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ABSTRACT: The rheo-optical response of semidilute solutions of monodisperse, wormlike poly(n-hexyl
isocyanate) (PHIC) in simple shear flow was investigated using a flow birefringence technique. The optical
equivalent of viscosity ηb as measured by birefringence was found to depend on the contour length L,
concentration c, and the ratio of contour length to persistence length L/R. The power exponent of the
concentration dependence of viscosity increased with increasing L/R with ηb ∼ c3.2 for L/R = 0.8, ηb ∼ c4.0
for L/R = 1.8, and ηb ∼ c4.2 for L/R = 3.3. A simple scaling relation for viscosity, η ∼ c4 L-3Le

8, where Le

is the effective rigid rod length of the wormlike chain and is a function of L/R, is derived for the regime
L = R and substantiated experimentally. Further, PHIC solutions at concentrations below 6% exhibited
two well separated relaxation modes after flow cessation. While the fast mode is attributed to molecular
reorientation, dynamic light scattering confirms that the slow mode may be attributed to the formation
of large multichain structures.

Introduction

The low-frequency dynamic and rheological behavior
of polymers in semidilute solution is governed by the
effect of entanglements on the chain diffusion. This
behavior is reasonably well described theoretically for
flexible1-4 and rigid rod3,5 polymers. For example, as
described in theories by Doi and Edwards, both flexible
and rigid polymers are assumed to reptate through
confining tubes comprised of their neighbors.3 Theo-
retically and experimentally, however, dynamic proper-
ties such as viscosity and relaxation times are strongly
dependent on chain stiffness. For example, difficulties
are encountered in the study of rod reptation because
polymers usually regarded as rodlike display a degree
of flexibility as expressed by their persistence length R,
relative to their contour length L. On the basis of
relaxation of a rodlike molecule from a tube, Keep and
Pecora6 have shown that flexibility can become an
important factor in the dynamics of rodlike molecules
in semidilute solution even when L/R ) 0.1. Hence,
polymers such as poly(γ-benzyl L-glutamate) (PBLG),
for which R = 100 nm, are sometimes better described
as wormlike chains at the molecular weights typically
studied.7,8 Increasing interest has been shown in the
rheological properties of wormlike polymers.9-13 Re-
cently the original reptation and tube theories have been
extended to include the effect of flexibility.9-11 Further,
Sato et al.12 have introduced the “fuzzy cylinder” model
that accounts for the entanglement effects by treating
a wormlike polymer as a cylinder on the basis that the
local conformational dynamics are much faster than
global motions. However, studies on the dynamics and
rheology of semidilute wormlike polymers relative to
those on flexible polymers are scarce, limited primarily
to PBLG,14 xanthan,15-17 sodium hyaluronate,18,19 poly-
isocyanates,20 and polyelectrolytes.21 A broad consensus
on the rheology of entangled wormlike chains is there-
fore still elusive.
This paper investigates the dynamics of wormlike

chains by probing the rheo-optical response of poly(n-
hexyl isocyanate) (PHIC). This choice of PHIC was
made because (1) it has been a useful model polymer to
test theories of dilute wormlike chains and is therefore

well characterized;6,22-25 and (2) monodisperse samples
of PHIC were readily available. The dilute solution
properties of PHIC have previously been studied by light
scattering,6,23,26,27 viscometry,22-24,28-30 and dielectric
dispersion methods.31 Chain rigidity is a consequence
of its helical configuration caused by a competition
between electronic and steric factors.28 Torsional de-
grees of freedom account for limited chain flexibility and
have been included in a general helical wormlike chain
model developed by Yamakawa and co-workers.32 Vari-
ous studies on PHIC show that as L/R is increased, the
chain undergoes a gradual conformational change from
rodlike to coillike.33-36

Dynamic properties are highly dependent on contour
length, and therefore polydispersity can be a serious
problem. This is especially pronounced for semidi-
lute solutions of rodlike polymers, where the viscosity
scales as L6.3 Either corrections are made to account
for polydispersity37,38 or fractionated samples are
used.22-25,27,28,39 The PHIC samples used in this inves-
tigation were provided by Professor Novak’s group at
the University of Massachusetts. This synthesis tech-
nique involves an organotitanium(IV)-based living po-
lymerization of isocyanates which provides strict control
over the molecular weight and polydispersity of the
sample.40

A complication in the rheology of PHIC solutions is
the possible formation of intermolecular associations.
There are many experimental reports that suggest that
a large variety of rodlike polymers form aggregates in
various solvents. In static light-scattering experiments
an increase in the intensity at low angles is observed;
and in dynamic light scattering (DLS), one or more slow
modes appears.41-45 Both these observations have been
interpreted as being due to the formation of large length
scale multichain structures. This phenomenon has been
observed in rodlike polyelectrolytes such as xanthan46
and short DNA chains34,41-43 but also in nonionic
polymers.6,44,45 The exact mechanism of cluster forma-
tion is still not well understood. Odijk has recently
shown that the long-range attractive force between
polyelectrolyte molecules may rationalize the onset of
aggregation of rodlike DNA chains.47 For nonionic
polymers, van der Waals attractions probably play an
important role in aggregation. Slow modes have also
been observed by DLS in polyelectrolyte solutions for a
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wide variety of synthetic structures.48-52 The charac-
teristic time of the slow mode is typically several orders
of magnitude greater than that of the fast mode and
increases with dilution. In recent studies, Sedlak50,52
concluded that poor solvation is not the reason for
domain formation in solutions of polyelectrolytes.
There is evidence that poly(alkyl isocyanates) also

form aggregates. Electric birefringence decay and
dielectric relaxation studies of PHIC solutions in toluene
indicate the presence of at least one slow mode.39 From
DLS measurements, Keep and Pecora6 found slow
modes in certain PHIC solutions in cyclohexane. These
slow modes dominated the depolarized scattering and
corresponded to a hydrodynamic radius of several
microns. In both the above studies, low solubility may
have contributed to the slow mode.
The viscosity of polyisocyanate solutions has previ-

ously been studied by Aharoni,53 Aharoni and Wang,54
and Ohshima et al.20 using mechanical techniques. In
the present study, we use a birefringence technique to
measure the optical equivalent of viscosity ηb in semi-
dilute solution. Since birefringence depends on molec-
ular alignment rather than bulk mechanical properties,
birefringence provides an appropriate test for molecular
theories. By using samples with different molecular
weights, we investigate the effect of chain conformation
on rheological properties. Further, birefringence can
also be used to detect molecular associations. Slow
modes possibly associated with aggregation are observed
by flow birefringence and dynamic light scattering.

Theory
As the polymer concentration increases, chains pro-

gressively interpenetrate and their dynamics become
affected by topological constraints. This effect becomes
evident when the average distance between the centers
of mass of the chains is equal to the average chain
extension, which for rods is at the concentration ν >
1/L3, where ν ) (F/M)NA is the number of polymers per
unit volume. At higher concentrations, when ν > 1/bL2
(where b is the chain diameter), excluded volume
becomes important and rod alignment becomes depend-
ent on alignment of neighboring rods. In a series of
articles, Doi and Edwards55 developed a model describ-
ing the dynamics of rigid rod polymers. In the semidi-
lute regime (1/L3 < ν < 1/bL2) motion parallel to the
rod orientation is unrestricted, while lateral motion is
severely restricted by surrounding rods. This restricted
motion can be represented by diffusion of the rod
parallel to its contour in a tube that is composed of
surrounding rods. The tube diameter a′ = 1/νL2 de-
pends on polymer concentration, average orientation,
and length. Rod dynamics depend on the disengage-
ment time τd ) L2/D|, where D| = L2Dr0 is the parallel
diffusion coefficient and Dr0 ) 3kBT/(πηsL3) ln(L/b) is
the dilute rotational diffusion coefficient. Since the time
for the rod to become disoriented by disengagement from
successive tubes is τd(L/a′)2, Dr is given by the expres-
sion

where â is a numerical factor. Hence, Dr and the
characteristic rheological time, τ ) 1/(6Dr), can be
predicted from dilute data.
The stress tensor σij for a semidilute solution of rods

can be written as the sum of a viscous and an elastic
contribution3

where u is the unit vector characterizing molecular
orientation, ú is the friction coefficient, and Dij is the
rate of strain of the imposed flow. In eq 2, the first term
on the right hand side corresponds to the elastic
contribution to the stress, while the second term is the
viscous term. It has been argued3,4 that ú = kBT/Dr0 )
6kBTτ(νL3)-2. Hence, in the semidilute regime, as long
as the shear rate γ̆ is much smaller than 1/τ, the stress
is only due to the elastic contribution and the viscosity
η ∼ ντ is given by3

Furthermore, the stress is proportional to the conforma-
tion tensor 〈uu〉, and hence the stress-optic rule holds
and viscosity can be measured by a birefringence
technique.56

The above relations have been derived for rods (L ,
R). However, the flexibility of a rodlike molecule should
affect its rotational motion because the end of the
molecule will be more free to choose its direction when
translating out of a tube even though the molecular
orientation may be restricted along the rest of its length.
For partially flexible chains (L≈ R) Doi10 and Semenov11
have developed theories to account for chain bending
motion during chain reptation. Since considerable
bending motion can occur during the time τd that the
molecule disengages from the tube, dynamic properties
should be affected by flexibility through the ratio L/R.
Doi10 has suggested that if bending motions occur
quickly, the motion may be time-averaged, resulting in
the polymer behaving as a rigid rod with an effective
length Le. If the contour length is not too high, an
estimation of the length Le can be made from the
average chain length projected on the central segment
of a Kratky-Porod chain,10

Another approach based on a “fuzzy cylinder” model12
is to use the root mean squared end-to-end distance
〈R2〉1/2 for the effective length. An estimate of the
concentration for crossover to the semidilute regime of
the shorter ‘effective’ rods is c* ∼ Le-2, which is in
agreement with the experimental observations7,8 on
solutions of stiff polymers with L/R ∼ 1 that entangle-
ment effects start at concentrations much greater than
c* ∼ L-2. Semenov11 has argued that if ν , 1/LR2,
persistent segments of length R can move freely, since
the mean number of such segments is small in a volume
R3. By this logic, the crossover concentration is given
as c* ∼ R-2 ∼ Le-2 for L/R ∼ 1. The relation c* ∼ R-2

can also be obtained from the concentration at which
the concentration-dependent correlation length ê is
equal to the Kuhn length (2R).15 Further, the disen-
gagement time τd ) Le

2/D| is shortened by an amount
Le
2/L2 to within a logarithmic correction. To estimate

the diffusion coefficient, each chain is divided into
almost rectilinear parts of length R. It will be assumed
that friction is only due to solvent viscosity and that
the friction coefficient for the whole chain is then the
sum of the friction coefficients for these rodlike parts.
Then, to within a logarithmic correction,11

Dr ) Dr0(a′
L)

2
) Dr0â(νL

3)-2 ∼ c-2M-7 (1)

σij ) 3νkBT(〈uiuj〉 - δij/3) + νú〈uiujukul〉Dkl (2)

ν ) π
30â

ηs
(νL3)3

ln(L/b)
∼ c3M6 (3)

Le ) 2R(1 - e-L/2R) (4)
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As noted by Doi,10 the estimation of the tube diameter
a′ when L = R is difficult. For rigid rods, a′ ∼ ν-1 L-2.
For stiff chains undergoing rapid bending fluctuations,
the length of the rod is replaced by the effective length
and Doi10 estimated R′ ∼ ν-1Le-2. But since bending
fluctuations cause the chains contributing to the topo-
logical constraints to effectively occupy a greater aver-
age volume over a time scale less than the disengage-
ment time, we speculate that the effective tube diameter
contracts and a′ ∼ ν-δLe-2, where δ g 1. The rotational
diffusion coefficient Dr is then given by eq 1

Consequently the rotational diffusion coefficient in-
creases by a factor of (L/Le)8 as a result of flexibility.
Imposing the scaling relation η ) ηsf(c/c*) and using the
condition in eq 6 that η ∼ ν/Dr ∼ Le8 and c* ∼ Le-2, we
obtain η ∼ ηs(c/c*)4 ∼ c4. Since δ ) 3/2, which corre-
sponds to tube diameter contraction by bending fluctua-
tions,

For L = Le, eq 7 then suggests τ ∼ c3M6.
Using dynamic light scattering for semidilute PBLG

with L/R = 1, Zero and Pecora7 observed the scaling τ
∼ 1/Dr ∼M5.6(0.6. On the other hand, using electric
birefringence relaxation measurements in semidilute
PBLG with L/R = 1 Mori et al.8 reported τ ∼ cM5.
Detailed studies on the viscosity of semidilute xanthan
solutions by Takada et al.17 have shown that the slope
of the logarithmic plot of η vs c increases from 3 for L/R
) 0.5 to approximately 7 for L/R ) 10. We have
displayed the data of Takada et al. for various concen-
trations on a logarithmic plot of ηL3 vs Le (Figure 1).
For the effective chain length, the projection definition
proposed by Doi (eq 4) was applied. As can be seen,
the slopes of the plots are approximately 8 when L ) R

) 120 nm (i.e. Le ) 94.5 nm), consistent with our scaling
relation proposed in eq 7. A more comprehensive theory
based on the fuzzy cylinder model12 for chains with L/R
< 10 gives predictions that agree with the viscosity data
of Takada et al.17 for xanthan solutions. Longer worm-
like molecules have also been studied. For semidilute
hyaluronate solutions (L/R = 100), Fouissac et al.18
found ηspo ∼ c4.0(0.2M4, which corresponds to the same
scaling relation proposed by de Gennes57 for linear
flexible polymers interacting by topological entangle-
ments but without hydrodynamic or excluded volume
interactions. This is essentially consistent with the
open structure of very long wormlike polymers with L
. R . b. Although hyaluronate is a polyelectrolyte, the
effect of long range electrostatic interactions was screened
out by the addition of 0.1 M NaCl.

Experimental Section
Materials. Three PHIC samples of molecular weights

Mw ) 15 000, Mw ) 34 000, and Mw ) 62 000 referred
to as samples P15, P34, and P62, respectively, were
synthesized by living polymerization. The samples were
characterized using a tandem GPC/LS, and relatively
low polydispersities were recorded (Table 1). Normal
GPC (relative to monodisperse polystyrene standards)
gives erroneous results of high polydispersity (Mw/Mn
> 20). This indicates that separation of these polymers
is not based strictly on size exclusion but may involve
another phenomenon based on an affinity of these
polymers for the GPC column substrate.58 Polydisper-
sity increased with increasing molecular weight due to
the longer reaction times needed to obtain appreciable
yields of the higher molecular weight polymer.
There is an unusual solvent dependence of the global

dimension of PHIC that suggests a general decrease in
polymer dimensions with increasing solvent polarity.
This dependence was first discovered by Schneider et
al.59 and was investigated in greater depth using in-
trinsic viscometry measurements by Berger and Tids-
well.28 The decrease in persistence length with increas-
ing solvent dipole moment µsolv can be seen in Table 2
(information was obtained from Cook et al.36). NMR
line-width measurements indicate that there is an
additional interaction between the solvent dipole mo-
ment and the chain backbone that allows for larger
torsional oscillations and thus smaller chain dimensions
in polar solvents.36
Tetrachloroethane (TCE) is an excellent solvent for

rheological experiments on PHIC due to its relatively
high viscosity and boiling point. On the basis of the
dependence of R on µsolv in Table 2, the persistence

Figure 1. Dependence of ηL3 (in arbitrary units) vs effective
length Le for aqueous xanthan at the indicated concentrations
(data obtained from ref 17): dashed line indicates Le ) 94.5
nm for L ) R ) 120 nm. A line with slope ) 8 is included for
comparison to the data.

D| )
kBT ln(R/b)
2πηsL

(5)

Dr ) 1
τd(a′

Le
)2 ) D|

â
Le

2
(νδLe

3)-2 ∼ ν-2δL-1Le
-8 (6)

η ) ν
Dr
∼ ν4LLe

8 ∼ c4L-3Le
8 (7)

Table 1. Sample Characterization

PHIC Mw PDI L/R

P15 15 390 1.061 0.8
P34 33 750 1.117 1.8
P62 62 240 1.299 3.3

Table 2. Persistence Length Dependence on Solvent
Polarity

solvent
dielectric
constant

polarity
µsolv (D)

persistence
lengtha (nm)

hexane 1.89 0.0 42
toluene 2.568 0.36 40
chloroform 4.806 1.01 30b
TCE 8.20 1.32 20-30c
DCM 8.925 1.60 20
a Information is from reference 36. b Persistence length for

poly(n-butyl isocyanate). c Estimated.

Macromolecules, Vol. 30, No. 23, 1997 Wormlike Polymers in Solution 7255



length of PHIC in TCE (µsolv ) 1.32 D) was estimated
to be in the range R ) 20-30 nm. The monomer
projection length of PHIC is 0.2 nm,28 while the molec-
ular weight of a monomer unit is 127. Assuming a
contour length of R ) 30 nm, which corresponds to a
chain segment with Mw ) 19 000, the ratio L/R is
presented in Table 1 for each of the samples. The hard-
core diameter b as determined by intrinsic viscosity
measurements24 and light scattering techniques35 is
approximately 1.6 nm. Due to their larger size, interac-
tions between wormlike polymers become more impor-
tant at much lower concentrations than those for flexible
polymers and the rheological behavior is controlled by
the degree of chain overlapping. Solutions ranging in
concentration from 2 to 15 wt% were prepared. Replac-
ing the rod length L with the effective length Le, the
overlap concentration c* can be calculated. In the case
of polymer P34, the semidilute regime occurs at c > 0.03
g/cm3.
The rheological time scale may be estimated from the

rotational diffusion coefficient given by eq 6. For the
samples considered in this study, 0.1 ms < τ < 10 ms.
As a result, shear thinning is not expected for the shear
rates applied as τγ̆ < 1. Furthermore, no overshoots in
start-up of shear flow are expected, and it is expected
that the first normal stress relative to the shear stress
will be negligible. Consequently, the steady state angle
of birefringence should be at 45° to the flow axis for all
but the highest molecular weight polymers.
Rheo-Optics. Birefringence was used to measure

the dynamics of chain orientation and extension. In
anisotropic polymeric media, the refractive index tensor
n is proportional to the averaged segmental conforma-
tion tensor 〈rr〉, where r is the segment vector. The
birefringence ∆n′ is the degree of anisotropy along the
principal axis of 〈rr〉 rotated at an angle ø to the flow
direction. Since the probing beam passed through the
gap between the cylinders in the flow cell along the
vorticity axis, the average monomer orientation and
degree of orientation were measured in the plane of the
velocity and velocity gradient. The flow birefringence
technique utilized a standard setup.56 A He-Ne laser
provided monochromatic light at 632 nm. A polarization
state generator (PSG) consisting of a linear polarizer
and a rotating half wave plate was placed before the
sample, while a circular polarizer was placed after the
flow cell. The transmitted intensity recorded at the
detector is then given as

where I0 is the intensity of the light incident on the PSG,
δ′ and ø are the retardance and orientation angle with
respect to the flow direction, respectively, and ω is the
frequency of the rotating half wave plate. The oscillat-
ing intensity at the detector can be separated into out-
of-phase and in-phase components, R1 ) -sin δ′ sin 2ø
and R2 ) sin δ′ cos 2ø, respectively. The retardance and
orientation angle were determined from these two
components as follows

The birefringence ∆n′ is related to the retardance δ′:

where d is the path length of the light beam in the
sample. Since the stress-optic rule is expected to hold
for shear rates with γ̆ < 1/τ,4 the birefringence and the
angle of birefringence can be used to obtain the shear
stress σxy and the first normal stress difference N1,

where C is the stress-optic coefficient and nRâ is the
Râ-component of the refractive index tensor. The optical
equivalent of the viscosity is determined from the shear
component, i.e. ηb ) nxy/γ̆. The entire experiment
including the shear rate applied to the cell, data
collection, and data analysis was computer-controlled.
A more detailed description of the instruments, the
optical elements, and the analysis can be found in ref
56 and 60.
Flow Cell. All the experiments were performed at

room temperature (21 °C) using a Couette flow cell
consisting of two concentric cylinders. The gap width
between the cylinders (h ) 3 mm) is much smaller than
the diameter of the cylinders (18 mm for the outer
cylinder), ensuring a good approximation to homoge-
neous shear flow. The height of the cupsi.e. the path
length of the laser beam through the solutionswas 19
mm. For concentrations of 15% and above, the attenu-
ation was so large that the beam intensity was not
strong enough to register in the photodiode. This large
amount of scattering resulted from the proximity to the
biphasic liquid crystal/isotropic system. Applied shear
rates varied from 5 to 250 s-1. To reduce noise,
experimental data presented in this paper represent
averages over 10-30 identical runs.
Dynamic Light Scattering. For the DLS experi-

ments, solutions of concentration 2.00, 1.00, 0.50, and
0.25 wt % were prepared and allowed to equilibrate for
1 or 2 days. Samples were filtered through a 0.5 µm
Millipore filter into a dust-free scattering cell. The
temperature in the cell was maintained at 25 °C with a
toluene bath.
The DLS measurements were performed on a spec-

trometer consisting of an automatic ALV goniometer
and an ALV 5000 correlator. For the light source, a
linearly polarized Ar ion laser (Coherent Laser) at the
λ0 ) 514.5 nm line was used. The normalized intensity
time correlation function g2(q,t) ) 〈I(q,t) I(q,0)〉/〈|I(q,0)|2〉,
where I(q,0) is the scattered intensity, was measured
in the ‘multi-τ’ mode over the time range 10-4 to 104
ms. The wavenumber is given by q ) (4πn/λ0) sin(θ/2),
where n is the solution refractive index and θ is the
probing angle. Measurements were taken in the angu-
lar range from 30° to 120° at 15° intervals.
If the scattered light follows Gaussian statistics,

g2(t) is given by the Siegert relation61

where g1(q,t) ) 〈E(q,t) E*(q,0)〉/〈|E(q,0)|2〉 is the normal-
ized electric field autocorrelation function and â is an
apparatus-dependent factor. Since the continuous de-
cay time distribution w(τ) is unknown and possibly
broad or multimodal, CONTIN62 was the preferred
method of analysis. This method assumes that g1(t) is

I
I0/2

) 1 - sin δ′ sin 2ø cos 4ωt +

sin δ′ cos 2ø sin 4 ωt (8)

ø ) 1
2
arctan(-R1

R2
), δ′ ) arcsin(R1

2 + R2
2)1/2 (9)

∆n′ ≡ δ′λ/(2πd) (10)

σxy )
nxy
C

) ∆n′
2C

sin 2ø and

N1 )
nxx - nyy

C
) ∆n′

C
cos 2ø (11)

g2(t) ) 1 + â|g1(t)|2 (12)
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represented by

By fitting correlation curves with CONTIN, the char-
acteristic decay times τ of the relaxation distribution
were evaluated.

Results and Discussion
Simple shear experiments were performed on solu-

tions of PHIC samples P15, P34, and P62 with concen-
trations varying from 2% to 15% by weight.
Steady State Birefringence. Figure 2a shows the

steady state birefringence as a function of shear rate
for the P34 (Mw ) 34 000) solutions at various concen-
trations. The birefringence is positive and increases
linearly as shear rate is increased. The steady state
birefringence data collapsed into a single line (Figure
2b) after the shear rate was rescaled with concentration
to the fourth power, i.e. nxy/γ̆ ∼ c4. Furthermore, this
observed scaling relation was independent of shear rate,
indicating that there was no shear-thinning at the shear
rates investigated. For sample P62, the 6% and 8%
steady state birefringence data followed the scaling
relation nxy/γ̆ ∼ c4.2, while solutions of P15 followed nxy/γ̆
∼ c3.2 (Figure 3).
Flow birefringence arises from the orientation of the

polymer chains in a shear field, and as a result of the
stress-optic rule,56 we expect the steady state birefrin-
gence divided by shear rate and viscosity to exhibit the
same dependence on concentration. Indeed, the steady

state birefringence dependence on concentration nxy/γ̆
∼ c3.2 observed for the nearly rodlike P15 sample (L/R
) 0.8) is close to the viscosity dependence on concentra-
tion predicted by Doi and Edwards55 and observed by
Chow and Fuller37 for rigid rods, η ∼ c3. The relation
η ∼ c4 exhibited by the P34 solutions is consistent with
our predicted scaling relation in eq 7. For sample P62
the concentration dependence of viscosity exhibited an
exponent of 4.2. Thus, as L/R increases, the concentra-
tion exponent increases from 3 to values greater than
4. For wormlike chains, it has been predicted57 and
observed18,19 that η∼ c4 as L/R f ∞. Hence, there ought
to be a value of L/R at which the exponent reaches a
maximum value. To test our scaling relation (eq 7), we
have displayed ηL3 vs Le calculated with R ) 30 nm for
various concentrations on a logarithmic plot (Figure 4).
As can be seen, in the vicinity of Le ) 23.6 nm
(corresponding to L ) R), the slopes of the plots are
approximately 8, as expected.
The retardation δ′, which is related to the birefrin-

gence according to eq 10, “goes over orders” when it
exceeds a value of π/2. Since the instrument measures
sin(δ′) (see eq 8), the calculation of birefringence be-
comes ambiguous when retardance is near δ′ ) π/2, 3π/
2, 5π/2, etc. This is the reason for the small gaps
observed in the steady state birefringence data in Figure

Figure 2. (a) Steady state birefringence ∆n′ vs shear rate
for P34. (b) Steady state birefringence vs γ̆c4.

g1(t) ) ∫0∞w(τ) exp(-t/τ) dτ (13)

Figure 3. Steady state birefringence ∆n′ sin 2 ø vs γ̆c4.2 for
P15 and P62.

Figure 4. Dependence of ηbL3 (in arbitrary units) vs effective
length Le for PHIC/TCE at the indicated concentrations: Le
) 25 nm for L ) R ) 30 nm. A line with slope ) 8 is included
for comparison to the data.
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2a. Due to averaging, the analysis at values near the
gaps is also affected and the data show some curvature
in contrast to the overall linear behavior of the data.
The polymer chains for both P15 and P34 are too short

and relax too fast (τ < 10 ms) to exhibit any deviation
from Newtonian behavior for the range of shear rates
used, and as a result the steady state orientation angle
for both samples remained at 45° to the flow direction
for all shear rates and concentrations studied, except
those for the P34 solutions with c e 6%. In these
solutions the steady state orientation angle started
below 45° for low shear rates and increased toward 45°
as shear rate increased (Figure 5). On the other hand,
the steady state orientation angle for sample P62
dropped below the 45° with increasing shear rate as
normal stresses become important. Fitting Doi-Ed-
wards model3 to the P62 angle of orientation with the
relation ø ) arctan(1/τγ̆)/2, we obtained relaxation times
τ ) 0.014 s for c ) 6% and τ ) 0.033 s for c ) 8%.
Transient Birefringence. The P15 as well as the

P34 solutions at concentrations above 6% all displayed
similar transient behavior. Figure 6 shows a typical
time-dependent birefringence response for the 8% solu-
tion at various shear rates. The birefringence reaches
a steady state value almost immediately after flow
starts at t ) 1 s and rapidly relaxes to zero when the
flow is stopped at t ) 6 s. This simple type of behavior
is predicted by the Doi-Edwards constitutive equation
for semidilute solutions of rigid rods at shear rates such

that γ̆τ < 1.34 The form of the constitutive equation is
not expected to change qualitatively when limited
flexibility (L = R) is included, and we will assume that
the only effect is that the viscosity is modified as
discussed above. In some cases, the data in Figure 6
displayed damped oscillations upon start-up of flow.
These oscillations are an artifact and are caused by the
mechanical coupling between the motor and the flow
cell. The transient response of the orientation angle ø
for solutions of P34 and P15 of concentration c g 8 % is
simple. On flow inception, the chains orient at 45°,
while, on flow cessation, the chains assume a random
orientation thus indicating full relaxation.
An unusual relaxation behavior was observed on flow

cessation of moderate to low concentration (c e6%) P34
and P62 solutions. Transient birefringence decay was
characterized by two relaxation times (τfast and τslow)
separated by up to six orders of magnitude. In Figure
7, the transient birefringence for a 4.4% solution of P34
clearly displays a fast mode followed by a very slow
mode with τslow = 30 s. The fast mode is similar to the
fast relaxation observed in the solutions with c > 6%
and corresponds to rapid reorientation of chains by
diffusion. Obviously, the slow mode cannot be at-
tributed to the reorientation of individual chains; it is
reasonable to assume that large multichain structures
are responsible for the slow relaxation.
The birefringence amplitude of the slow mode ∆n′slow,

as measured at the inception of slow mode relaxation,
increases slightly with shear rate. Figure 7 also shows
that the birefringence overshoots at shear start-up. This
overshoot should not be confused with the oscillations
caused by the belt in the more concentrated solutions.
The time at which the overshoot occurs scales with
strain and so is probably associated with orientation by
convection of large pre-existing structures in the solu-
tion. For samples displaying a slow birefringence mode,
the steady state angle is below 45° (Figure 5). The time-
dependent orientation angle ø during and after shear
is unusual (Figure 8). During shear at the lowest shear
rate (γ̆ ) 10 s-1) in Figure 8, ø = 20°, which is well below
the expected value of 45° for molecular orientation when
γ̆τfast , 1. After flow cessation and fast mode relaxation,
the orientation angle assumes an angle close to 0°. This
implies that the structures responsible for the slow
birefringent mode align along the flow direction. At
very long times after flow cessation, orientation becomes
random, indicating full relaxation. With increasing
shear rate, the steady state ø value increases toward

Figure 5. Steady state angle ø as a function of shear rate for
P34 and P62 solutions at various shear rates and concentra-
tions. The 4 wt % P34 solution was one day old. The rest of
the samples were allowed to equilibrate for 2 weeks.

Figure 6. Transient birefringence response in simple shear
flow for c ) 8% P34 and various shear rates.

Figure 7. Transient birefringence response for one day old c
) 4.4% P34 and various shear rates.
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45°. Since ∆n′slow is approximately constant and aligned
at ø ) 0°, this can be explained by the increasing
contribution to the birefringence of the fast mode
oriented at 45°. This point will be elaborated later in
the paper.
It was found that the magnitude of ∆n′slow and τslow

decreased with increasing time after sample preparation
but stabilized after 1 week. This is the reason for the
smaller angle observed in the day old 4.4% solution
when compared to the angles for the equilibrated 4%
and 6% solutions (Figure 5). Whereas the data pre-
sented in Figures 7 and 8 was measured with the 4.4%
solution allowed to equilibrate for 1 day, Figure 9 shows
the time-dependent birefringence of a 4% P34 solution
that was allowed to equilibrate for 2 weeks. ∆n′slow and
τslow of 2 week old solutions of varying concentration of
P34 and P62 were measured (Figure 10). For P34,
∆n′slow and τslow initially increase with increasing con-
centration and reach a maximum near c ) 4% and 6%,
respectively. Solutions of P62 similarly displayed two
relaxation modes with τslow = 35 s. At higher concen-
trations, c g 8%, τslow is strongly reduced, and the slow
mode becomes essentially unmeasurable by birefrin-
gence. The error bars in Figure 10 correspond to the
standard deviation obtained by averaging over experi-
ments at different shear rates. For shear rates up to γ̆
) 30 s-1, no significant shear rate dependence in either
∆ν′slow and τslow was found. An exception is the slow
mode of 6% P34, which decayed with increasing shear
rate. No significant effect on the birefringence at-
tributed to the fast mode was found when solutions were

allowed to equilibrate for different periods of time, thus
indicating that the slow mode is caused by relatively
weak populations.
Large length scale correlations can be induced by

electrostatic interactions in polymer solutions. Usually
interactions of this type are stronger at lower concen-
trations because of longer electrostatic screening lengths.
A noteworthy feature of PHIC is the possible formation
of resonance structures involving the delocalization of
π electrons in the PHICmonomer unit.36 The resonance
structure of the PHIC monomer (Figure 11) results in
the polarization of the monomer units along the chain
backbone. Due to this sequence of alternating partial
charges on each monomer unit, PHIC may display
‘polyelectrolyte-like’ or ‘polyampholyte-like’ behavior, as
suggested by Goodman and Chen.63 To investigate any
‘polyelectrolyte-like’ or ‘polyampholyte-like’ behavior
that may be important in the appearance of the slow
mode, several preliminary flow birefringence experi-
ments were conducted with an added organic salt
(tetrabutylammonium bromide) that would presumably
screen electrostatic interactions. In another set of
experiments, solvent polarity was lowered by using
toluene instead of TCE. Neither added salt nor less
polar solvent resulted in an appreciable change in the
slow mode.
One can argue that large structures may be formed

by a shear-induced phenomenon. This is however
improbable, and the following evidence favors a pre-
existing structure. First, the slow mode relaxation time
lasts much longer than the time for overshoot at shear
start-up. Similar time scales for overshoot and relax-
ation would be expected for flow-induced structures.
Second, the slow mode retains a preferred orientation
along the flow direction after the flow has stopped and
the fast mode has relaxed, (Figure 8). Third, for the
6% P34 and P62 solutions, the slow mode is suppressed
by shear: τslow decreases with increasing shear rate and
vanishes at high shear rates, and the condition on flow
cessation that øslow ) 0° also becomes less obvious with
increasing shear rate. Multichain structures that would
result in the above observations must be optically
anisotropic and susceptible to flow alignment. We

Figure 8. Transient orientation angle for one day old c ) 4.4%
P34 and various shear rates.

Figure 9. Transient birefringence response for an equili-
brated c ) 4% P34 solution; numbers on the graph indicate
shear rate in inverse seconds.

Figure 10. Summary of slow mode relaxation time τslow and
birefringence ∆n′slow as a function of concentration for equili-
brated P34 and P62 solutions.

Figure 11. Resonance structures for a PHIC monomer unit.
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therefore postulate the presence of wormlike aggregates
consisting of several parallel chains, as depicted Figure
12. We can crudely model the dynamics of these
aggregates with a constitutive model such as that
developed by Doi and Edwards3 for entangled rodlike
polymers. For γ̆τslow > 1, this model would predict flow
alignment as well as overshoots on shear inception. The
overshoot may also be due to stretching of multichain
wormlike structures. Without further detailed knowl-
edge of the multichain structure and its environment,
little more can be said.
Due to the presence of two modes, the birefringence

and the orientation angle measurements for the low
concentration solutions contain two non-coaxial contri-
butions. It is possible to decouple the two contributions
with the following equations:

where ∆n′ and ø are the overall measured birefringence
and orientation angle, respectively, and ∆n′fast, ∆n′slow,
øfast, and øslow are the birefringence and orientation angle
corresponding to the fast and slowmodes. We have seen
that the preferred angle for the slow mode is near 0°,
while in the low concentration solutions the angle tends
to 45° at high shear rates. Moreover, the higher
concentration solutions indicate that, in the presence
of the fast mode only, the orientation angle remains at
45°. The two contributions to the birefringence can
therefore be estimated using eqs 14 and 15 with øfast )
45° and øslow taking the value of ø during slow mode
relaxation. In Figure 13 we present the calculated
birefringence contribution due to the slow mode ∆n′slow
for the day old 4.4% P34 solution and compare it with

the values obtained by reading the birefringence just
after flow cessation, where the fast mode is relaxed and
the slow relaxation first becomes evident. The agree-
ment between calculated and measured values rein-
forces our arguments. The birefringence and viscosity
data previously presented in Figures 2-4 in fact show
corrected values, so as to include only the contribution
from the fast mode. If the overall birefringence is used,
the rescaled master curves deviate slightly from the
scaling relations for nxy/γ̆ at low concentrations.
Dichroism. To examine whether the slow mode

corresponds to form or scattering contributions to the
birefringence, scattering dichroism ∆n′′ measurements
were performed on all the samples studied. Noticeable
dichroism corresponding to the slow mode observed by
birefringence could then be attributed to the formation
of aggregates with length scales on the order of the
wavelength λ. However, only solutions of P34 with c g
10% displayed any noticeable dichroism (Figure 14). In
the case of the 10% solution, dichroism approaches a
plateau with increasing shear rate while for the 12%
solution it increases without any sign of leveling off. It
is not clear whether the dichroism is due to large
structures related to those responsible for the slow
birefringence mode at lower concentrations or whether
it may be attributed to a shear-induced structural
transition near the isotropic/nematic biphasic regime,
which will be the subject of a future study.64 Since the
magnitude of the dichroism is an order of magnitude
smaller than the birefringence, the scattering contribu-
tions to the birefringence can be assumed to be small.
Dynamic Light Scattering. Dynamic light scat-

tering was used to study the appearance of slow modes
in unsheared solutions of PHIC in TCE. At all concen-
trations studied, the correlation function was dominated
by a very slow mode. The z-averaged apparent diffusion
coefficient Dapp(q) ) 1/τq2 was calculated from the
relaxation spectrum. As is evident in Figure 15a, Dapp
decreases with increasing concentration and within
experimental error appears to be q independent. The
apparent hydrodynamic radius RH ) kT/(6πηsDapp) is
large and increases with concentration (Figure 15b).
Preliminary dynamic light scattering measurements
therefore confirm the appearance of large multichain
structures that would presumably result in the slow
birefringence mode.
DLS measurements were not extended to concentra-

tions above 2 wt %, and so we cannot adequately
address the reason for the suppression of the slow
birefringence mode at concentrations c > 6%. One

Figure 12. Sketch of possible multichain structure.

Figure 13. Comparison between the calculated and measured
birefringence contributions due to the slow mode ∆n′slow for
one day old 4.4% P34.

(∆n′)2 ) (∆n′fast)
2 + (∆n′slow)

2 +
2∆n′fast∆n′slow cos[2(øslow - øfast)] (14)

tan(2ø) )
∆n′slow sin(2øslow) + ∆n′fast sin(2øfast)

∆n′slow cos(2øslow) + ∆n′fast cos(2øfast)
(15)

Figure 14. Steady state dichroism ∆n′′ as a function of shear
rate for P34: c ) 10%, 12%, and 15%.
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would expect the amount of aggregation to increase with
increasing concentration. However, only those struc-
tures that are optically anisotropic and that can be
appreciably deformed or oriented are measured by flow
birefringence. Increasing aggregation may actually
suppress the appearance of a birefringent slow mode if
the aspect ratio of resulting structures becomes smaller.
Coles et al. have shown by dielectric relaxation and
electric birefringence experiments that PHIC molecules
undergo both linear head-to-tail and antiparallel side-
by-side aggregation.39 At low concentrations, aggrega-
tion is predominantly head-to-tail, resulting in linearly
aggregated structures of increasing length with increas-
ing concentration. At a critical concentration these
linearly aggregated structures attain a maximum length.
Above this critical concentration side-by-side aggrega-
tion dominates and increases with increasing concen-
tration. This critical concentration was found to de-
crease with increasing molecular weight. Similar
aggregation trends as well as a critical concentration
have been observed in PBLG in dioxane.65 This means
that, with increasing concentration, the size of ag-
gregates increases, but at the same time, they become
less linear, less orientable by a shear field, and thus
less birefringent. To further investigate this mechanism
for the apparent suppression of the slow mode, future
work will be directed at studies of both polarized and
depolarized scattering.

Conclusions
Rheo-optical studies on PHIC solutions with different

molecular weights show that steady state birefringence
dependence on concentration varies from nxy/γ̆ ∼ c3.2 for
nearly rodlike chains to nxy/γ̆ ∼ c4.0 and nxy/γ̆ ∼ c4.2 with
increasing molecular weight.
Two distinctive relaxation modes were observed for

the low concentration solutions of samples P34 and P62.
Dynamic light-scattering measurements in the litera-
ture have also revealed two relaxation modes for solu-
tions of rodlike molecules. This is the first time,
however, that two modes have been observed rheo-
optically. Whereas the fast mode is due to single-chain
relaxation, the slow mode is attributed to a multichain
structure whose mechanism of formation is not fully
understood. We plan to extend these studies to solvents
with varying polarity, where aggregation is more or less
likely, to other poly(n-alkyl isocyanates), and to different
molecular architectures, such as three-arm stars.
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