their composition. So, it can
seen in the diagram that the increase of the molecules
Y5N6OCB/N8OCB leads to an essential increase of the te
perature range of the nematic phase existence: from a
14° in pure 8OCB (Y50) to about 40° in the solution o
Y50.422. The most fascinating is the range of the molecu

FIG. 2. The phase diagram for 8OCB/6OCB mixtures.Y denotes
the molecules ratioN6OCB/N8OCB. The viscosity was measured fo
Y values marked in the diagram. The area of the anomalous be
ior of the nematic shear viscosity~presmectic effects! is marked in
gray.
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ratios between 0.35 and 0.43, where the reentrance of
nematic phase occurs. The shape of the nematic–smecA
boundary is close to the parabola with the maximum aY
50.43 andT538 °C. For Y.0.43 the mixtures show the
isotropic and nematic phases only. The presented diag
agrees well with that published previously@7,8#.

The viscosity measurements were performed for the co
positions of the 8OCB and 6OCB mixtures shown in t
diagram. The mixtures are divided into three groups and
viscosity of each of them as a function of temperature
presented in separate pictures~Figs. 3–6!.

The mixtures of the first group~Fig. 3! correspond to the
part of the diagram in which theI –N–SA transitions occur
(Y50.172–0.340); here the crystallization prevents study
the smectic-A–reentrant nematic transition. Two observ
tions concerning the viscosity behavior for these mixtu
seem to be important:~i! as the concentration of 6OCB in
creases, the change of the viscosity fromh2 to h3 becomes
more-and-more pronounced, if compared with pure 8OC
~ii ! the change fromh2 to h3 occurs in the mixtures~and in
pure 8OCB! at, more-or-less, constant temperature dista
to the nematic to smectic-A transition.

Figure 4 presents the viscosity on temperature dep
dence for three mixtures in which the reentrant nema
phase occurs. The main experimental result is the followi
The viscosity of the reentrant nematic corresponds to theh3
viscosity coefficient, in the whole possible for measureme

v-

FIG. 3. Temperature dependence of the shear viscosity of
8OCB/6OCB mixtures of low concentrations of 6OCB.
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temperature range. This is clearly seen in Fig. 5, where
viscosity of the mixture ofY50.399 is presented in a form
of Arrhenius plot. The calculated viscosity activation en
gies forh2 andh3 are closed to each other, but as shown
@1#, the values of the energies are so strongly influenced
the presmectic effects that the discussion on them would
hazardous.

The last four 8OCB and 6OCB mixtures studied are
yond the parabola of the existence of smectic-A phase. The

FIG. 4. Temperature dependence of the shear viscosity of
8OCB/6OCB mixtures with ‘‘classical’’ reentrant nematic phas
The reentrance ofh3 viscosity occurs.

FIG. 5. Arrhenius plot for the viscosity measured for the m
ture of Y50.399.
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results presented in Fig. 6 show without doubt that the pr
mectic effects are extended along theY axis and appear for
Y.0.43. Although the smectic-like short range order w
detected forY.0.43 with many different experimental meth
ods, such as a high resolution x-ray scattering@8# or an ionic
conductivity @11#, it is surprising that the order is stron
enough for forcing the change of the manner of nematic f
flow. As seen in Fig. 6, the temperature range of theh3
viscosity appearance in the region ofY . 0.43 decreases
symmetrically with respect to the median temperature 38
of the parabolic phase boundary ofSA existence. In lower
temperatures the viscosity returns to its ‘‘normal’’ value,h2.
So, from the viscosity point of view we are dealing with th
second phenomenon of the reentrance in the 8OCB
6OCB mixtures.

The main conclusion resulting from the presented stud
is the following. The shear viscosity of freely flowing nem
atic liquid crystal is surprisingly sensitive to the presmec
molecular arrangements. However, the presmectic chang
the viscosity fromh2 to h3 occurs at a quite good define
temperature and it concerns also the mixtures really with
the smectic phase but the concentration of which is not
from the critical 6OCB concentration (Y 5 0.43). The set
of the temperatures ofh2 to h3 transitions in all studied
mixtures~full points in Fig. 2! forms the parabola with the
same median temperature as the parabola describing
smectic-A

e
.

FIG. 6. Temperature dependence of the shear viscosity of
8OCB/6OCB mixtures beyond the parabola of existence of
smectic-A phase. The reentrance ofh2 viscosity occurs.
2-3
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phase boundary: the two curves are only shifted horizont
by DY>0.1. In such circumstances, from the viscosity po
of view, two nematic reentrant phenomena can be dis
guished in 8OCB and 6OCB mixtures~see Fig. 2!. The first
one is the reentrant nematic withh3 viscosity coefficient
(N3re) reappearing after crossing the smectic-A boundary.
The second one (N2re) concerns theh2 viscosity that reap-
ys

J
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pears after crossing the boundary of the area of presme
short range ordering of mesogenic molecules.
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