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Rheodielectric study on shear-induced structural change in the smectic-A phase
of 4-n-octyl-4’-cyanobiphenyl (8CB)
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Simultaneous measurements of rheological and dielectric properties are made to investigate shear-induced
structural change in the smectic-A phase of 8CB (4-n-octyl-4’-cyanobiphenyl). With increasing the shear rate,
the fluidity changes from non-Newtonian to Newtonian flow via an unstable flow region, accompanied by a
characteristic change in the dielectric permittivity. In the non-Newtonian flow region, a dielectric dispersion,
which can be ascribed to an undulation motion of smectic layer, is recognized. On the basis of these results, it
is suggested that with increasing the shear rate the undulation changes to a chaotic structure, which is followed
by a more simple structure with the layer normal along the neutral axis, and that these structural changes are

responsible for the fluidity change.
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I. INTRODUCTION

In the liquid crystals, various phases (structures) exist de-
pending on the orientational and the positional orders of the
molecules. These orders are easily modified if a shear flow is
applied, leading to various shear-induced structures [1,2]. In
the case of the nematic (N) phase, a steady shear flow in-
duces an alignment of the director, a unit vector specifying
the averaged direction of the liquid crystalline molecules,
near the flow direction [3,4]. Such a behavior has been well
studied experimentally and has been understood in terms of
the Leslie-Ericksen theory [5,6]. The flow alignment is ob-
served in the whole temperature region of the N phase if the
materials have a phase sequence of crystal (Cr)-nematic
(N)-isotropic liquid (I) like 4-n-pentyl-4’-cyanobiphenyl
(5CB) [4,7], while in materials having smectic-A (S,) phase
below the N phase, a significant change in the shear-induced
structure occurs due to a development of the S, order
[8-16]; the flow alignment in the N phase is possible only
just below the N-I phase transition point. In the case of the N
phase of 8CB, which has a phase sequence of Cr-S,-N-I,
some precessional motions of the director are excited around
the neutral direction when approaching to the S,-N phase
transition point 7,y; depending on the temperature and the
shear rate, dynamical structures [a,,,a,,a(b),a.] character-
ized by different precessional motions are induced [10,11].

In the S, phase of 8CB, the viscosity largely increases
with a decrease in temperature owing to the formation of
one-dimensional positional order along the director [13,15].
The steady shear flow affects the structure in this phase as
well as in the N phase. From the x-ray scattering experiment
under shear flow, it is suggested that a structural change oc-
curs if the shear rate is varied [10,11]. As shown in Fig. 1, at
lower shear rate, a’-c¢’ structure—which is composed of a’
and ¢’ structures—is stable. Here, a’ and ¢’ structures are
characterized by the director oriented along the neutral and
the velocity gradient directions, respectively. While at higher
shear rates, the a’-¢’ structure changes to a’ structure, where
the director aligns along the neutral direction homoge-
neously. Some rheological studies have been made on this
structural change, showing that the flow is non-Newtonian in
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the a’-c¢’ region, while it is Newtonian in the a’ region
[13—16]. Although the a’ structure is simple enough to un-
derstand, with respect to a’-c’, it is not well clarified how the
a’ structure mixes with the ¢’ structure. Panizza et al. [16]
suggested from the x-ray scattering that a structure com-
posed of multilamellar cylinders oriented along the flow di-
rection corresponds to the a’-¢’ structure. On the other hand,
our preliminary study shows a possibility that the a’-c¢’
structure is characterized by a shear-induced undulation [15].
The undulation instability induced by the shear flow has been
studied in the layered systems including lyotropic lamellar
and the thermotropic smectic phases [17-22], showing that
the shear-induced change from the ¢’ to the a' structure,
which is sometimes called parallel to perpendicular change,
is associated with the undulation instability. In the present
study, simultaneous rheological and dielectric measurements
are made in detail to shed light on the shear-induced struc-
tural change in the S, phase of 8CB.

II. EXPERIMENT

The liquid crystalline specimen 8CB was obtained from
Merck Co. and was used without further purification. The
rheological and the dielectric properties were measured si-
multaneously with a concentric double-cylinder viscometer.
For the measurements of the shear-modified dielectric per-
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FIG. 1. (Color online) Schematic drawing of shear-induced
a’-c¢' and a’ structures in the S, phase of 8CB. The a’-¢’ structure,
which is a mixture of a’ and ¢’ structures, is stable at lower shear
rates, while at higher shear rates the a' structure is stable.
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FIG. 2. (Color online) Temperature dependence of the shear-
modified dielectric permittivity and the shear stress measured at a
shear rate of 329.5 s~'. When decreasing the temperature in the S,
phase, the a’ structure changes to the a’-¢’ structure. The peak just
above the S, phase is due to the a. structure in the N phase.

mittivity and loss, a small voltage (5 V, 1 kHz) from an
oscillator (FC110, YEW, Japan) was applied to the gap be-
tween the inner and the outer cylinders, and a phase sensitive
detection of the current passing through the specimen was
made with a lock-in amplifier (LI5640, NF, Japan). Owing to
this geometry of the dielectric measurements, the observed
dielectric constants correspond to those along the velocity
gradient direction. The temperature of the specimen was con-
trolled to within 0.05 K, using a temperature controller (340,
Lakeshore, USA) and a heater and a thermocouple attached
to the outer cylinder.

III. RESULTS AND DISCUSSION

Figure 2 shows the temperature dependence of the shear
stress and the dielectric permittivity measured in the tem-
perature region near the S,-N phase transition point (7Tsy).
These measurements are made the at a shear rate of
329.5 s!. With a decrease in temperature from the S,-N
phase transition point (7y), the shear stress is almost con-
stant down to a temperature 7., followed by a gradual in-
crease below this temperature. Similar temperature depen-
dence is observed in the dielectric permittivity except below
T., where the dielectric permittivity tends to saturate at lower
temperatures. These behaviors can be understood if we refer
to the result of the x-ray scattering [10]; the a’ structure is
induced between T, and T,y and the a’-¢’ structure below
T.. Here, a small peak just above Ty observed both in the
shear stress and the dielectric permittivity is due to the a,
structure in the N phase. In the a, region, a precession of the
director occurs around the neutral direction with its motion
largely deviating along the velocity gradient direction [10],
which is responsible for these peaks [15].

The a’-¢’ and the a’ regions are altered if the shear rate is
varied. In Fig. 3, the temperature dependence of the shear
stress and the dielectric permittivity when varying the shear
rate is given. As obvious from these figures, at lower shear
rates, the a’ region becomes narrower with its region shifting
to higher temperature and the a’-c¢’ region starts at higher
temperatures. The change is also recognized in the N phase;
lower shear rate makes the a. region, which is specified by
the peak, ambiguous and shift to higher temperatures. Based
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FIG. 3. (Color online) Temperature dependence of (a) the shear
stress and (b) the dielectric permittivity at some shear rates. Lines
are guide for eyes. With increase in the shear rate, the a’ region
expands and the transition temperature from a’ to a’-¢’ structure
shifts to lower temperatures.

on such measurements, shear diagram, which specify the
stable regions of the shear-induced structures in the shear
rate vs the temperature space, is determined. As shown in
Fig. 4, the transition temperatures from a. to a’ and that from
a' to a'-c¢' decrease almost linearly when increasing the
shear rate with the latter showing larger shear rate depen-
dence. It is also recognized that at lower shear rates the a’
region disappears. The shear diagram thus obtained is almost
similar to that obtained by Safinya er al. [10]. In their dia-
gram, however, the transition temperature from the a, to the
a’ region increases with the shear rate below ~300 s~
which is not recognized in our result.

When measuring the shear stress as a function of shear
rate, we changed the shear rate stepwise with an increment of

32.95 s7! and monitored its response (time dependence of
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FIG. 4. (Color online) Shear diagram specifying the stable re-
gions of the shear-induced structures. Lines are guide for eyes. With
increase in the shear rate, the transition temperatures from a. to a’
structure and from a’ to a’-¢’ structure shift to lower temperatures
with slope of the former being smaller than that of the latter. The a’
region disappears at lower shear rates.
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FIG. 5. (Color online) Time dependence of the shear stress when
the shear rate is varied stepwise with an increment of 32.95 s
The measurement is made at 306.0 K in the S, phase. Integer n
(1-20) is used to represent the shear rate (n X 32.95 s~!) employed
at each step. In the non-Newtonian a’-c¢’ (y=164.75 s~') and
Newtonian a’ (y=362.45 s~') regions, the shear stress after the
shear rate change becomes constant in a short period of time. At the
shear rates between 197.7 and 329.5 s~!, unstable flow is recog-
nized, characterized by noisy and drifting behavior.

the shear stress) on the recorder. A result in the S, phase
(306.0 K) is given in Fig. 5, where integer n (1-20) is used to
represent the shear rate (nXx32.95 s!) employed at each
step. This figure shows that in the «’' region (y
=164.75 s7!') the shear stress after the stepwise shear rate
change becomes constant in a short period of time (a few
minutes) with its value not proportional to the shear rate
(non-Newtonian flow), but between 197.7 and 329.5 s~! the
shear stress after the shear rate change does not become con-
stant, accompanied by a large fluctuation, showing that the
flow in this shear rate region is unstable. In the a’-¢’ region
(y=362.45 s7!), the shear stress becomes constant in a
short time again with its value proportional to the shear rate
(Newtonian flow). Such a behavior is obtained at other tem-
peratures in the S, phase, showing that with increase in the
shear rate the fluidity in the S, phase changes from non-
Newtonian (a’-c¢’ region) to Newtonian (a’ region) via an
unstable flow.

To make such a shear-rate-dependent flow clear, varying
the temperature, the shear stress and the dielectric permittiv-
ity were simultaneously measured as functions of shear rate
in the S, phase (I'=306.3 K). The results are given in Figs.
6(a) and 6(b), respectively, with the data in the unstable re-
gion specified by gray symbols. As is obvious from Fig. 6(a),
a nonlinear relationship between the shear stress and the
shear rate is obtained in a'-¢’ and similar but somewhat
fluctuated one in the unstable regions. In the a' region a
linear relationship is obtained. In this figure, critical shear
rate at which the flow becomes Newtonian is specified by
arrows, showing that it shifts higher when decreasing the
temperature. The critical change is also observed in the di-
electric permittivity as given in Fig. 6(b). With increasing the
shear rate, the dielectric permittivity decreases regularly in
the a’-c¢’ region and somewhat irregularly in the unstable
region, while in the @' region it becomes almost constant.

To clarify the nature of the a’-¢’ structure, varying the
shear rate, the frequency dependence of shear-modified di-
electric permittivity and loss was measured at 305.8 K. The
result of the dielectric permittivity is given in Fig. 7, show-
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FIG. 6. (Color online) Shear rate dependence of (a) the shear
stress and (b) the shear-modified dielectric permittivity at some
temperatures in the S, phase. The data in the unstable flow region
are specified by gray symbols. The critical shear rate, at which the
non-Newtonian flow (a’-c¢’ and unstable regions) changes to New-
tonian flow (a’ region), is indicated by arrow, showing that the
critical shear rate increases when lowering the temperature. It is
suggested that these behaviors are understood if we consider that
the a’-¢’ structure corresponds to shear-induced undulation (Fig. 9).

ing that a clear dielectric dispersion is recognized in the
a'-c' region (65.9, 131.8, and 197.7 s™'), but not in the a’
region (659.0 s'). In the unstable region (329.5 and
395.4 s71), the data fluctuate, but a remnant of the dielectric
dispersion is observed. On the other hand, the dielectric loss
largely increases at lower frequencies due to the contribution
from the dc conductivity (o), &.=0/(gyw), as depicted in
Fig. 8, where a result in the a’-c' region at 65.9 s~! is given
as a representative one. The contribution from the dc con-
ductivity (g7) can be estimated from the plot of &” vs w™'.
Using & thus estimated, Ag”=g"—¢! is derived and plotted
together with &” in Fig. 8. As is obvious from this figure, a

2 (»5.95;“ ac’ +329.55" ) unstable
13185 | egion + 395457 ) region

"

..
.o 3
" et 000000000000000000000000,0000000s

A
A, adaa,
Ahdaagaaaaand athandhaadhadanasan TIVY

1 1 1
10! 10° 10° 10* 10°
f (Hz)

FIG. 7. (Color online) Frequency dependence of the shear-
modified dielectric permittivity measured at some shear rates. The
measurements are made at 305.8 K in the S, phase. In the a’-¢’ and
unstable regions, a dielectric dispersion is recognized, while not in
the a’ region, indicating that the observed relaxation mode is a
characteristic one induced in the a’-¢’ and unstable regions.
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FIG. 8. (Color online) Frequency dependence of the shear-
modified dielectric loss measured at a shear rate of 65.9 s~!'. The
measurement is made at 305.8 K in the S, phase. In the spectrum of
Ae&”, which is derived by subtracting & (contribution from the dc
conductivity) from &”, a peak is obtained. The relaxation time de-
termined from the Ae” peak is 3.5 ms. As suggested in the text, the
shear-induced undulation is associated with this relaxation mode.

clear peak, which is related to the dielectric dispersion of &',
is obtained. The relaxation time of this mode, which can be
obtained from the peak frequency, is 3.5 ms. The Ae” peak is
also recognized in the unstable region with somewhat am-
biguous behavior, but not in the a’ region, indicating that the
observed relaxation mode is a characteristic of the a’-¢’ and
the unstable regions.

To understand the relaxation mode described above and
the mechanism of the shear-induced structural change in
8CB, some studies on the shear-induced undulation in the
lamellar system are suggestive [17-22], of which recent non-
equilibrium molecular-dynamics simulation by Guo [22] ex-
plains our results well. In his study, shear-induced parallel
(¢" structure) to perpendicular (a’ structure) orientation
change in the lamellar system is investigated and following
results are obtained. In order to better understand this result,
shear-induced structures are schematically drawn in Fig. 9,
where cross section of each structure viewed from the shear
flow direction (y axis) is given. (1) If a shear flow along the
y direction is applied to the ¢’ structure [Fig. 9(a)], an undu-
lation instability is induced at lower shear rates with each
layer undulating along the z direction [Fig. 9(b)]. With an
increase in the shear rate, the viscosity decreases (non-

(d)

FIG. 9. (Color online) Schematic drawing of the shear-induced
structures suggested from Guo’s simulation [22]. If the shear flow
along the y direction is applied to (a) the ¢’ structure, (b) an undu-
lation is induced with its displacement along the z axis. Further
increase in the shear rate gives rise to (c) a chaotic structure, which
has defects and lamellar domains, and subsequently to (d) simple a’
structure. Our results are successfully understood in terms of such a
structural change.
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Newtonian flow) and the amplitude of the undulation grows.
For the formation of the undulation, Auernhammer et al. [20]
suggested that reduction in the layer spacing, which is
caused by the shear-induced director tilting from the z axis,
is responsible. (2) Further increase in the shear rate makes
the undulation instability grow so large, and eventually at a
certain shear rate defects are nucleated and the lamellar mon-
odomain breaks into several lamellar domains with their
layer normal randomly distributed in the zx plane [Fig. 9(c)].
(3) Subsequently, these domains merge into the monodomain
a’ structure energetically favored, leading to lower viscosity
of this structure than that of the ¢’ structure.

These results obtained from the simulation would give us
a clue for understanding our observed results. As already
mentioned, the a’-¢’ structure suggested by Safinya et al. is
not thoroughly characterized, i.e., how the a’ structure mixes
with the ¢’ structure is not clarified. This can be resolved if
we consider that the a’-¢’ structure corresponds to the shear-
induced undulation. The non-Newtonian flow in the a'-¢’
region [Fig. 6(a)] can be successfully understood based on
the shear-induced undulation. The behavior of the dielectric
permittivity in the a’-c¢’ region [Fig. 6(b)] can also be ex-
plained in terms of the undulation which grows with increas-
ing the shear rate. The dielectric permittivity in the liquid
crystal is closely associated with the averaged values of the
director components, since the dielectric permittivity in the
liquid crystal is mainly determined by the orientation of the
director. In the case of the undulation shown in Fig. 9(b),
which is characterized by a director (ny,0,n,), averaged {(n,)
and (n,) are responsible for the macroscopic dielectric per-
mittivity. If the amplitude of the undulation becomes larger
with an increase in the shear rate, (n,) changes from ~1 to
~0, while {n,) changes from ~0 to ~1. Such changes in the
director components would give rise to a decrease in the
dielectric permittivity, since & (&' along the director) is
larger than &', (¢’ perpendicular to the director) in 8CB [23],
and &’ in the case of (n,)=1 corresponds to g/, while &’ in
the case of (n,)=1 corresponds to &|. The behavior of the
dielectric permittivity in the a’-c¢’ region [Fig. 6(b)], thus,
can be interpreted based on shear-assisted undulation growth,
indicating that the a’-¢’ structure corresponds to the shear-
induced undulation. Further evidence for this correspondence
is the shear-induced relaxation mode (Fig. 8). The dielectric
dispersion of this mode can be recognized in the a’-¢’ and
the unstable regions with the relaxation time being a few ms,
but not in the a’ region. To identify the relaxation mode, the
magnitude of the relaxation time is suggestive. It has been
reported that the relaxation time of the undulation motion is
on the order of 107 s [2,24], implying that the observed
relaxation mode is due to the shear-induced undulation.

For the a’-¢’ structure, another structure is proposed by
Panizza et al. [16]. From the isotropic x-ray scattering pat-
tern obtained from the plane (zx plane) perpendicular to the
flow direction (y direction), it is suggested that the structure
induced in this region consists of multilamellar cylinders
elongated along the flow direction. This structure is also
characterized by the director (n,,0,n,) compatible with the
a’-c’ structure; however, the directors in the zx plane are
aligned radially in the cylinder. Such an isotropic nature of
the director in the zx plane is not affected by varying the
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shear rate, indicating that the dielectric behavior in the a’-¢’
region [Fig. 6(b)] cannot be explained in terms of the multi-
lamellar cylinders. The multilamellar cylinders, thus, may be
ruled out for the a’-¢’ structure.

The unstable region observed between the a’-¢’ and the
a’ structures can be regarded as the chaotic structure de-
picted in Fig. 9(c). The chaotic structure is not a definitive
one with its structure varying with time, which would be
responsible for the fact that the shear stress does not become
constant in this region (Fig. 5). The somewhat ambiguous
dielectric dispersion in this region (Fig. 7) can be understood
in terms of the partially existing undulation. According to the
Guo’s simulation [22], the chaotic structure exists as an in-
stantaneous step when the undulation transforms into the a’
structure, without its existing region specified by the shear
stress and the temperature. This is not incompatible with our
result, for which further study would be necessary.

IV. SUMMARY

Simultaneous measurements of the rheological and the di-
electric properties are made to clarify the shear-induced
structural change in the S, phase of 8CB. From the measure-
ments of the shear stress and the dielectric permittivity as
functions of temperature and the shear rate, shear diagram,
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which specifies the stable regions of the shear-induced struc-
tures (a’-c’ and a’ structures), is determined. The shear dia-
gram thus obtained is similar to that reported by Safinya et
al. [10]. In the measurement of the shear rate dependence of
the shear stress, changes in fluidity are recognized; with an
increase in the shear rate, non-Newtonian flow in the a’-¢’
region changes to Newtonian flow in the a' region via an
unstable flow region. In the simultaneously measured dielec-
tric permittivity, characteristic shear rate dependence com-
patible with the rheological result is obtained; the dielectric
permittivity decreases with an increase in the shear rate in
the a’-¢’ and the unstable regions and becomes constant in
the a’ region. In addition, from the frequency dependence of
the dielectric permittivity, it is found that a relaxation mode
appears in the a'-¢’ and the unstable regions with the relax-
ation time being a few ms, but not in the a’ region. Based on
these results and Guo’s simulation [22], it is indicated that
the a'-c¢’ structure suggested from the x-ray scattering ex-
periment corresponds to shear-induced undulation, and that
the results obtained in the present study are successfully in-
terpreted based on the structural changes associated with the
shear-induced undulation; with an increase in the shear rate,
the shear-induced undulation transforms to a more simple a’
structure (perpendicular structure) via a chaotic structure.
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