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ABSTRACT: We investigate the shear response of nondilute solutions of a hairy-rod polyester using in-
situ optical rheometry. The transition to the concentrated regime, c**, is characterized by a strong
concentration dependence of the zero shear viscosity, a change in the sign of birefringence, and the
emergence of linear conservative dichroism. These features indicate the presence of clusters which
dominate the dynamics in this concentration regime, and as such they represent their identifying
signature. The stress—optical rule is found to hold only in the concentration regime below c**, yielding
stress—optical coefficients closer to those of flexible chains rather than rods, consistent with the wormlike
character of the polyesters. At the highest concentrations these solutions can be viewed as nondilute
solutions of flexible ellipsoidal clusters. The dynamics as well as the anomalous birefringence (change of
sign) can be rationalized using the theoretical analysis of Cates, who considered a presmectic local ordering
resulting from the interplay of sterically interacting particles and the external field.

I. Introduction

Hairy-rod polymers (thereafter abbreviated as HRP's)
are now established as a class of highly anisotropic
synthetic wormlike polymers with relatively low per-
sistence length (compared to conventional rodlike poly-
mers such as PBLG or xanthan gum)-2 and a number
of potential technologically viable applications, espe-
cially in devices for micromechanics, molecular electron-
ics, and information storage.® Consequently, under-
standing the fundamentals of their processing behavior
will advance both their applicability and the molecular
design and tailoring of such materials through knowl-
edge of their microstructure—macroscopic properties
interplay.*®

In recent years we focused on the elucidation of the
equilibrium dynamics of HRP’s in solution by consider-
ing all three concentration regimes, namely dilute,
semidilute, and concentrated.6~8 In particular, using
model polyesters and poly(p-phenylenes) bearing ali-
phatic side chains,®° we have explored their dynamics
of association under equilibrium conditions using photon
correlation spectroscopy.® These polymers constitute a
special class of semiflexible macromolecules with a large
inherent optical anisotropy due to the phenyl rings and
a conformation described by the wormlike chain model,
as demonstrated by depolarized Rayleigh scattering
experiments;® they form aggregates in solution even at
low concentrations due to side-chain crystallization,®
and their dynamics at high concentrations is dominated
by the cluster response, displaying signs of pretransi-
tional local ordering, i.e., orientational correlations.%7

Concerning the relation of the properties of these
materials to their processing, which is important for
various applications, understanding of the dynamics of
sheared solutions, and in particular the flow-induced
orientation or structure formation, is of prime impor-
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tance. In this respect, the established efficiency of rheo-
optical techniques!® in probing the effects of shear (for
example, in inducing anisotropy and orientation) in a
variety of complex fluids, including rodlike polymers,'!
provides the appropriate experimental vehicle for car-
rying out these investigations with HRP’s.

HPR’s already investigated with rheo-optics include
poly(n-hexyl isocyanate)'? and poly(p-phenylenes).513 All
are quite polydisperse in size and exhibit a tendency to
form aggregates in solution, which essentially coexist
with wormlike chains.®12 The latter systems represent
a continuation of our above-mentioned longstanding
program on the dynamics of well-characterized HRP's.
The main findings from these studies suggest the
presence of a two-step decay characterizing the relax-
ation of birefringence relating to different cluster sizes;
the orientation of the formed aggregates in a direction
perpendicular to the flow field with their constituents
oriented along the flow.51213 An explanation of this
remarkable effect calls for a kind of pretransitional
smecticlike ordering resulting from the coupling of the
external field and the steric interactions of the poly-
mers.14

In this paper we extend the above work by studying
systematically the effects of concentration, which have
not been addressed before, on the dynamic response of
solutions of a model wormlike hairy-rod polyester
subjected to a simple shear flow. We find that the
transition to the concentrated regime is characterized
by a strong concentration dependence of the zero-shear
viscosity, a change in the sign of the birefringence, and
the emergence of linear conservative dichroism. Using
information in both the flow-velocity gradient and flow-
vorticity planes, we propose a picture of the shear-
induced dynamics of these solutions in different con-
centration regimes.
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Scheme 1. Molecular Structure of the
Poly(p-terphenylene terephthalate) Molecules with
Hexyl Side Chains (Hairs), TPPE
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Il. Experimental Section

Materials. The synthesis and characterization of a series
of hairy-rod polyesters, namely poly(p-terphenylene tereph-
thalates), abbreviated as TPPE, is described in detail else-
where.® The molecular structure of the TPPE'’s bearing hexyl
side chains, used in this work, is shown in Scheme 1, whereas
its number-average molecular weight is M, = 18 000 g/mol
and its polydispersity about 1.7. For this polymer, the number-
average countour length is L, = 64.4 nm, and its persistence
length is typically I = 20 nm, typical of wormlike chain
conformation.® The overlap concentration (c* = 0.09 wt %) was
determined from light scattering measurements at different
concentrations.’®* The onset of the concentrated regime is
marked by the concentration ¢** ~ b™'L. 2, with b ~ 1.2 nm
the average diameter of the molecule and L. = 42 nm the
effective contour length defined as?

L= (2|2[$ -1+ exp(— %)])1/2 (1)

c** was estimated to be around 2.5 wt %. The various solutions
were prepared in tetrachloroethane, a good solvent with
relatively high boiling point (140 °C) to reduce evaporation
problems, and density p = 1.6 g/mL, by adding the polymer to
the solvent under strong stirring at 80 °C for 12 h. All solutions
were used fresh; i.e., immediately after this treatment, they
were cooled to 25 °C and loaded into the rheometer. In this
way, the aging problem and its consequences were not a
concern.’® The concentrations examined covered the range
0.36—7.24 wt %. This range was the widest experimentally
accessible as the solutions gelled at higher concentrations,
whereas limitations in torque resolution of the rheometer
prevented measurements at lower concentrations.

Methods: Mechanical and Optical Rheometry. Simul-
taneous measurements of viscoelastic and optical properties
of the TPPE solutions were carried out by combining a
Rheometric Scientific constant stress rheometer (DSR-200)
with an optical train.> The latter includes a He—Ne laser
generating a coherent polarized beam of power 5 mW at
wavelength 1 = 632.8 nm, which passes through the polariza-
tion state generator (PSG), the flow cell, and the polarization
state analyzer (PSA). The PSG includes a polarizer, a photo-
elastic modulator (PEM) operating at a frequency of 50 kHz,
and a quarter wave plate, with respective orientations 0°, 45°,
and 0°, relative to the laboratory frame, and net result a
linearly polarized light (with orientation oscillating at 50 kHz
and amplitude prescribed by the PEM) exiting the PSG.

Two flow cells were employed (see Scheme 2). The first
consisted of two parallel quartz plates (measuring optical
anisotropy in the flow-vorticity plane) of diameter 38.1 mm,
with the sample loaded between them (the sample thickness
was 1 mm); the second was a Couette cell (measuring optical
anisotropy in the flow-velocity gradient plane) consisting of
two coaxial cylinders with height of 44 mm and gap of 2.6 mm
and with the bottom of the outer cylinder (with inner diameter
32 mm) made of quartz glass to allow light passing through.

The PSA consists of a circular polarizer (CP) and a photo-
diode. When the CP is in the optical path, this configuration
measures the birefringence (An'); actually, it measures the
difference of An' from dichroism, but the contribution of the
latter is considered insignificant in the present discussion. On
the other hand, when the CP is removed, the measurement
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Scheme 2. Representation of the Flow Geometry Used
along with the Principal Axes of the Refractive Index
Ellipsoid: (a) Parallel Plates; (b) Couette
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provides directly the dichroism (An"). In this work, the
dichroism signal could only be detected when the Couette cell
was utilized; its origin was the enhanced scattering as the
polymers did not absorb at the wavelength utilized and thus
related to the presence of aggregates.

The Fourier expansion of the transmitted intensity in the
photodiode is | = Ipc + 1, sin(wt) + Iz, cos(2wt) + ..., where
Ipc is the DC component, o is the frequency of the PEM, and
the amplitudes of the first and second harmonics, 1, and Iz,
respectively, are given by (when the circular polarizer is in
the optical train)

I, =12 =15cR® = —21,.J, cos 2y sin &' ®)

I, =15, = 15cR5, = Ipc J,sin 2% sin o' 3)

with the parameters J; and J, being the calibration constants
of the Fourier decomposition (Bessel function coefficients),
determined experimentally, and the angle y' defining the
orientation of the principal direction of the refractive index
tensor in the plane orthogonal to the axis of light propagation,
relative to the polarizer direction. In such a case, the orienta-
tion angle relative to the flow direction is 6' = ' — 45°. In egs
2 and 3, contributions arising from the dichroism are consid-
ered to be small and are neglected (see also the discussion
section below).

For the parallel plates flow geometry, the angle 6" is 0° or
90° due to symmetry considerations.'® The retardation o'
relates to the birefringence An’' in the same plane (defined by
the vorticity and flow directions) through ¢' = 2zAn'd//, with
d being the optical path length. Using the normalized intensi-
ties R® and RS, measured in two lock-in amplifiers (“locked”
at w and 2w, respectively), and with sampling times varying
between 50 and 500 ms, we can calculate directly ¢' and y'
from eqgs 2 and 3. When the Couette geometry is used, the
birefringence An' is measured in the plane of the flow and
velocity gradient directions. In that plane, the birefringence
orientation angle 6’ can take any value between 0° (alignment
with the flow) and 90° (alignment with the velocity gradient).
Most of the optical measurements were performed in the
parallel plate geometry (largely due to limitations in the
sample availability), and only a limited number was performed
in the Couette geometry to detect 6" as well as the dichroism,
as will be explained below.

When the circular polarizer is removed from the optical
train, the dichroism is measured, and the amplitudes of the
first and second harmonics of the Fourier expansion of the
intensity read

I, =12 =15cRD = —21,.J, sin 2y tanh §" 4)

I, =15, =I5cR5, = —215cJ; cos 2" tanh 6" (5)

with y" being the orientation angle of the dichroism, relative
to the polarizer, and 6" the extinction of the light, related to
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Figure 1. Steady shear viscosities of TPPE solutions at
different concentrations (0.35 wt %, l; 0.5 wt %, @; 0.75 wt %,
A 1wt%, v; 1.3 wt %, @; 1.4 wt %, ;1.5 wt %, +; 1.8 wt %,
x;2.5wt %, O, 4.5 wt %, O; 7.2 wt %, A). Inset: concentration
dependence of the zero-shear viscosity. Slopes 1 and 3 indicate
the dilute and semidilute scalings for semiflexible polymers,
respectively (see text). The dotted line is drawn to guide the
eye.

the dichroism through 6" = 2zAn"'d/4. The dichroism orienta-
tion angle relative to the flow direction is given by 6" = y" —
45°,

Rheological measurements included step and steady rate
sweep tests, which were carried out with the controlled strain
option, in the shear rate range 1—1000 s™. The temperature
was maintained at 25 °C using the original DSR recirculating
fluids bath, appropriately modified in order to fit in the optical
train.®

I11. Results and Discussion

111.1. Rheology. Figure 1 represents the rheograms
of TPPE, depicting the shear rate dependent viscosity
at various concentrations. For ¢ > c¢** a weak shear
thinning is observed at high shear rates; this suggests
rather fast relaxation times, which increase with in-
creasing concentration, as expected. Note that these
times compare well with the birefringence relaxation
times discussed later on (in conjunction with Figure 6).
At the highest concentration (7.2 wt %), the Newtonian
plateau is barely reached. The extracted zero-shear
viscosity 7o is plotted against concentration in the inset
of Figure 1. It is evident that the data points follow a
curve that is concave upward, suggesting that no simple
power laws can describe them; this type of behavior is
typical for semiflexible polymer solutions.?2 The solid
lines with slopes 1 and 3 represent the expected scaling
laws for dilute and semidilute solutions of rods, respec-
tively.315 The strong concentration dependence suggests
intermolecular interactions, in addition to the contribu-
tions of clusters which are present in this case.l® An
attempt to fit such a type of viscosity—concentration
curve by accounting explicitly for the different contribu-
tions to the viscosity in the framework of the fuzzy
cylinder model was presented recently for a series of
substituted poly(p-phenylenes).’® At the highest con-
centration in the present polyesters the gelation thresh-
old is reached; note that a lyotropic mesophase was
never observed. Note also that at concentrations above
1 wt % a tendency for crossing of the shear viscosity
curves is observed, which might be indicative of the
nonlinear coupling between the shear field and the
strong excluded volume interactions in this regime.®
Such a behavior was observed in concentrated isotropic
solutions of rodlike poly(benzyl L-glutamate);*” on the
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Figure 2. Transient birefringence Anis' of two TPPE solutions
in tetrachloroethane, along with the respective 1, (O) and Iz,
(O) signals, shown in insets: (a) 1 wt %, at y = 750 s7%; (b) 7.2
wt %, at y = 1.2 s7L.

other hand, in the present systems as clusters appar-
ently suppress the tendency for mesophase formation,
no critical slowing down and jamming of the hairy rods
are seen.

111.2. Shear-Induced Birefringence in the Flow-
Vorticity Plane: Parallel Plate Experiments. a.
Transients. A typical transient behavior of the induced
birefringence during the application of a step rate for a
duration of 20 sin 1wt % (y = 750 s™%) and 7.2 wt % (y
= 1.2 s71) TPPE solutions is shown in Figure 2. It is
evident that whereas for the lower concentration An' >
0, for the higher concentration the sign is reversed. This
can be unambiguously deduced from the 1, and Iy,
signals shown in the insets of Figure 2. In the former
case, the birefringence orientation angle of the trimers
or small anisotropic clusters is 0°, i.e., along the flow
direction; on the other hand, in the latter case, the
orientation angle of the clusters is perpendicular to the
flow (—90°). This situation has been analyzed in refs 5
and 13, which by invoking the theory of Cates'* at-
tributed this “anomalous birefringence” behavior to a
kind of pretransitional local ordering resulting from the
interplay of the steric forces and the flow field. It is
interesting to note that, based on the characterization
discussed above, the 1 wt % solution (Figure 2a) is
around c** whereas the 7.2 wt % solution (Figure 2b)
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Figure 3. Transient flow-induced birefringence Ans' for a
1.4 wt % TPPE solution at different shear rates ranging from
150 to 600 s~1. Upper inset: absolute values of the extracted
processes (negative birefringence, ; positive birefringence, O).
The dotted lines are drawn to guide the eye (see text). Lower
inset: magnification of the birefringence relaxation at 450 s71,
indicating the negative values at short times.

is clearly above c**. The estimated transition from
positive to negative birefrigence is 1.4 wt %, which is
not so far below the c** (given also the error involved
in the ¢** estimation); it can be concluded, therefore,
that the concentrated regime is characterized by the
change of sign of birefringence. Based on Cates’ theory,'*
the birefringence anomaly is predicted to occur at
concentrations where the sterically interacting ellipsoids
start to overlap; with the onset of overlap of small
clusters (or trimers) being characterized by c**, then
the occurrence of the transition in sign of birefringence
for TPPE can be explained by this theory.

As the transition from positive to negative birefrin-
gence apparently relates to the formation of aggregates,
on the basis of the above discussion, the inverse transi-
tion should represent a signature of cluster breakup.
Indeed, this is demonstrated in Figure 3, which depicts
the transient flow-induced birefringence at various
shear rates for a 1.4 wt % solution. At low shear rates
the negative birefringence probes the presence of clus-
ters; its magnitude increases with shear rate. The
extracted contributions to the overall birefringence are
shown in the upper inset of Figure 3. At intermediate
shear rates a negative birefringence first develops upon
inception of the shear flow, followed by a positive
birefringence. At higher shear rates, the overall bire-
fringence is positive, but its relaxation upon cessation
of shear is complex, exhibiting both positive (fast) and
negative (slow) components (see also lower inset of
Figure 3). A similar behavior is also discussed in
conjunction with the Couette flow experiments and
Figures 7 and 8.

A tentative explanation for the observed transition
is presented here: For the present 1.4 wt % solution,
dynamic light scattering®”18 data suggest that trimers
(or small anisotropic clusters) are in equilibrium with
large clusters. As already discussed elsewhere,? upon
inception of shear the larger anisotropic species will
orient first and contribute to a negative birefringence
associated with a cluster orientation angle along the
vorticity direction. This is easily explained in the simple
case of rods; the larger the rod, the less shear is needed
to orient it.12 In the present case we are dealing with
species having different aspect ratios (trimers vs larger
clusters), and therefore we suggest that the clusters
(with less overall optical anisotropy and thus birefrin-
gence) will orient first under shear.
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Figure 4. Shear rate dependence of the absolute value of the
steady-state flow birefringence at different concentrations: 1
wt %, l; 1.3wt %, ®; 1.8 wt %, A; 29wt %, v; 3.6 wt %, ®; 4.5
wt %, +; 7.2 wt %, x.

The negative birefringence contribution saturates at
not so high shear rates, as expected from theoretical
arguments;** for the specific example of the 1.4 wt %
solution, this occurs at y ~ 350 s~ (see the upper inset
of Figure 3). Since this birefringence anomaly depends
on the orientation of (few) clusters made of many
polymers (see below), one expects the corresponding
birefringence to saturate easily.* At high shear rates
small clusters or trimers orient in the velocity direction
giving rise to positive birefringence. It is also quite likely
that at high shear rates the mechanical energy induced
to the sample may break up or significantly deform the
aggregates, giving rise to positive overall birefringence
because of the sharp drop of the negative birefringence
contribution (upper inset of Figure 3). Such a situation
normally corresponds to a macroscopic shear thinning
behavior; actually, the weak but unambiguous drop of
shear viscosity for the 1.4 wt % solution at 7 > 200 s71,
observed in Figure 1, conforms to this picture. It is
interesting, however, that the shear-induced breakup
and reorganization of the cluster suspension has a much
more pronounced optical effect, as seen in the birefrin-
gence measured at the velocity—vorticity plane (upper
inset of Figure 3) compared to its influence on the
macroscopic properties (Figure 1).

Further support for the cluster breakup senario comes
from theoretical predictions,* which were confirmed by
experimental observations in polyelectrolyte and sur-
factant solutions,’® on the anomalous electric birefrin-
gence behavior of presmectic clusters. According to the
theory, the birefringence relaxation is a two-step decay,
with a fast positive and a slow negative processes. The
negative birefringence, which appears at ¢ > c*, is
associated with long relaxation times and resolved at
small enough external field, where clusters are not
destroyed. Its saturation is reached easily and reflects
the orientation of the clusters.

b. Steady-State Behavior. The shear rate depen-
dence of the steady-state birefringence is depicted for
various concentrations in Figure 4. Whereas the lower
concentrations regime is characterized by a positive
shear-induced birefringence with scaling An’ ~ 2, above
a critical concentration of 1.3 wt %, a negative birefrin-
gence emerges; the scaling of the positive An' suggests
the validity of the stress—optical rule as discussed
below. Note that, as already mentioned, the overall
birefringence measured during the application of steady
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shear flow results from two different contributions: that
arising from the trimers or small clusters (positive
birefringence) and that relating to the presmectic ag-
gregates (negative birefringence). The magnitude of the
negative birefringence follows the scaling An'1z ~ y at
lower shear rates, whereas at the higher shear rates
the scaling exponents are clearly recuded for all con-
centrations ¢ > 1.8 wt %, suggesting the possible
breakup of clusters,® also conforming to the observed
shear thinning behavior of Figure 1.

c. Stress—Optical Rule Considerations. Under
certain conditions, the stress—optical rule (SOR) can be
considered for the parallel plate geometry employed.2°
It is well-known that the stress—optical rule assumes
the coincidence of the principal directions of the stress
and the refractive index ellipsoids, implying that the
measurements are taken in the linear regime. In such
a case the following equations hold:°

n;=Co; and 6=6' (6)

where 6 is the angle between the flow direction and the
principal stress axis in the flow plane, ' is the extinc-
tion angle resolved in the flow plane, i.e., the angle
between the flow direction and the principal axis of the
refractive index ellipsoid, and C is the stress—optical
coefficient. For the simple shear flow of Scheme 2a, this
can be written as

01, = An'y, sin 260/2C (7)
N, = An’;, cos 26/C (8)
N, = An',,/C = (An';3— An';, cos 26)/C  (9)

where Nj and N; are the first and second normal stress
differences, respectively. Under the assumption that
An',3 is vanishingly small, we end up with2°

An';3— An';, cos 260 (10)

In fact, An'i3 is the measured quantity during an
experiment with the parallel plate geometry. On the
other hand, the same experiment probes the “12”
component of the stress tensor (Scheme 2a), 012 = 77.
A combination of eqs 7 and 10 yields

An';; = 2Co,, cotan 20 (11)

The trigonometric term in the above equation can be
expressed in terms of the shear rate. On the basis of
the expected scaling N; ~ 72 for concentrated solu-
tions,?! from egs 7 and 8 we get cotan 20 ~ 2. Therefore,
the measured flow birefringence scales with shear rate
according to the following equation:

AN’ 3 = 2Cygr ey 12)

where 7. is the characteristic longest relaxation time,
typically associated with the onset of shear thinning (if
one can measure it in the appropriate shear rate range).
A test of the validity of eq 12 is presented in Figure 5,
which depicts the steady-state birefringence as a func-
tion of the square of the shear rate for different TPPE
concentrations. It is evident that eq 12 is satisfied for
the 1 and 1.3 wt % solutions (below c**), exhibiting a
positive value of the detected birefringence and a
Newtonian viscosity. Therefore, for these two solutions
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the SOR seems to be valid. A rough estimation of the
stress—optical coefficient (because it is not possible to
determine precisely 7. = j. %, based on Figure 1, where
y¢~ 1 corresponds to the onset of shear thinning) yields
respective values of C > 2 x 1078 Pa! (obtained with
7. < 1072 and zero-shear viscosity 7o = 0.085 Pa-s) and
C > 5 x 1078 Pa™! (obtained with 7, < 103 s and 5o =
0.23 Pa-s). For lower concentrations the birefringence
could not be accurately resolved, whereas for higher
concentrations its sign was negative, apparently due to
the dominance of clusters.®

It should be noted that for rigid-rod polymers C is
reported to be an increasing function of the molecular
weight, and it is expected to increase with concentration
as the isotropic-to-nematic transition is approached.”
On the other hand, for flexible polymers C is virtually
independent of both molecular weight and concentra-
tion.’> Further, the value of C is about 3 orders of
magnitude higher for rods compared to flexible coils;
typically, Mead and Larson!” have reported C values
for PBLG (M,, = 230 000 g/mol) and polystyrene (M, =
8 x 10°% g/mol) of 1076 and 10° Pa1, respectively. In
this respect, our estimated values suggest that the
polyesters investigated exhibit behavior resembling
flexible rather that rigid-rod polymeric character. This
is not surprising, considering the rather low persistence
length of these semiflexible polymers, which are de-
scribed by the wormlike chain model .2 It is further noted
that we cannot exclude the possibility of probing trimers
or small clusters which are flexible, and in this respect
the present results are in qualitative agreement with
earlier investigations of Gatzonis et al.1?2 on wormlike
chains.

d. Birefringence Relaxation. The birefringence
relaxation times upon flow cessation were analyzed with



Macromolecules, Vol. 34, No. 6, 2001

Ma—— T T \Ba |

T (s)
/f
X
%
X

N\
g+
01¢ ~— i
M RS AAL
ly
oy n 1 1 1 v
0.1 1 10 100

shear rate (s_l)

Figure 6. Birefringence relaxation times (r) upon flow ces-
sation: 2.9 wt %, v; 3.6 wt %, ®; 4.5 wt %, +; 7.2 wt %, x.

a stretched exponential function, An'iz = An'izg
exp(—t/7)? where the subscript 0 refers to the steady-
state value and f is the shape parameter. The extracted
relaxation times (7) are displayed as a function of shear
rate in Figure 6. We observe virtually the same value
of 7 for ¢ < 4.5 wt %, although a weak decrease of t from
0.1 to 0.07 s is observed in the shear rate range 10 s™1
< ¢ < 50 s71. The latter finding is correlated with a
corresponding increase of S from about 0.6 to about 1
and attributed to the polydispersity of this sample. This
behavior is consistent with the theory of Cates, accord-
ing to which the number of clusters increases with
concentration, rather than their size; therefore, the
relaxation times should be essentially independent of
the concentration. At higher concentrations, as gelation
is approached, this argument does not hold any longer
since clusters may be percolated and form larger entities
which break up under the influence of shear.®

The magnitudes of the relaxation times confirm the
presence of small clusters even at low concentrations,
in harmony with earlier reports on the same
systems.>~7:13 At higher concentrations, a bimodal bi-
refringence relaxation process is detected with the long
relaxation times exceeding the fast ones by about 1
order of magnitude and attributed to the formation of
large associations, as discussed in earlier investiga-
tions.>13 These times, for ¢ = 4.6 and 7.2 wt %, exhibit
a decrease with shear rate according to r ~ 725 (Figure
6).

111.3. Anisotropy in the Flow-Velocity Gradient
Plane: Couette Experiments. a. Shear-Induced
Birefringence. To probe the dynamics of the hairy-
rod polyesters in the 12 plane (Scheme 2b), we used a
Couette geometry, which also allowed detecting the
flow-induced dichroism due to the long (compared to the
parallel plates) optical path. Limitations in sample
availability restricted these studies to only a few solu-
tions. (This geometry is not suited for very concentrated
solutions anyway, because of the enhanced viscosity and
turbidity.) In particular, solutions in the semidilute
regime c* < ¢ < c** were investigated. Their rheological
properties are identical to those measured in the paral-
lel plate geometry. Shear-induced birefringence was
measured during step rate experiments at low concen-
trations, where it could not be resolved in the parallel
plate geometry. Figure 7 depicts the shear rate depen-
dence of the positive steady-state birefringence of a 0.5
wt % solution; it is apparent that An'i;, increases
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Figure 7. Shear rate dependence of the overall steady-state
birefringence of semidilute TPPE solutions measured in the
Couette geometry (Angy'): 0.5 wt %, l; 0.7 wt %, @; 1 wt %, A.
Lines are drawn to guide the eye.
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Figure 8. Transient birefringence Ani,' of 1 wt % TPPE
solution at various shear rates (5—500 s™?), indicating the
change of sign with increasing rate. Inset: illustration of the
two contributing birefringence processes for the case of 7 =
100 s™2.

monotonically with shear rate, whereas at the highest
rates probed (500 < y < 700 s71) a tendency toward
saturation in the birefringence signal can be observed.
Increasing the concentration to 0.7%, a transition in the
sign of birefringence is detected with shear rate. Up to
a shear rate value of about 200 s™! an increasing
positive An'yp is detected; then An'y, decreases and
above 500 s it becomes negative. The maximum in
positive An'y, is shifted to lower shear rates as the
concentration increases to 1 wt % (Figure 7), and the
transition to negative birefringence is probed above 300
s™1; An';, goes through a minimum at y ~ 500 s~1, and
eventually it becomes positive again.

The change of sign of the overall shear-induced
birefringence An'y, is clearly manifested in the tran-
sients of Figure 8, for a concentration ¢ = 1 wt %. At
low shear rates, a single process associated with positive
birefringence is probed (see data for y = 60 s71). As the
shear rate increases, a second process (see down arrow
in the inset of Figure 8, for y = 100 s™1), exhibiting
negative birefringence, is superimposed to the first
process (up arrow in the inset); naturally, when the
magnitude of the second process is larger than that of
the first, the overall birefringence becomes negative.
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Figure 9. Shear rate dependence of the contributing processes
to the overall flow birefringence |Ani.'| for a 0.7 wt %
solution: fast positive process (®) and slow negative process
(O). Inset: respective shear rate dependence of the birefrin-
gence orientation angles (6').

Note that the short time behavior in Figure 8 should
be distinguished from the well-known overshoots, since
the time at the peak of An';; does not scale with the
imposed shear strain, as expected for flexible polymer
solutions.?!

From the analysis of the transients of Figure 8 the
contributing processes to the overall birefringence signal
can be extracted. Figure 9 depicts a typical example for
a 0.7 wt % solution. Both a positive and a negative
process are resolved, following roughly the scaling
|Anip'| ~ 7. At a shear rate value y ~ 80 s the
birefringence signal apparently levels off; however, this
plateau is an experimental artifact since the rather long
time resolution (50 ms) of the lock-in amplifiers makes
it impossible to probe the true peak of the birefringence
signal, which is the signature of the first process (see
also inset of Figure 8). As such, this plateau will not be
discussed further. Note that the second process associ-
ated with a negative birefringence is detected in the
range 70 s7! < 7 < 400 s™%, and only at the highest rates
the scaling exponent seems to exceed unity. It is this
increase of the birefringence of the second process that
causes the transition of the overall An'y» discussed
above.??

The respective orientation angles of the two processes
are shown in the inset of Figure 9. Whereas at low shear
rates the first process orients practically along the flow
direction (see also Scheme 2b), for y > 10 s™1 it tends to
a random orientation (45° with respect to the flow axis).
This process is attributed to the trimers (which are
actually the smallest-scale species®) which exhibit New-
tonian behavior (Figure 1), in accord with similar
studies on other wormlike polymer chains.1112 The fact
that for y < 10 s™! the orientation angle goes to 0° is
attributed to polydispersity in size of trimers and small
clusters (steaming from the large molecular weight
polydispersity of the synthesized polyesters as discussed
in the experimental part); this is in qualitative agree-
ment with the earlier investigations of Fuller and co-
workers on the dynamics of polydisperse rodlike col-
lagen proteins!? and relevant theoretical models.?® At
small shear rates, the bigger trimers first orient since
their associated rotational diffusivity is smaller (com-
pared to the small trimers), and consequently the
effective shear rate experienced by this population is
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Figure 10. Shear rate dependence of the linear conservative
dichroism Anj,'" for two TPPE solutions: 0.7 wt % (@) and 1
wt % (A). Inset: respective dichroism orientation angles (6"):
0.7 wt % (O) and 1 wt % (a).

Scheme 3. Cartoon lllustration of the State of
Orientation and Dynamics of Hairy Rod Polymer
Solutions in Simple Shear Flow and at Different

Concentration Regimes: (a) ¢ < c*; (b) ¢c* < c < ¢c**,
(c) c > c**

Wi
(b) Semi-dilute c*<c¢<c**

Vi<V (c) Concentrated c>c**

higher than the effective shear rate experienced by the
smaller trimers. This is consistent with the failure of
the stress—optical rule at the lowest shear rates, as
discussed below. The orientation of the clusters in the
flow-vorticity plane (with their main axis along the
velocity gradient direction as discussed below and
illustrated in Scheme 3) is random at lower shear rates
where it was detected?? and becomes perpendicular to
the flow direction as shear is enhanced. Note that the
absence of shear thickening excludes the possibility of
strong aggregation under flow.

b. Emergence of Dichroism. Figure 10 illustrates
the linear conservative dichroism Ani," probed for
sheared 0.7% and 1 wt % solutions; its magnitude is 1
order of magnitude smaller than the corresponding
birefringence (Figure 9). The fact that roughly Anyp" ~
y may be suggestive of the same origin of the negative
birefringence (Figure 9) and dichroism (clusters); note
that only one process was resolved by the dichroism
signal, which is positive. The orientation angle of the
dichroism, 6", is shown in the inset of Figure 10;
whereas at low shear rates a random orientation of An"
is observed, above 100 s~ the principal axis of dichroism
is oriented perpendicular to the flow, much like the
negative birefringence attributed to the clusters (see
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Figure 11. Examination of the validity of the stress—optical
rule in a plot of Any,' sin(20')/o1, vs y for different concentra-
tions: 0.5 wt % (M), 0.7 wt % (@, O), and 1 wt % (2). The open
symbols refer to the calculation of the stress—optical ratio from
the extrapolation of the first birefringence process (see text).

also inset of Figure 9). Therefore, the emergence of
scattering dichroism reveals the presence of clusters,
which orient along the velocity gradient and give rise
to a negative birefringence as well with the same
orientation behavior.

It is noted that the positive Ani,' probed for the more
dilute solutions of 0.5 and 0.7 wt % exhibits the same
orientation characteristics with the positive process of
the 1 wt % solution (Figures 8 and 9); in other words,
0" orients along the flow direction at lower shear rates
and is randomized at higher shear rates. This result is
in agreement with the orientation behavior reported by
Gatzonis et al.;*> in that case these results were
explained with the presence of two populations, single
molecules with ' = 45° and clusters orienting on the
flow direction. The cartoons of Scheme 3 attempt to
represent the response of the investigated TPPE's to the
simple shear flow imposed, in the whole concentration
range. Briefly, at low concentrations the polydisperse
trimers orient along the flow; in the semidilute regime
polydisperse clusters are formed, in equilibrium with
some free trimers, which are along the vorticity direc-
tion, but with their constituent chains along the flow
direction; in the concentrated region these phenomena
are enhanced with large clusters dominating the dy-
namics of this effective suspension. The low concentra-
tion regime was actually resolved with the Couette
experiments, whereas the parallel plate experiments
were used to document the high concentration regime.
The key features here include a negative birefringence
(and positive dichroism), due to the clusters, in the
vorticity—velocity gradient plane, and a positive bire-
fringence, due to the trimers, in the flow direction.

c. Stress—Optical Rule. Figure 11 tests the validity
of the stress—optical rule for the 0.5%, 0.7%, and 1 wt
% solutions by plotting Ani' sin(20')/o12 vs . The
extracted values of the stress—optical coefficient C are
consistent with the analysis presented for the parallel
plate geometry in the 13 plane (Figure 5) and further
confirm that the TPPE species (trimers) are essentially
semiflexible.

For the 0.7 wt % solution, the use of the first process
(positive birefringence) as extracted from the transients
leads to a ratio Anjyy' sin(26')/o12, which is shear rate
dependent. This stems from the fact that the first
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process saturates at higher shear rates, due to the
experimental artifact described above in reference to
Figure 9. Extrapolating the first process from the data
collected at small shear rates, where the overshoots are
resolved without experimental troubles, and using these
extrapolated values in the stress—optical ratio, enables
us to obtain the curve with open circles of Figure 11.
This curve demonstrates that the stress—optical rule
(SOR) is verified with a corresponding stress—optical
coefficient C of about 1.15 x 10~7 Pa~L. This result (SOR
validity) is in harmony with the Newtonian behavior
probed with the rheology. Using this analysis, the
stress—optical coefficient C for the 1 wt % solution was
found to be 1.25 x 107 Pa~1. The 0.5 wt % solution,
also shown in Figure 11, has a single birefringence mode
and yields C ~ 0.75 x 10~7 Pa~!; from the examination
of these three concentrations it is seen that C exhibits
a weak concentration dependence. It should be noted
that C is independent of concentration for flexible
macromolecules.t?

Interestingly, the SOR is seen not to hold in the low
shear rate regime. Polydispersity in trimers sizes (due
to large polydispersity in molecular weight of the
TPPE's) is proposed as the origin of the SOR failure.1%.17
At low shear the larger trimers orient whereas the
smaller remain practically randomized, and no SOR is
obtained; on the other hand, at higher shear rates all
trimers are aligned in the flow direction, and thus the
SOR is essentially recovered with a corresponding
stress—optical coefficient C characteristic of this trimer
population. A final observation relates to the range of
shear rates in which the SOR is violated. Apparently,
it depends on concentration, being smaller and shifting
to smaller shear rate values as the concentration
increases.

IV. Concluding Remarks

The shear response of hairy-rod polyester solutions
above c* can be investigated using in-situ optical
rheometry in both the flow-vorticity and flow-velocity
gradient planes. The transition from the semidilute to
the concentrated regime, c**, is characterized by a
strong concentration dependence of the zero shear
viscosity, a change in the sign of birefringence, and the
emergence of linear conservative dichroism. These
results can be compiled in the cartoon of Scheme 3,
which attempts to illustrate the orientation and ag-
gregation of the hairy-rod solutions at various concen-
tration regimes. The underlying finding is the presence
of anisotropic clusters which dominate the dynamics at
the higher concentrations and can be identified by the
changing sign of birefringence and emergence of dichro-
ism. They are oriented perpendicular to the flow and
with their main axis along the velocity gradient direc-
tion, with constituent species (trimers) following the
flow.

The stress—optical rule is found to hold only in the
concentration regime below c**, where trimers repre-
sent the essential constituents of the solutions, yield-
ing stress—optical coefficients typical of wormlike poly-
mers. The anomalous birefringence (change of sign) can
be rationalized using the theoretical analysis of Cates,
who considered a presmectic local ordering resulting
from the interplay of sterically interacting particles and
the external field, and is consistent with earlier studies
on other associating wormlike systems.
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