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ABSTRACT: The rheo-optical response to shearing of semidilute solutions of highly monodisperse,
wormlike poly(n-hexyl isocyanate) three-arm stars was investigated using simultaneous birefringence
and dichroism measurements. There were two modes to the birefringence response: a fast mode,
corresponding to molecular orientation and a slow mode which, through scattering dichroism measure-
ments, is confirmed to be associated with the dynamics of anisotropic multichain associations in solution.
In addition, the dichroism measurements showed that these structures oriented perpendicular to the
mean chain orientation within the structures. The optical equivalent of the shear stress, nxy, scales as
(γ̆c3.2)0.74 for these stiff, low molecular weight samples in the semidilute concentration regime.

1.0. Introduction

Recently, the effect of stiffness on chain dynamics and
hence a solution’s rheological response have been re-
ceiving increasing attention. Obviously, the stiffness of
a polymer significantly alters its solution properties by
influencing the polymer dynamics and chain interac-
tions. Traditional studies have been limited to the two
extremes of flexibility: the fully flexible chain and the
rigid rod. The dynamic properties and rheological
behavior of these two classes of polymers have been
described in great detail theoretically.1-5 However,
there are a great many systems that fall between these
two stiffness regimes. Hence, their dynamic and rheo-
logical responses are not adequately explained by these
two cases. The first serious attempt to account for the
effect of flexibility on solution dynamics is the Kratky-
Porod wormlike chain that considers chain flexibility
in dilute solutions.6 The presence of a wormlike con-
figuration and its effect on dilute solution properties
have been confirmed by techniques such as static and
dynamic light scattering. However, investigating the
effect of flexibility in more concentrated solutions has
been limited until recently by the lack of probing
techniques suitable for moderate concentrations. Me-
chanical rheometry allows the measurement of bulk
solution properties such as the viscosity, η, the storage
modulus, G′ and the loss modulus, G′′. However, it is
notoriously difficult to obtain high quality data from
mechanical rheometry of low viscosity solutions. There-
fore, the effectiveness of mechanical techniques for
investigating semidilute concentrations of polymers is
severely restricted. Fortunately, the development of
rheo-optical techniques has provided a useful avenue
to study the shear response of solutions in this concen-
tration range.7-10

Due to the well-characterized properties of poly(n-
hexyl isocyanate) (PHIC),11 this is expected to be a good
polymer for studying the effect of flexibility on the
solution dynamics of three-arm star polymers. Linear
PHIC has been used repeatedly to evaluate theories on
the behavior of wormlike chains in solution.11-15 A
previous rheo-optical study of linear PHIC has shown
that concentration scaling of the shear response of the
refractive index tensor, nxy is dependent on the chain

flexibility.16 While the chain stiffness is dependent on
its persistence length, the overall chain flexibility is
governed by the ratio of contour length to persistence
length.28 For short chains of nearly rodlike stiffness,
nxy/γ̆ ∼ c3.2. For longer, more flexible chains, the scaling
relation becomes nxy/γ̆ ∼ c4.2. This paper presents the
effect of branching on the rheology of short chain PHIC
by using a highly monodisperse sample consisting of
star molecules of low arm molecular weight.
Previous investigations of linear PHIC have focused

mainly on the liquid crystalline17,18 and dilute concen-
tration regimes.11-14,17,19-21 Studies in the latter con-
centration regime have confirmed the wormlike confor-
mation of PHIC and yielded important conformational
parameters such as the radius of gyration, chain diam-
eter, and the solution dependence of its persistence
length.11 Studies on linear PHIC and other semiflexible
polymers have implied that they may form multi-chain
associations in solution.16,22-26 Static light scattering
experiments show an increase in light intensity at low
angles and additional “slow” modes are observed in
dynamic light scattering experiments for some stiff
polymers. Studies on the solution properties of PHIC
stars have been limited due to the availability of
polymer. To investigate whether three-arm PHIC stars
associate in the semidilute concentration regime, dichro-
ism measurements were conducted in conjunction with
birefringence measurements. Birefringence measures
the degree of orientation of the molecules within the
sample during shear, while dichroism yields the degree
of anisotropy of concentration fluctuations or multichain
associations on the length scale of the probing light.
More in-depth discussions of these techniques are
available in the literature.7-10,27

2.0. Theory
A semi-flexible polymer obeying the Kratky-Porod

model is usually termed a wormlike chain.6,28 For these
chains of intermediate stiffness, the equilibrium hydro-
dynamic solution properties differ substantially from
those described by models for fully flexible polymers.29
The flexibility of a polymer chain is dependent on the
ratio of the contour length to the persistence length, L/R,
which decreases with increasing stiffness. A flexible
linear polymer of N Kuhn segments of length a has a
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contour length L ) Na but an end to end distance
considerably smaller than this. In the rodlike limit, the
ratio of contour length to persistence length L/R f 0
and the end to end distance is equal to the contour
length. In this rodlike limit, the viscosity and shear
stress response are expected to scale with concentration
as c3.3,16,30,31 As the ratio increases, the polymer chain
passes through the wormlike regime, until the limit, L/R
f ∞, at which point the polymer follows the same
concentration scaling for the stress response as a flexible
coil. Detailed studies with semidilute Xanthan solutions
have shown that the viscosity scales with c3 for L/R =
0.5. The concentration scaling was found to increase
with decreasing stiffness with η ∼ c7 for L/R = 10.30
Birefringence studies using linear PHIC showed η ∼ c3.2
for L/R = 0.8, η ∼ c4.0 for L/R = 1.8, and η ∼ c4.2 for L/R
= 3.3 in the semidilute regime.16
The shear response of polymer solutions is very

dependent on the concentration. For monodisperse
linear, rigid and wormlike polymers, four concentration
regimes are discernible.3 Below a critical concentration,
c*, the polymer dynamics are negligibly affected by
adjacent chains. As the polymer concentration is in-
creased beyond c*, increasing topological constraints
alter the solution dynamics resulting in highly cor-
related segmental fluctuations. The polymer dynamics
are expected to be thus constrained at concentrations
above which the average polymer separation is less than
twice the radius of gyration of the polymer in solution.
Therefore, the critical concentration at which the tran-
sition from the dilute to semidilute regime occurs is
related to the root mean square radius of gyration,
〈S2〉1/2, by

where M is the polymer molecular weight, S is the
radius of gyration of a single conformation and NA is
Avagadro’s number. For wormlike star polymers with
arms of equal length, the mean square radius of
gyration, 〈S2〉, is estimated as32

where x ) exp (-L/R), f is the number of arms, R is the
persistence length, and L is the contour length of each
arm. Equation 2 collapses to give the expression for a
flexible star at the lower limit and a star with rodlike
arms (but flexible core) at the higher limit.32
The transition between the semidilute and concen-

trated isotropic regimes is less clearly definable. For
linear rodlike polymers, the transition to the concen-
trated isotropic regime is said to occur when the
excluded volume interactions between the polymers are
important for the solution’s static properties as well as
its dynamic properties. Thus on a microscopic (but not
macroscopic) scale, there is a tendency for the polymer
chains to order in concentrated isotropic solutions. For
linear rods, the transition is estimated to occur when
the rods are restricted to a mean space of size bL2.3 b is
the mean diameter of the tube formed by the constraint
of adjacent chains. For linear wormlike chains of small
contour length, the projected length of the chain on to
the central segment: Le ) 2R[1 - exp(-L/2R)] is used
instead of L.33 Using these two approximations, a rough

estimate of the transition between the semidilute and
concentrated regimes, c+, for linear wormlike chains is
given by

Undoubtedly, for wormlike star polymers, the ex-
tremely large volume exclusion at the branch point
affects the the dynamics significantly. Since the arms
of a star polymer are more correlated than adjacent
linear polymers, the segmental density within the star
polymer is expected to be higher. The result is that for
the same molecular weight, 〈S2〉star < 〈S2〉linear and the
overlap concentration for the star polymer is greater
than for a solution of an equivalent linear polymer.
Therefore, the interpenetration required for the ex-
cluded volume interactions to significantly affect the
static properties of the polymer in solution is expected
to be greater. Hence cstar

+ will be greater than clinear
+ .

However, how much greater is uncertain.
As the concentration is increased further, linear

rodlike and wormlike polymers spontaneously orient on
a macroscopic scale. Hence they are anisotropic even
without the presence of an external orienting field.3 This
liquid crystalline phase is expected to occur also for
wormlike star polymers with mobile cores.
This study is principally related to the investigation

of the shear response of wormlike star polymers in the
semidilute regime, with concentrations between c* and
c+.

3.0. Experimental Section
3.1. Sample. A very low polydispersity three arm PHIC

sample was prepared by Professor Novak’s group using living
polymerization. A cyclohexane core is used to join the three
arms together.34 Cyclohexane adopts both “chair” and “boat”
conformations and is able to switch between the two. Ad-
ditionally, the bond between the cyclohexane core and PHIC
chains is mobile but highly hindered. Therefore, though the
star center cannot be considered freely jointed, a high degree
of mobility is present at the star center. Tandem GPC/LS
showed the polymer to have a molecular weight ofMw ) 44 000
(corresponding to each arm having a molecular weight of
14 600) and a polydispersity of 1.04. A fairly standard GPC/LS
setup was used, consisting of an HP Series 1050 GPC in
tandem with a Wyatt Technologies Dawn DSP1-F multide-
tector laser photometer andWyatt/Opitlab 903 Interferometric
refractometer. Tetrahydrofuran was used as a solvent. No
GPC with respect to styrene standards was done on this
sample. However, for other PHIC stars synthesized in the
same manner, GPC with respect to styrene standards gave a
polydispersity greater than 15. Previous light scattering
measurements show that separation by molecular weight
through the gel column for PHIC and other semiflexible
polymers is relatively poor and results in a broad distribution
of elution times which does not adequately represent the
narrow polydispersity.35 In addition, PHIC molecules have a
much greater stiffness than polystyrene and hence a greater
hydrodynamic radius in this range of molecular weights.
Hence the usual method of evaluating molecular weight and
polydispersity using GPC against three monodisperse poly-
styrene samples is inherently inaccurate for PHIC and other
semiflexible polymers. Where separation due to differences
in molecular weight is insufficient, a secondary technique such
as light scattering is important to calculate the average
molecular weight for each elution time.36 In this manner, a
more true representation of the polydispersity can be attained.
Thus even if the polymer shows an affinity for the column
which broadens the elution time distribution, an accurate

c* ) M
(4/3)π〈S2〉3/2NA

(1)

〈S2〉star ) f-1R2[(3f - 2)(L/3R) + 2(1 - f) +

2(fx - 2x + 2)(R/L) + x(x - 2)(R/L)2] (2)

c+ )
M/NA

4R2b[1 - exp(-L/2R)]2
(3)
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measure of the weight average molecular weight and polydis-
persity is achieved with tandem GPC/LS.
There has only been limited study of the conformation of

star shaped PHIC in solution. However, it is assumed that
the arms of the star follow a similar length scaling and have
the same solvent dependence as linear PHIC. Therefore, the
conformation of the star polymer is expected to show the same
unusual solvent dependence that has been observed with
linear PHIC. Namely, the polymer dimensions decrease with
increasing solvent polarity.19,37 The decrease in the dimensions
of the polymer is principly due to the reduction of the
persistence length with increasing solvent dipole moment,
µsolv.38 The persistence length, R, has been estimated to be in
the range 20-30 nm in TCE from µTCE ) 1.32 D.38 The PHIC
monomer has a molecular weight of 127 and a monomer
projection length of 0.2 nm.19 Using these values and a
persistence length of 20 nm, c* is estimated to be 2.60 mg/cm3

(0.163 wt %) from eq 1. For a linear polymer, the transition
between the semidilute and concentrated regimes, clinear

+ , was
estimated, using b ) 1.6 nm,11 as 9.3 wt % with eq 3. Since
cstar

+ is expected to be greater than clinear
+ , a highest concentra-

tion of 15 wt % was used.
To prepare the 15 wt % solution, the polymer was dissolved

at room temperature in 1,1,2,2-tetrachloroethane (TCE) and
allowed to equilibrate for 3 days under continuous stirring.
This solution was used as a stock solution and diluted to 12.6
wt %, 10.1 wt %, 7.5 wt %, 5.8 wt % and 2.8 wt % for the rheo-
optical investigation. After each dilution, the solutions were
allowed to equilibrate for at least 1 h prior to the experiment.
TCE was chosen as the solvent for its relatively high viscosity
and boiling point to ensure that evaporation remains minimal
during the experiment. An additional reason for the choice
of solvent was to allow comparison with previous experiments
performed on linear PHIC in the same concentration regime.16

Repeating the same shear rate over the duration of the
investigation showed no time dependent deviation of the
birefringence, which implies that physical changes or evapora-
tion during the course of the experiment remained insignifi-
cant and the solution had fully equilibrated prior to the
experiment.
3.2. Rheo-Optics. The optical train used to measure the

time dependent birefringence and dichroism response in the
vorticity plane is shown in Figure 1. The light source was a
10 mW He-Ne laser of wavelength 632.8 nm. The intensity
was controlled by a linear polarizer placed immediately after
the laser. The polarization state generator (PSG) consisted

of a second polarizer which was used to set the reference
polarization angle followed by a half wave plate rotating at ω
) 400 Hz. After passing through the sample, a beam splitter
divides the beam in two. For dichroism measurement, one
beam is passed directly to detector D1. The other beam is fed
through a polarization state analyzer (PSA) consisting of a left
hand circular polarizer to detector D2 to register the effect of
both birefringence and dichroism.
With the orientation angles of the birefringence, ø′, and the

dichroism, ø′′, being noncoaxial, the intensity at the detector
D1, I1, is a function of ø′′ and the extinction of the primary
dichroism axis, δ′′ 7,8

where I10 is the dc component of the intensity signal of the
beam incident on the detector, D1, and ω is the rotational
frequency of the half-wave plate. The intensity at detector
D2, I2, is dependent on ø′, ø′′, the retardance δ′ and the
extinction δ′′

where I20 is the dc component of the intensity signal of the
beam incident on the detector, D2. The retardance and
orientation angle of the principle birefringence axis are then
calculated to be

where R1
1 ) -tanh δ′′ cos 2ø′′ and R1

2 ) -(sin δ′ sin 2ø′ + tanh
δ′′ cos 2ø′′) are the components of the intensities entering
detectors D1 and D2 respectively that are in-phase with the
polarized light exiting the rotating half wave plate. R2

1 )
-tanh δ′′ sin 2ø′′ and R2

2 ) sin δ′ cos 2ø′ - tanh δ′′ sin 2ø′′ are
the out-of-phase components. Similarly, the extinction and
orientation angle of the principle dichroism axis are given by

The optical train was calibrated using a linear polarizer placed
above the flow cell during calibration. Since an ideal polarizer
has a retardance δ′ ) 0 an extinction δ′′ ) -∞, an ideal
polarizer oriented at 0° would yield both R1

1 and R1
2 equal to 1

while both R2
1 and R2

2 would equal 0. Therefore, using a
linear polarizer as a standard optical element, the birefrin-
gence contributions of the elements that make up the optical
train could be accounted for. Additionally, since the distortions
of the polarization state of the beams exiting the beam splitter
also appear as birefringence contributions, this is also ac-
counted for by calibrating the optical train against a linear
polarizer.
Obviously, in eqs 6 and 8, both sin δ′ and tanh δ′′ are limited

to less than or equal to 1. If the retardance exceeds π/2, sin
δ′ starts to decreaseseven though δ′ continues to increase. In
this case, birefringence is said to go “over orders”. An example
is shown schematically in Figure 2. In the first and third
quadrants (where both R′1 ) R1

2 - R1
1 and R′2 ) R2

2 - R2
1 are

the same sign), sin δ′ is positive and δ′ ) nπ/2 + |arcsin-
({R′1

2 + R′2
2}1/2)|. In the second and fourth quadrant (where

R′1 and R′2 are different in sign), δ′ ) (n + 1)π/2 - |arcsin-

Figure 1. Optical train used in this study for the simulta-
neous measurement of birefringence and dichroism. The inset
shows the coordinate system used with flow in the x-direction,
the velocity gradient in the y-direction, and the z-axis being
the direction that the laser beam is propagated.

I1

I10
) 1 - tanh δ′′ cos 2 ø′′ cos 4ωt -

tanh δ′′ sin 2ø′′ sin 4ωt (4)

I2

I20
) 1 - (sin δ′ sin 2ø′ + tanh δ′′ cos 2ø′′) cos 4ωt +

(sin δ′ cos 2ø′ - tanh δ′′ sin 2ø′′)sin 4ωt (5)

δ′ ) arcsin{(R1
2 - R1

1)2 + (R2
2 - R2

1)2}1/2 (6)

ø′ ) 1
2
arctan(R1

2 - R1
1

R2
2 - R2

1) (7)

δ′′ ) arctanh{(R1
1)2 + (R2

1)2}1/2 (8)

ø′′ ) 1
2
arctan(R2

1

R1
1) (9)
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({R′1
2 + R′2

2}1/2)|. Here n is the number of orders (and com-
plete quadrants) that δ′ has passed through. Due to the
flatness of the sin δ′ curve as {R′1

2 + R′2
2}1/2 approaches 1, the

error in δ′ increases sharply every time sin δ′ approaches 1.
Additionally, at very low values of {R′1

2 + R′2
2}1/2, the relative

error in sin δ′ is increased. This is clearly seen with the
highest concentration data presented in this paper and in ref
16.
The birefringence and dichroism are defined respectively as

∆n′ ) δ′λ/2πd and ∆n′′ ) δ′′λ/2πd, where λ is the wavelength
of the light passing through the sample, and d is the path-
length through the sample. The birefringence, ∆n′, is propor-
tional to the anisotropy of the conformation tensor, 〈rr〉.7
Therefore, the birefringence is a measure of the degree of
orientation of the molecules within the sample. With this
technique, we can study the response to shearing of the degree
of alignment of the molecules in solution as well as the average
angle of orientation, ø′, to the flow direction.
If the shear stress is proportional to the xy-component of

the conformation tensor, σxy ∝ 〈rxry〉, the stress optical rule
holds.7 This relates the birefringence anisotropy to the shear
stress and the first normal stress difference. The stress optical
rule has been shown to be true for most semidilute solutions
of both rods and flexible coils.5 However, the rule breaks down
at high shear rates when the velocity gradient is sufficient to
cause the polymer molecules to approach maximum alignment,
resulting in saturation of the refractive index. Failure in the
stress optical rule may also occur due to the presence of form
contributions to the birefringence. Form birefringence arises
when the solute and solvent refractive indices are sufficiently
different and structures with length scales on the order of the
wavelength of light are formed so that light is scattered
anisotropically. If form contributions to the birefringence are
present on the lengthscale of the probing light, the sample will
exhibit form dichroism.9 If the stress optical rule holds, the
shear stress, σxy, and the first normal stress difference, N1,
are related to the birefringence anisotropy by the following
expressions:

C is the stress-optical coefficient and nxy is the shear compo-
nent of the refractive index tensor, n.10
3.3. Flow Cell. An aluminum couette flow cell with a gap

of 2 mm and outer rotating cylinder was used. The laser light
propagated along the vorticity axis in the gap between the two
cylinders and through two stationary flat quartz windows. An
internal radius for the outer cylinder of 15.9 mm was suf-
ficiently large to ensure a good approximation to homogeneous
shear flow. The sample height (path length of the laser beam
through the sample, d) was 19.1 mm. Shear rates from 0.05
to 200 s-1 were used and the data were averaged over up to
20 identical runs to reduce experimental noise. Typically,
averaging over 10 runs was sufficient. All experiments were
conducted at room temperature (∼21 °C).

4.0. Results and Discussion
Figure 3 shows the variation in the steady state

birefringence with shear rate for solutions of three-arm
PHIC star polymer of concentrations of 2.8, 5.8, 7.5,
10.1, 12.6, and 15.1 wt % in TCE. The strain units
required to reach steady state was judged visually and
appeared to be concentration dependent. For instance,
at a concentration of 15 wt % and a shear rate of 1 s-1,
at least 15 strain units was needed. For a concentration
of 5 wt % and a shear rate of 1 s-1, steady state was
reached faster than the sampling time of the equipment.
At shear rates greater than 1 s-1, the strain units
required for steady state was independent of shear rate.

However, at lower shear rates (where no overshoot was
observed), less strain units were needed to reach steady
state. The birefringence anisotropy shows two distinct
regions. At low shear rates, γ̆ less than ∼30 s-1, ∆n′ ∼
γ̆0.46(0.04 while at high shear rates, ∆n′ ∼ γ̆0.74(0.06. For
the 15.1 wt % solution, ∆n′ goes over orders while the
12.6 wt % solution at high shear rates approaches the
limit for going over orders. The error at this limit leads
to apparent high shear rate curvature in the steady
state birefringence when plotted as a function of shear
rate. It is seen in the inset to Figure 3 that, at high
concentrations and shear rates, ∆n′ ∼ (γ̆c3.2)0.74. The
15.1 wt % concentration is above this single power law
dependency since it is close to the transition between
the semidilute and concentrated solution regimes. At
lower shear rates, the (γ̆c3.2)0.74 scaling underpredicts
the birefringence for the higher concentrations. It is
significant that this scaling is different from the ∆n′ ∼
γ̆c3.2 relationship observed for linear PHIC of molecular
weight 15 000, which is only slightly above the molec-
ular weight of each arm.16
All of the concentrations exhibit shear-induced dichro-

ism. Figure 4 shows the variation of the steady state
dichroism, ∆n′′, with shear rate while the shear rate
dependence of the birefringence and dichroism aniso-
tropy for a single concentration (10.1 wt %) are dis-
played together in Figure 5. As with the birefringence,
the steady state dichroism shows two shear rate de-
pendent regimes. ∆n′′ ∼ γ̆0.43(0.07 at low shear rates,
and ∆n′′ appears to almost plateau with ∆n′′ ∼ γ̆0.11(0.01

at higher shear rates. Thus both birefringence and
dichroism have very similar power law behaviors in the
low shear rate regime. As with the birefringence, the
transition between the low and high shear rate dichro-
ism regimes occurs at decreasing γ̆ with increasing

σxy )
nxy
C

) ∆n′
2C

sin 2ø′ (10)

N1 ) σxx - σyy ) ∆n′
C

cos 2ø′ (11)

Figure 2. Schematic representation of R′1 and R′2 as δ′ goes
“over orders”.

Figure 3. Variation of the steady state birefringence, ∆n′, vs
the shear rate, γ̆, for the different concentrations studied is
shown along with fits of ∆n′ ) Aγ̆n. The variation of steady
state birefringence with γ̆c3.2 is shown in the inset.
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concentration. This suggests that the birefringence and
dichroism at low shear rates are due to related phe-
nomena.
The time dependent response of the birefringence for

the 10.1 wt % solution is shown in Figure 6. The
behavior of the other concentrations is qualitatively
similar with the steady state birefringence and relax-
ation times being concentration and shear rate depend-
ent. The molecular relaxation of PHIC stars with short
stiff arms in semidilute solution is very rapid. On the
basis of the characteristic time of linear PHIC studied
in our previous paper,16 the molecular relaxation time
for the stars studied here is expected to be in the range

tfast ≈ 0.1-10.0 ms. For the higher shear rates, the
birefringence reaches steady state almost immediately
on flow inception at t ) 0 s and is characterized by a
fast relaxation mode on shear cessation (t ) 20 s). In
addition to the fast mode, a slow mode with relaxation
time tslow ≈ 5 s is also visible. This unusual phenom-
enon was also noted in certain PHIC samples studied
in our previous paper16 and was attributed to the
presence of large multichain structures.
The relative size of the overshoot after shear inception

seen in the inset to Figure 6 increased with concentra-
tion. Its shear rate dependent characteristic time, tpeak,
is faster than the sampling rate of the equipment at
higher shear rates. tpeak decreased with increasing
shear rate such that the product γ̆tpeak remains constant
at 3.43 ( 0.34, independent of concentration. For linear
flexible polymers, the product γ̆tpeak ∼ 2 except at high
strain rates5 and the overshoot is due to chain overex-
tension. For the PHIC samples studied here, chain
over-extension is limited by the stiffness of these short
chained polymers and their rigidity inhibits chain
entanglement that would result in slower dynamics. For
stars of such short arms in the semidilute regime,
branching at the star center is unlikely to result in much
additional entanglement. As with linear PHIC,16 tpeak
is very much longer than the fastest relaxation time,
τfast, whose dynamics are associated with molecular
orientation. The time dependent dichroism for the 10.1
wt % solution at a shear rate of 5 s-1 is shown in Figure
7 simultaneously with the birefringence. The overshoot
in the birefringence is hypothesized to be due to
preexisting multichain structures in solution by closely
following the dichroism overshoot. The amplitude of
both overshoots increase with concentration and are
barely visible for the 5.8 wt % solution. Hence, as with
linear PHIC, the overshoot is likely due to preexisting
multichain associations in solution. These aggregates
appeared to be stable during shearing up to a shear rate
of 200 s-1. Rather, the overshoot is presumed to be due
to collisions between adjacent structures during shear-
ing. The presence of the aggregates was not thought
to be related to sample preparation since the overshoots
in the birefringence and dichroism were unaffected by
the time the solutions were allowed to equilibrate during
sample preparation.
Similar to linear PHIC,16 the overall birefringence

response is composed of two contributions. The fast
mode has a relaxation time faster than the sampling
rate, τ′fast < 125 ms since it is characterized by rapid

Figure 4. Variation of the steady state dichroism, ∆n′′, vs
the shear rate, γ̆, for the different concentrations studied.

Figure 5. Comparison of the shear rate dependencies of the
steady state fast mode birefringence, ∆n′f, slow mode birefrin-
gence, ∆n′slow, the overall birefringence, ∆n′ and the dichroism,
∆n′′ for the 10.1 wt % solution.

Figure 6. Time-dependent shear response of the birefringence
anisotropy for the 10.1 wt % solution of PHIC. The inset shows
the shear rate dependence of the startup transient overshoot.

Figure 7. Comparison of transient behavior in the anisotropy
for the 10.1 wt % solution at a shear rate of 5 s-1. The inset is
a comparison of the transient behavior in the orientation angle
for the same solution at the same shear rate.
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relaxation though diffusion of individual chains.3 There-
fore, the slow mode relaxation time, τ′slow, can be found
from ∆n′(t) ) ∆n′0 + ∆n′s exp[(t - t1)/τ′slow]. ∆n′0 is the
baseline birefringence, t1 is the time that shearing
ceased and ∆n′s is the initial size of the slow mode
birefringence (when t ) t1). τ′slow is independent of shear
rate but is seen in Figure 8 to exhibit a power law
dependence on concentration with τ′slow ∼ c2.80(0.29. The
dichroism shows a single mode relaxation with τ′′ ∼
c2.47(0.16. This power dependence is only 13% different
than the concentration dependence of τ′slow, suggesting
a relationship between the two relaxation times.
The slow mode birefringence seen in the inset to

Figure 8 has a bimodal dependence on shear rate with
∆n′s ∼ γ̆0.48(0.06 at low shear rates and almost reaches
a plateau with ∆n′s ∼ γ̆0.10(0.02 at higher shear rates for
all of the concentrations above 7.5 wt %. ∆n′s was not
estimated for the 2.8 and 5.8 wt % concentrations since
the signal to noise ratio was of insufficient quality for
accurate estimation of ∆n′s. The power law exponents
are very similar to those for the steady state dichroism,
which is further evidence that the slow mode is related
to the orientation of multichain structures in solution.
In previous experiments on linear PHIC,16 the slow

mode in the birefringence was oriented in the flow
direction at low concentrations and shear rates, where
∆n′ is relatively small. At higher concentrations and
shear rates the slow mode in ∆n′ is surpressed. Unlike
the solutions of star polymer, semidilute solutions of
linear PHIC of molecular weight 34 000 were not found
to be dichroic.16 Dichroism measures anisotropy of
structures on the length scale of the wavelength of the
probing beam. Therefore, smaller length scale aniso-
tropic associations may still be present for linear
samples. The large excluded volume at the core of the
three-arm PHIC molecules, in addition to the steric
hindrance from branching, may limit how closely the
chains can associate. Therefore, star PHIC is expected
to form larger associations.
Two contributions to the birefringence explain the

unusual shear rate response of the orientation angles.
ø′ and ø′′ are shown in the inset to Figure 7 to be 90°
apart at the onset of shearing, with ø′ ∼ 45° and ø′′ ∼
135°. In the low shear rate regime, the slow mode
birefringence rises more rapidly with increasing shear
rate than the fast mode. Since the slow mode is
governed by the dynamics of large structures, ø′ is slow

to achieve the steady state value, as seen in the inset
to Figure 7. At higher shear rates (γ̆ > 10 s-1) when
the slow mode has plateaued, the solution dynamics are
dominated by the fast mode and the steady state
orientation is reached rapidly, as observed in Figure 9.
As ø′′ drops to 90°, the slow mode remains approxi-
mately perpendicular to the dichroism and the overall
ø′ settles at a compromise angle governed by the fast
and slow contributions. ø′ drops immediately to 0° after
shear cessation due to the rapid fast mode relaxation.
The overall birefringence orientation angle is then
governed only by the slow mode, which disorients
relatively slowly.
In Figure 10, the steady state ø′ approaches 45° as γ̆

f 0 since the slow mode is oriented at 45°. Initially,
the overall steady state birefringence orientation angle
tends toward the flow direction as the shear rate is
raised and the slow mode birefringence, which orients
along the flow axis with increasing shear rate, rises
more quickly than the fast mode. However, above a
certain shear rate (γ̆∼ 10 s-1), the amplitude of the slow
mode plateaus while the fast mode contribution contin-
ues to rise rapidly. Hence, at the high shear rates
where the solution behavior is dominated by molecular
dynamics, the steady state ø′ approaches 45°. For
typical polymers, ø′ f 45° as γ̆τfast f 0 since the
Newtonian limit is reached. Entanglements cause
flexible chains to align increasingly towards the flow

Figure 8. The variation of slow mode birefringence relaxation
time, τ′slow, and the dichroism relaxation time, τ′′, with
concentration. The inset shows the dependence of the steady
state slow mode birefringence, ∆n′slow, on shear rate, γ̆ for the
10.1 wt % solution.

Figure 9. Transient response of the birefringence orientation
angle, ø′, at shear rates of γ̆ ) 20-200 s-1 for the 10.1 wt %
solution.

Figure 10. Shear rate, γ̆, dependence of the steady state
birefringence orientation angle, ø′. The inset shows the shear
rate dependence at low shear rates for the 10.1 wt % solution.
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axis as the solution is sheared at higher rates. En-
tanglements are insignificant for short and stiff worm-
like polymers in the semidilute regime at the shear rates
probed in this work, and interchain interactions are
extremely rapid. Hence the orientation angle would be
expected to remain at the newtonian limit of 45° if no
slow mode were present.
Figure 11 shows the steady state orientation of the

dichroism. The steady state ø′′ approaches 135° at
extremely low shear rates and tends to 90° as the shear
rate increases. The higher the concentration, the lower
the shear rate at which an orientation of 90° is reached
by the dichroism. The transient behavior shown in
Figure 12 for the 10.1 wt % solution confirms that at
extremely low shear rates, ø′′ is oriented at 135° at small
times. Comparison of ø′′ and the slow mode birefrin-
gence suggests the presence of anisotropic chain as-
sociations whose major axes are perpendicular to the
orientation of the chains within these associations. This
is represented in Figure 14. For the higher concentra-
tions after shear cessation, the dichroism orientation
angle relaxes slowly due to the size of the associations
and interactions with their neighbors. At the lower
concentrations, the disorientation of the associations is
much more rapid. In addition, little overshoot in the
dichroism is observed with time for the 5.8 or 2.8 wt %
solutions (data not shown) since the associations are
small at these concentrations, resulting in less interac-

tion between adjacent associations and faster dynamics.
From the behavior of the dichroism, we believe that
these multichain associations are not shear induced but
are present at all times. Prior to shearing, they are
randomly oriented. The application of a shear field
aligns these associations, increasing both the dichroism
and the slow mode birefringence. When maximum
orientation of the associations is achieved, the shear rate
dependence of the dichroism and slow mode birefrin-
gence drops significantly.
These experimental results cannot conclusively de-

termine the nature of the associations in solution or
explain why they occur. Solvent effects may play an
important part. PHIC, a “hairy” wormlike polymer, is
soluble in a very limited number of solvents. If TCE is
a poor solvent, the PHIC chains would prefer to associ-
ate.3 The local polymer density may be sufficiently high
to approach the concentrated solution regime. Then the
local concentration would result in microscopic ordering
within these associations even without the application
of a shear field. Another possible reason which has been
discussed in our previous paper is the presence of
electrostatic molecular attraction16 between the delo-
calized π-bonds of adjacent molecules which may be
sufficiently strong to cause adjacent molecules to group
together.
As with solutions of linear PHIC,16 the response of

the overall birefringence anisotropy and orientation
angle to shearing is governed by two non-coaxial modes.
Additional insight into each mode is gained by decou-
pling the slow mode from the fast mode. To a first
approximation, the overall refractive index tensor, n,

Figure 11. Shear rate, γ̆, dependence of the steady state
dichroism orientation angle, ø′′.

Figure 12. Response of the dichroism orientation angle at
low shear rates (γ̆ ) 0.1-10.0 s-1) for the 10.1 wt % solution
shows the shear dependence of the transience in the dichroism
orientation angle.

Figure 13. Dependence of the steady state fast mode bire-
fringence anisotropy, ∆n′f, on shear rate, γ̆, for concentrations
of 5.8-15.1 wt %. ∆n′f is plotted against (γ̆c3.2)0.74 in the inset.

Figure 14. Representation of a multichain association with
the major dichroism axis oriented perpendicular to the major
birefringence axis.
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is the sum of the refractive index tensor for the slow
mode, ns and for the fast mode, nf. The overall bire-
fringence anisotropy and orientation angle are then
related to these fast and slow contributions by eqs 12
and 13. Since the interchain interactions which account

for the fast mode are extremely rapid, ø′f ∼ 45° is a good
approximation. ∆n′s has been estimated previously by
interpolating the slow mode relaxation back to the
steady state value. Since both ∆n′ and ø′ are known,
the fast mode birefringence, ∆n′f, and the orientation
of the slow mode, ø′s, could be estimated. ∆n′f is plotted
against γ̆ and (γ̆c3.2)0.74 in Figure 13 for the solutions of
star PHIC. It is evident in Figures 5 and 13 that the
importance of the slow mode on the steady state
birefringence is limited to lower shear rates. ∆n′f
deviates less from the power law dependence on (γ̆c3.2)0.74
at higher shear rates where ∆n′f ∼ ∆n′. In Figure 3,
little deviation of the steady state ∆n′ from the single
power dependence on (γ̆c3.2)0.74 is observed for the 2.8
and 5.8 wt % solutions. The small size of the associa-
tions in solution at these lower concentrations results
in minimal interactions between the associations during
and after shear.
The stress optical rule breaks down when there are

multiple contributions to the shear birefringence and
when large lengthscale structures are present.7 There-
fore, eqs 10 and 11 do not hold when the overall
birefringence, ∆n′, is used. However, the most impor-
tant contribution to the stress is the shear response of
the molecular orientation and alignment. Therefore,
defining nxy(f) as the shear component of nf, nxy(f) is
related to the fast mode birefringence by nxy(f) ≈ ∆n′f/2
since sin(2ø′f) ∼ 1. Then the optical equivalent of the
shear stress also scales with concentration as nxy(f) ∼
(γ̆c3.2)0.74. This is significant since in our previous paper,
nxy was shown to scale as γ̆c3.2 for linear PHIC of
molecular weight 15 000, which is similar to the mo-
lecular weight of the star arms.16 The concentration
scaling of the shear response of PHIC stars is dependent
on the molecular weight of each arm since the concen-
tration dependence is related to the chain flexibility. The
differences in the scalings between the linear and star
samples maybe due to the star’s mobile center as well
the additional arm since there are no other major
differences between the two samples.
There are other differences between the shear re-

sponse of linear PHIC and the three armed stars studied
here. For the linear PHIC samples, Figure 15 shows
the linear dependence of the fast mode birefringence on
shear rate. A much weaker, nonlinear, ∆n′f ∼ γ̆0.74(0.06

dependence was observed for the star PHIC solutions,
and there is no evidence of a linear viscoelasticity
regime which is observed for most polymer solutions at
low values of γ̆τr where τr is the longest relaxation time
of the solution.5 Additionally, the star polymer exhibits
less birefringence than the linear sample of molecular
weight 34 000 (roughly equivalent to two of the star
arms) since the mobile core and third arm reduce the
overall degree of orientation but is more birefringent
than a similarly concentrated solution of linear PHIC

of molecular weight 15 000 (roughly equivalent to each
star arm).

5.0. Conclusions
There are two distinctive contributions to the overall

molecular alignment and orientation. The very rapid
molecular dynamics result in a fast mode. The shear
component of the refractive index tensor for the fast
mode, nxy(f), scales as (γ̆c3.2)0.74 for PHIC stars of molec-
ular weight 44 000 in the semidilute regime. The
orientation of the fast mode birefringence, ø′f ≈ 45°, is
similar to that observed with linear PHIC. However,
unlike linear PHIC, nxy(f) does not exhibit a linear
dependence on shear rate. The slow mode is due to the
existence of anisotropic associations which orient in a
shear field. The major axis of these associations are
perpendicular to the mean orientation of the component
molecules and tend to orient perpendicular to the flow
axis at high shear rates.
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