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ABSTRACT: The transient stress response of homeotropic monodomains of dilute nematic solutions of
side-chain liquid-crystalline polysiloxanes (LCPs) in 4,4′-(n-pentyloxy)cyanobiphenyl (5OCB) is investi-
gated. In contrast to the flow-aligning behavior of 5OCB, strong stress oscillations are observed for the
dilute LCP solutions, characteristic of flow-tumbling behavior. The dependence of the oscillation periodicity
on LCP concentration and LCP structure (molecular weight and spacer length) is presented. From analysis
of the stress transients, the Leslie viscosity coefficients, R2 and R3, are calculated. For all LCP structures,
the increment δR2 on dissolution of LCP is negative, whereas the increment δR3 is positive. The magnitude
and signs of these viscosity increments are strictly inconsistent with earlier electrorheological measure-
ments of the Miesowicz viscosity increments, δηb and δηc, of these solutions, using as a guide a
hydrodynamic model that computes the contribution of the chains to viscous dissipation in a simple shear
flow. We propose that an additional dissipation mechanism should be considered, which derives from
the presence of an elastic torque between director rotation and LCP orientation. Corresponding
modification of the theory leads to improved agreement with experiment.

Introduction
When a nematic monodomain is subjected to a shear

flow, the orientational response of the nematic director
is determined principally by two of the six Leslie
viscosity coefficients, viz., R2 and R3.1,2 The nematic
shows flow-aligning behavior; i.e., the director aligns at
a characteristic angle close to the flow direction, when
the product R2R3 is positive. On the other hand, flow-
tumbling behavior is observed; i.e., the director is forced
to rotate continuously by hydrodynamic torques, if R2R3
is negative. Since R2 is generally negative, the sign of
R3 determines the orientational response of the nemat-
ic: flow-aligning when R3 < 0 and flow-tumbling when
R3 > 0.

According to Ericksen’s3 transversely isotropic fluid
(TIF) theory, when the director is initially aligned
perpendicular to the flow, and parallel to the velocity
gradient, as shown in Scheme 1, a simple stress
overshoot is predicted for a flow-aligning nematic in
start-up shear flow, whereas a stress oscillation should
be observed for a tumbling nematic. Specifically, Erick-
sen’s TIF theory predicts that the apparent viscosity ηapp
varies as4,5

and the director evolution equation is

where γ̆ is the shear rate, R1, R2, and R3 are the first,
second, and third Leslie viscosity coefficients, ηb ) (R3
+ R4 + R6)/2 is one of the Miesowicz viscosities. The

value of θ, the angle of the director relative to the shear
gradient direction, as shown in Scheme 1, is given by

and

As evident from eqs 1, 3, and 4, the apparent viscosity
ηapp is a function of the director rotation angle, which
depends on shear strain γ. A single maximum is
predicted at θ ) π/4 for a flow-aligning nematic, while
for a tumbling nematic, a series of maxima occur at θ
) mπ/4 (m ) odd), and a series of minima at θ ) nπ/2
(n ) 0, 1, 2, 3, ...).6 Experimentally, the rheological
behavior predicted by eqs 1-4 for flow-aligning and
tumbling low molar mass nematics (LMMNs) has been
observed,4,5,7 with the exception that, for tumbling
LMMNs, the oscillations in ηapp are damped with
increasing strain. The latter behavior appears to be due
to nucleation of out-of-plane director orientations.8-12

When a small amount of liquid-crystalline polymer
(LCP) is dissolved in an LMMN, a dramatic change in
flow behavior may occur.4,7,13,14 Dissolution of a side-* To whom all correspondence should be addressed.

Scheme 1. Homeotropic Monodomain Subjected to a
Shear Flow
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chain LCP in a flow-aligning LMMN was observed to
cause a transition to flow-tumbling behavior;4,7,14 dis-
solution of a main-chain LCP in a tumbling LMMN was
found to produce a flow-aligning solution.4 These
observations are qualitatively consistent with a hydro-
dynamic model by Brochard,15 which describes the
viscosity increments due to dissolution of an LCP in an
LMMN in terms of several microscopic parameters such
as R||, R⊥ (the rms end-to-end distance of the polymer
chain perpendicular and parallel to the director), and
τr, the conformational relaxation time of the LCP:

where γ1 is the twist viscosity, characterizing the
hydrodynamic torque on the director from the rotational
part of the flow, γ2 characterizes the torque from the
irrotational part of the flow, c is the LCP concentration,
k is Boltzmann’s constant, T is the absolute tempera-
ture, and N is the molecular mass of the LCP. Applica-
tion of the relations R2 ) (γ2 - γ1)/2 and R3 ) (γ2 + γ1)/2
to eqs 5 and 6 yields4,5

Equations 7 and 8 indicate that the magnitude and sign
of δR2 and δR3 are dependent on the anisotropy ratio
R||/R⊥. Specifically, both δR2 and δR3 are predicted to
be negative when R|| > R⊥. Such a case is expected for
main-chain LCP solutions. Thus the Brochard model
predicts, in agreement with observation, that addition
of a main-chain LCP, which has a prolate conformation,
to a tumbling nematic will produce a flow-aligning
solution (δR3 < 0). When R⊥ > R||, the model predicts
δR2 and δR3 are both positive. A positive δR3, when R2
remains negative, indicates that addition of a side-chain
LCP, which has an oblate conformation, to a flow-
aligning LMMN produces a flow-tumbling solution, as
indeed observed experimentally. A discrepancy was
observed,4 however, when the experimental data were
analyzed in terms of Ericksen’s TIF theory (eqs 1-4) to
extract values of R2 and R3. It was found that, while
experimental values of δR2 and δR3 for the main-chain
LCP solution were each negative, in agreement with the
Brochard model, for the side-chain LCP solution, δR3
was positive but δR2 was negative, in disagreement with
the model.

In this paper, the transient shear flow behavior of
dilute solutions of side-chain liquid-crystalline polysi-
loxanes dissolved in 4,4′-(n-pentyloxy)cyanobiphenyl
(5OCB) is studied. The dependence on LCP concentra-
tion, molecular weight, and spacer length is examined.
Whereas pure 5OCB shows flow-aligning behavior, the
side-chain LCP solutions generally show flow-tumbling
behavior. This observation implies, via the Brochard
model, that the chain conformation is oblate and con-

tradicts an earlier deduction, that the LCP conformation
is prolate, based on electrorheological (ER) measure-
ments16 of the Miesowicz viscosity increments δηb and
δηc. The latter data were interpreted, again via the
Brochard model, using the equation

Employing the procedure established previously,4 the
values of the second and third Leslie coefficients, viz.,
R2 and R3, of the LCP/5OCB solutions are calculated for
all molecular weights and spacer lengths. We find that
the δR2 values are negative whereas δR3 are positive,
confirming that the flow behavior is only partially
consistent with the Brochard model. To resolve these
discrepancies, we propose that an additional viscous
dissipation mechanism exists because of an elastic
coupling between director rotation and chain orienta-
tion.

Experimental Section
5OCB (TN-I ) 67 °C) was purchased from Aldrich Chemical

Co. and used as received. The side-chain LCPs (DP ) 45, 127,
198; n ) 3, 5, 11) were synthesized via the hydrosilation
reaction between poly(methylhydrosiloxane) and appropriate
olefins.16 The structures of 5OCB and the side-chain LCP are
shown in Chart 1. L-R-Lecithin was purchased from Sigma
Chemical Co. and used as a 0.5 wt % solution in ethanol.

Transient shear flow experiments were performed on a
Rheometrics fluids rheometer with stainless steel cone-and-
plate geometry (cone angle ) 0.02 rad and cone radius ) 25
mm) at shear rate ) 32 s-1 using previous methodology.4,5,7

The inner surfaces of the cone and the plate were treated with
a 0.5 wt % ethanol solution of L-R-lecithin to achieve surface
anchoring for homeotropic alignment. The sample tempera-
ture was controlled accurate to 0.1 °C. Each measurement
was made 15 min after the sample was loaded or subjected to
a prior test.

Results
Stress Transients of Dilute Solutions of the Side-

Chain LCPs in 5OCB. 5OCB is a flow-aligning
nematic and a single stress overshoot peak appears over
the entire nematic regime (Figure 1). In contrast,
periodic stress oscillations with the characteristic dou-
blet peak feature are observed when the side-chain
LCPs are dissolved in 5OCB, as demonstrated in

Chart 1. Structures of 5OCB and the Side-Chain LCP
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Figures 2-5. These observations are consistent with
the previous observations of Gu et al.4,7 carried out on
a different side-chain LCP in a different flow-aligning
nematic (5CB). From the transient shear flow experi-
ments, the strain periodicity was measured with good
accuracy and the results are listed in Table 1. It can
be seen from Figure 2 and Table 1 that the strain
periodicity increases as the concentration of the LCP/
5OCB solutions decreases. The temperature depen-
dence of the strain periodicity is complicated. When the
molecular weight of the side-chain LCPs is low, i.e., DP
) 45, the periodicity increases with an increase of
temperature at all four concentrations. However, when
the molecular weight is high, i.e., DP ) 127 or 198, the
periodicity increases with temperature when the con-
centration is relatively low and decreases with temper-
ature when the concentration is relatively high (Figure
3). At a fixed temperature or concentration, the peri-
odicity increases as the molecular weight decreases
(Figure 4) or spacer length increases (Figure 5). These
results indicate that the rheological behavior of the

nematic solutions is very sensitive to the molecular
structure of the side-chain LCPs.

It is well-known that nonspherical conformations are
typical for an LCP in a nematic solvent.2,16-23 According
to the Brochard model,15 as evident in eqs 7 and 8,
factors such as temperature, molecular weight, and
spacer length, which can change the anisotropy ratio
of an LCP in the nematic solvent, will influence the
strain periodicity of the LCP solution, as indeed ob-
served in Figures 2-5 and Table 1. Also, we note, in
agreement with Gu et al.,4,7 that while the periodicity
remains constant for a given solution, the oscillation
amplitude invariably dampens with an increase of
strain. This behavior appears to arise from out-of-plane
motion of the director at large strain.8-12 In theoretical

Figure 1. Stress transients of 5OCB at different tempera-
tures. The curves are shifted by certain stress units to avoid
overlapping.

Table 1. Periodicity (Strain Unit) of Stress Oscillations
of 5OCB Solutions of the Side-Chain Liquid-Crystalline

Polysiloxanes

DP n c (g/mL) 52 °C 57 °C 62 °C 67 °C

198 3 0.005 35.8 52.2
198 3 0.01 17.2 17.7 19.7 50
198 3 0.02 10.6 10.3 10.1 10.0
198 3 0.03 8.8 8.5 8.2 8.0
127 3 0.005 40.2 80
127 3 0.01 19.2 20.0 24.5 90
127 3 0.02 12.2 11.9 11.7 12.1
127 3 0.03 9.6 9.3 9.1 9.0
45 3 0.005 125
45 3 0.01 34.5 64
45 3 0.02 17.7 18.4 21.2 85
45 3 0.03 13.2 13.3 13.6 15.5
45 5 0.005 115
45 5 0.01 54.0 100
45 5 0.02 22.9 25.0 39.5
45 5 0.03 16.7 17.2 18.8 30.5
45 11 0.005 110
45 11 0.01 71.5 80
45 11 0.02 27.2 34.5 75
45 11 0.03 19.6 21.0 27.6

Figure 2. Stress transients of 5OCB solutions of the side-
chain LCP with different concentrations (DP ) 198, n ) 3, T
) 52 °C). The curves are shifted by certain stress units to avoid
overlapping.

Figure 3. Stress transients of 5OCB solutions of the side-
chain LCP at different temperatures (DP ) 198, n ) 3, c )
0.02 g/mL). The curves are shifted by certain stress units to
avoid overlapping.

Macromolecules, Vol. 31, No. 16, 1998 Shear Flow Behavior of LC Polysiloxanes 5401



analysis using Ericksen’s TIF theory, Burghardt12 found
that, on imposing an increasing degree of tilt toward
the velocity direction, a decrease is predicted in the
amplitude of the transient stress oscillation, and a
diminishing of the doublet feature, but no change in
oscillation periodicity. Also, in 3D simulation of planar
shear using Ericksen’s TIF theory, Rey et al.8,9 found
that the stress oscillations dampen because of nucle-
ation of out-of-plane defects. Experimentally, Mather
et al.10 have demonstrated a correlation between damp-
ing of the oscillations in the transient stress and the
appearance of twist walls in rotating disk geometry.

Quantitative Analysis of the Stress Transients
of Nematics. According to Ericksen’s TIF theory (eqs
1-4), the apparent viscosity of a homeotropic nematic
monodomain subjected to a shear flow is a function of
the Leslie coefficients, R1, R2, and R3 and the Miesowicz

viscosity ηb. On the other hand, the Brochard model
describes the viscosity increments of R2 and R3 due to
dissolution of an LCP in an LMMN in terms of several
microscopic parameters such as R||, R⊥, and τr (eqs 7
and 8). To gain a better understanding of the flow
behavior of nematics, a quantitative analysis of R2 and
R3 is needed. This can be achieved via a numerical
analysis of the stress transients, as established previ-
ously.4

Scheme 2 schematically illustrates, for cone-and-plate
geometry, that three orientations of a nematic director
in a shear flow are important. The viscosities when the
director is fixed in one of these three orientations are
commonly called the Miesowicz viscosities ηa, ηb, and
ηc. Recently, we have described measurements of the
ηb and ηc by ER observations.16,21-23 Our results
indicate that for both flow-aligning and tumbling nem-
atics, ηc can be obtained with high precision. The
Miesowicz viscosities can be expressed as linear com-
binations of the Leslie coefficients:2

Only five of the six Leslie coefficients are independent
because of the Parodi relation:24

Application of eq 13 to eqs 11 and 12 gives

Gu et al.4,5 have previously demonstrated that values
of R2 and R3 can be obtained by fitting the initial stress
transients to eqs 1-4 provided an independent viscosity
measurement is available. Here we determine R2 and
R3 from the stress transients, as shown in Figures 2-5,
using the procedure established by Gu et al.4,5 with
slight modification. First we rewrite eq 1 using eq 14:

Also, following Gu et al.,4,5 we add a term, δγ, to eqs 3
and 4 to correct for a strain delay of the stress transients
resulting from mechanical inertia:

Figure 4. Stress transients of 5OCB solutions of the side-
chain LCPs with different DP (n ) 3, T ) 57 °C, c ) 0.02 g/mL).
The middle curve is shifted by -0.2 Pa to avoid overlapping.

Figure 5. Stress transients of 5OCB solutions of the side-
chain LCPs with different spacer lengths (DP ) 45, T ) 57
°C, c ) 0.02 g/mL). The curves are shifted by certain stress
units to avoid overlapping.

Scheme 2. Three Miesowicz Viscosities
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As noted by Gu et al.,4 an unambiguous solution can be
obtained only when there are three independent pa-
rameters in eqs 1-4. To reduce the number of inde-
pendent parameters in eqs 15 and 16 to three, we use
values of the Miesowicz viscosity, ηc, determined from
ER experiments. Moreover, the following equation is
applied:25

where γp is the strain periodicity of the stress oscilla-
tions, δ ) (-R3/R2)0.5. Shown in Figure 6 is the
comparison between a measured stress transient (DP
) 198, n ) 3, T ) 52 °C, c ) 0.01 g/mL) and a calculated
stress transient via eq 15. A good fit is evident at low
strains. Using this fitting procedure, the values of R2
and R3 of the LCP/5OCB solutions were determined. The
viscosity increments, δR2 and δR3, of the LCP/5OCB
solutions relative to 5OCB20 are shown in Figures 7-10.
It can be seen from Figures 7-10 that δR3 increases
with LCP concentration, whereas δR2 decreases with
LCP concentration. This result confirms earlier obser-
vations of Gu et al.4,7 and is only partially consistent
with the prediction of the Brochard model as embodied
in eqs 7 and 8. The values of δR2 and δR3 approach each
other with increasing temperature. Moreover, δR3
shows an increasing trend with an increase in molecular
weight whereas δR2 appears independent of molecular
weight. The latter result is consistent with previous
measurements of the molecular weight dependence of
δηc. Figure 10 shows that δR2 and δR3 each show a
decreasing trend with an increase of spacer length. In
all cases, δR2 is negative whereas δR3 is positive.

Discussion
As the stress transient experiments show, the dis-

solution of a side-chain LCP in a flow-aligning LMMN
produces a solution that exhibits flow-tumbling behav-
ior, as predicted by the Brochard model, if the chain
conformation is oblate. Such an interpretation is,
however, strictly inconsistent with our earlier ER
measurements, which led to the conclusion, via eq 9,
that the chain is prolate. According to Ericksen’s TIF
theory, a flow-aligning nematic has a negative R3 and a
tumbling nematic has a positive R3, provided that R2 is
negative. Thus, the increment of R3, δR3, must be
positive if flow-tumbling behavior is observed for the
solution of an LCP dissolved in a flow-aligning LMMN.
Since, from eq 14, it follows that

it is evident, in principle, that δR2 can be either positive
or negative, depending on the relative values of δηb and
δηc. Experimentally, we observe negative δR2 and
positive δR3 for all side-chain LCP solutions in 5OCB.
However, the Brochard model,15 embodied in eqs 7 and
8 predicts that δR2 and δR3 should always have the same
sign. The origin of these discrepancies is unclear.
However, examination of the results suggests that there
is an additional contribution to the rotational viscosities

δγ1, δR2, and δR3. The analysis of Brochard computes
the contribution of the LCP chains to the hydrodynamic
torque Γ on the director nb in a nematic medium:

where ω ) 1/2∇ × vb is the antisymmetric velocity
gradient tensor, and A is the symmetric velocity gradi-
ent tensor, ARâ ) 1/2(∂Rvâ + ∂âvR). Brochard computed
the contributions to Γy, the torque about the vorticity
axis, from flows in the xz plane. Phenomenologically,
we propose that in the absence of a viscous flow, an
additional contribution to the torque can arise because
of an elastic coupling between director rotation and the
orientation of the LCP chain.26 It is envisaged that this
torque contribution δΓy

el produces viscous dissipation
by causing rotation of the chain about the vorticity axis.
The chain rotation is opposed by a frictional torque vê,
where ê is the rotary frictional coefficient and v ) dnb/dt

tan θ ) (-R2

R3
)0.5

tan[(-R2R3)
0.5

R3 - R2
(γ + δγ)] for

R3 > 0 (16)

γp )
π(1 + δ2)

δ
(17)

δR2 + δR3 ) δηb - δηc (18)

Figure 6. Theoretical fits (eqs 1-4) to the stress transient of
a 5OCB solution of the side-chain LCP (DP ) 198, n ) 3, T )
52 °C, c ) 0.01 g/mL).

Figure 7. Concentration dependence of δR2 and δR3 of 5OCB
solutions of the side-chain LCP (DP ) 198, n ) 3, T ) 52 °C).

Γ ) nb × [γ1(dnb
dt

ωb‚nb) + γ2AB‚nb] (19)
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is the rate of director rotation. In steady state, we have

where δγ1
el, is the additional contribution to the rota-

tional viscosity, and τrot ) kT/ê is the rotational relax-
ation time. Thus

For quasi-spherical particles, we may equate τrot ) τr
and obtain a modified version of Brochard’s equation
for δγ1:

Since R2 ) (γ2 - γ1)/2 and R3 ) (γ2 + γ1)/2, it follows
that

As evident from eqs 23 and 24, δR2 and δR3 are still
dependent on the anisotropy ratio R||/R⊥ but may now
have different signs.

For dilute solutions of main-chain LCPs dissolved in
LMMNs, δηc is normally much greater than δηb, which
means R||2/R⊥

2 is much greater than 2. According to eqs
23 and 24, both δR3 and δR2 will therefore be negative
which agrees with experimental observations.4 Thus,
eqs 23 and 24, remain consistent with our experimental
observation that, when a main-chain LCP is dissolved
in a tumbling LMMN, the flow-tumbling behavior is
suppressed and flow-aligning behavior is observed for
the solutions.4 For dilute solutions of side-chain LCPs
in LMMNs, δηc and δηb are usually comparable, which
means R||/R⊥ ≈ 1. As a result, eqs 23 and 24 predict
that δR3 has a positive sign, and δR2 has a negative sign
which again remains consistent with our experimental
observations that a side-chain LCP, dissolved in a flow-
aligning LMMN, results in a solution that exhibits flow-
tumbling behavior. Since, by definition, the Miesowicz
viscosities ηb and ηc are the viscosities when the director
is fixed, respectively, in the flow direction and the shear
gradient direction, eqs 23 and 24 still satisfy eq 14.

Another important implication of eq 14 is that only
three of the four viscosities, R2, R3, ηb, and ηc, are
independent. ηb is known when R2, R3, and ηc are
measurable. Using δηc data from earlier ER experi-
ments16 and δηb values obtained, using eq 14, from the

Figure 8. Temperature dependence of δR2 and δR3 of 5OCB
solutions of the side-chain LCP (DP ) 198, n ) 3, c ) 0.02
g/mL).

Figure 9. DP dependence of δR2 and δR3 of 5OCB solutions
of the side-chain LCPs (n ) 3, T ) 62 °C, c ) 0.03 g/mL).

δΓy
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Figure 10. Spacer length dependence of δR2 and δR3 of 5OCB
solutions of the side-chain LCPs (DP ) 45, T ) 62 °C, c )
0.03 g/mL).
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numerical analysis of the stress transients shown in
Figure 6, R||/R⊥ values were calculated via eq 9. The
results are listed in Table 2. Good agreement is evident
between these results and the values of R||/R⊥ reported
from earlier ER measurements (shown in parentheses),
which were obtained by assuming ηoff ) ηb in the
previous study.16

A useful additional result can be obtained by taking
the ratio of eqs 23 and 24

which shows that the ratio of the viscosity increments
δR2/δR3 is solely a function of R||/R⊥. This provides an
opportunity to numerically compare experimental val-
ues of δR2/δR3 (Table 2) determined from the stress
transients using Ericksen’s TIF theory (eqs 15 and 16)
with those calculated from the ER values of R||/R⊥ based
on the modified Brochard model (eq 25). Such compari-
sons are tabulated in Table 2 and shown graphically in
Figure 11 (for the molecular weight dependence) and
Figure 12 (for the spacer length dependence). Taking
into account experimental errors, Figures 11 and 12
indicate that the proposed modification of the Brochard
theory of the rotational viscosity produces predictions
in good agreement with the experimental values from
the stress transients via Ericksen’s TIF theory.

Conclusions
A systematic study of the stress transients obtained

from dilute nematic solutions of a side-chain LCP in a

flow-aligning nematic solvent has been carried out as a
function of LCP concentration, molecular weight, and
spacer length. In all cases, the stress transients of the
solutions show flow-tumbling behavior, indicative that
the increment in the Leslie viscosity coefficient δR3 is
positive. Analysis of the rheological behavior indicates
further that the increment δR2 is negative. These
results are only partially consistent with the prediction
of a molecular hydrodynamic theory by Brochard.
Analysis of the discrepancy suggests that an additional
contribution to the rotational viscosity is needed. A
proposed modification based on the notion that an
elastic torque occurs between director rotation and LCP
orientation leads to improved agreement with our
observations.
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0.03 g/mL). Experimental data are compared to theoretical
predictions using values of R||/R⊥ determined from previous
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