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ABSTRACT: The depolarized light scattering patterns observed at low shear rates for lyotropic and
thermotropic nematic main-chain liquid crystalline polymers show very similar aspects. They are
composed of two main parts, a long streak perpendicular to the flow direction, with a strong intensity
modulation, and four asymmetric lobes. These general features suggest a common origin for this pattern.
A simplified model of the defects created in the low shear rate region of a thermotropic polymer (De’Néve,
T.; Navard, P.; Kléman, M. Macromolecules 1995, 28, 1541), was used as the basic scattering unit. It
consists of a twist loop, fluctuating around the shearing plane, with a director varying from the flow
direction to the vorticity axis. The light scattering by a collection of such objects is theoretically calculated
and compared to the experimental behavior of the vertical streak.

1. Introduction

The understanding of the rheology of main-chain
nematic polymers has progressed enormously these past
10 years. On the theoretical side, major advances have
been obtained through the use of the molecular model-
ing of rigid rod monodomain nematic polymerst—* and
attempts® have been made to take into account the
polydomain nature of the real fluids. It is now well
established that there is a sequence of different director
behaviors in a simple shear flow going from low to high
shear rates. For a monodomain polymer nematic fluid,
the director tumbles at low shear rates and is flow
aligned at high shear rates. For a real polydomain fluid
at low shear rates, the dynamics is averaged over the
domain orientation distribution function.> Most of the
predictions of this model have been favorably compared
with experiments.%7

On the experimental side, many results have been
obtained from rheological techniques®~1? and from vari-
ous rheo-optical methods.67:13-19 Most of the results
show that there are two basic flow behaviors in shear,
depending on the shear rates. At low shear rates the
characteristic features of the tumbling regime are
observed, with very long transients, a low order param-
eter and the presence of many defects. At high shear
rates the order parameter is higher, and no defects are
visible. At present the theoretical and experimental
interpretations are in general qualitative agreement,
even if many of the specific details remain unsolved and
important differences between different materials are
unaccounted for (for example between hydroxypropyl-
cellulose and polypeptide solutions).

There is nevertheless a very important area that is
still obscure. It concerns the real nematic organization
in the low shear rate region. Apart from specially
prepared monodomain nematic fluid,?%2! the texture of
nematic polymers is complex, with a strong spatial
variation of the director. This is referred to as the
domain structure. It must be said that this is a rather
vague term which hides our lack of knowledge of the
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nature and organization of the defects which are present
during flow. The defect texture is clearly apparent
when the fluid is sheared and observed with an optical
microscope.??2® Unfortunately, it is difficult, if not
impossible, to study the defects during flow by this
method. Most of the time, they are too numerous. One
method used recently was to very rapidly cool a sheared
thermotropic polymer in order to freeze its flow-induced
structure.242> This proved to be instructive since very
clear defects were evident at low shear rates, corre-
sponding to the tumbling region. They consist of half-
strength disclination loops lying in the shearing plane
(defined as containing the flow direction and the gradi-
ent direction, respectively, called the x3 and x; axes in
the following parts), forming the boundary between a
region inside the loop where the director is oriented
along the flow direction, and a region outside the loop
where the director is oriented along the vorticity axis
(called x2). This model forms the basis of the present
work.

Light optical microscopy does not allow a proper
determination of the texture during flow. Small angle
light scattering is a more powerful tool and it is
relatively easy to perform with flowing nematic poly-
mers. All the reported experiments have been per-
formed by probing the x,—x3 plane. The results at low
shear rates obtained from lyotropic and thermotro-
picl6:1823.26 nolymers show that the light scattering
patterns have common characteristics. Under crossed
polarization, called HV (polarization direction H being
along the flow direction (x3)), the scattering pattern
consists of a bright streak along the vorticity axis (Xz)
and four lobes. Under parallel polarization, called VV
and HH, the scattering pattern has also a bright streak
along the vorticity axis (x2) with an elongated halo. A
description of these patterns will be given in the
Experimental Part of this paper. The common aspect
of the small angle light scattering patterns suggests a
similar nature of the scattering objects. The charac-
teristic HV pattern shows that these scattering objects
have a strong orientation fluctuation character. A four-
lobe HV pattern has also been seen at rest when defects
are observed by optical microscopy.?’=2° An interpreta-
tion considering the director orientation around a col-
lection of half-strength disclinations has been pub-
lished.3°
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The present work will be based on the observations
given in refs 24 and 25. We will consider that during a
low shear rate flow, a typical defect loop is created in
lyotropic and thermotropic polymers. We will calculate
the scattering pattern of one isolated loop and then of
a collection of loops. Measurable parameters will be
extracted and compared with experiments, concentrat-
ing on the behavior of the vertical bright streak.
Preliminary results have been given in ref 31. The
origin of the four lobes will be briefly addressed in Part
3 of the paper.

The present paper has the following contents. Parts
2 and 3 are a description of the rheo-optical equipment
used to study sheared nematic polymers and of the
experimental light scattering results for two lyotropic
solutions. Optical microscopy results will also be re-
called. Part 4 gives the description of the model of the
disclination loop that will be proposed as the source of
light scattering. Part 5 is the theoretical section. The
comparison between the experimental and theoretical
results is given in part 6.

2. Experimental Part

2.1. Notations. See the list at the end of the paper.

2.2. Materials and Methods. Experiments were carried
out on two lyotropic LCP’s. The first was an aqueous solution
of hydroxypropylcellulose (HPC Klucel L M,, 100 000) contain-
ing 50% w polymer. The second was a 25% solution of poly-
(benzyl glutamate) (PBG) in m-cresol. The procedures used
to prepare these solutions are described in ref 16. These two
lyotropic solutions are anisotropic. HPC 50% in water forms
a cholesteric phase at rest while the PBG 25% in m-cresol is
nematic. Under a weak flow, these solutions are transformed
into a polydomain nematic fluid.**

SALS measurements were performed with the constant
shear rate rheo-optical system (Instron 3250) which is de-
scribed in ref 26. The usual metallic parts have been replaced
by a transparent cone and a plate cell. The incident beam s
is produced by a HeNe laser (A = 632.8 nm) which passes
through the sample parallel to the gradient direction of the
shear flow. The sample thickness at the point where the light
is incident was about 400 um.

The direction of the scattered radiation is defined by 6 (or
q) and x4 which are the scattering angle (or scattering vector
q with q = (4x/A) sin(6/2)) and the azimuthal angle, respec-
tively. The direction of the optical axis of the polarizer with
respect to the flow direction is defined by the angle y. The
optical axis of the analyzer is either parallel or perpendicular
to the optical axis of the polarizer. The gradient, vorticity,
and flow directions are named xi, X2, and xs (see Figure 1),
respectively.

SALS patterns are observed in a plane (x2—xs plane)
perpendicular to the incident beam. They are recorded at a
rate of 25 frames/s with a video recorder and digitized into a
512 x 512 pixel matrix with 256 gray levels. These gray levels
give semiquantitative information about the scattered inten-
sity.

All the experiments were performed at room temperature
(21-22 °C) between crossed polarizers. A more complete
description of the experiments and the results will be pub-
lished later. The evolution of the intensity of the vertical
streak (the intensity at the azimuthal angle 4 = 90°) was
measured for different values of the angle 1. In order to cancel
the influence of the fluctuation of the incident intensity with
the different positions of the polarizers, the measured scattered
intensity was normalized with respect to the incident intensity
for each value of . These measurements were performed for
different shear rates ranging from 0.1 to 5 s~* for HPC solution
and from 0.5 to 20 s~* for PBG.

3. Experimental Results

3.1. Small Angle Light Scattering Results. As
mentioned in the Introduction, SALS patterns observed
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Figure 1. Optical system and the reference coordinate
frame: (C) upper cone; (PL) lower plate; (S) sample; (A)
analyzer; (P) polarizer; (x1) shear rate gradient direction; (xz)
vorticity direction; (xs) flow direction; (0) scattering angle; (u)
azimuthal angle; (y) angle between polarizer direction and
flow direction.

from lyotropic and thermotropic polymers have the same
main features. Ernst et al.’62% performed microscopy
observations and SALS measurements during flow on
two lyotropic solutions: A 60% HPC Klucel E (My, =
60 000) solution in water and PBLG in m-cresol with a
PBLG concentration of 19.3%. They observed three
different steady state scattering patterns depending on
the applied shear rate. An elliptical pattern was
observed at very low shear rates, between crossed
polarizers. At shear rates higher than a critical shear
rate y. it changed into a pattern composed of a bright
streak along the x3 direction and four lobes at about 45°
to the polarizer axes. At very large shear rates, the
SALS patterns did not show any scattering features,
perhaps a weak effect at extremely low scattering
angles. Similar results were observed for a cellulosic
thermotropic polymer.32

For 50% HPC L in water, the transition between the
first and the second regions occurred when y was
between 0.03 and 0.05 s™* (7. ~ 0.04 s7%), and for the
PBG in m-cresol solution, 7. was between 0.1 and 0.5
s~1. Typical examples of such SALS patterns are shown
in Figure 2. Pictures (a)—(c) show the HV, VV, and HH
patterns, respectively, for the 50% hydroxypropylcellu-
lose (HPC Klucel L M,, 100 000) solution at a steady
state shear rate of 0.25 s~1. The vertical streak observed
in these three cases is mainly due to orientation
fluctuations. A quantitative observation showed that
the intensity of this vertical streak was more intense
for the HV pattern than for the HH pattern which was
more intense than for the VV pattern.
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Figure 2. SALS patterns of a 50% HPC L/water solution
during a steady state constant shear flow at 0.25 s™: (a) HV
pattern; (b) VV pattern; (c) HH pattern; (d) detail of the vertical
streak of the HV pattern; (x;) gradient direction; (x.) vorticity
axis; (xs) flow direction.

Picture (d) of Figure 2 is a close-up of the vertical
streak of the HV pattern. We can clearly observe that
this vertical streak is composed of a set of small intense
lines perpendicular to the main direction of the streak.
The intensity profiles along the 90° azimuthal (angle
w) direction, i.e. along the streak, shown in Figure 3
confirm this observation. The intensity decreases with
increasing scattering angle 6 from 0.3 to 5° with
pronounced oscillations. The period of these oscillations
was not found to depend on the shear rate.

The observation of SALS patterns at different inclina-
tions of the crossed polarizers to the flow direction (angle
1) showed that the streak is present independent of .
In order to measure the evolution of the intensity | of
the streak as a function of y we calculated the ratio 1(y)/
I(y=45) at the azimuthal angle x = 90°, where I(y) is
the averaged intensity for a scattering angle 6 between
2.8 and 3.2°, with the polarizers oriented at the angle
1. The choice of this 0 range is linked to a theoretical
interpretation detailed later, but all 6 ranges gave the
same result. Figures 4 and 5 show I(y)/1(y=45) as a
function of y for the PBG and the HPC solutions. In
both cases, we observed a minimum value for the ratio
1(y)/1(45) at around y = 45°. Parts a and b of Figure 6

Light Scattering by Defects of LC Polymers 2031

o 05s1
& ® 15s-1
1)
®e
.
21 14
A
.
: .
.
E} .
“ .
g s g
] .
= :5 ol
° .
1 ®o L
© [
t o
Y R
PP )
. @8

9 (degree)

Figure 3. Evolution of the intensity at the azimuthal angle
u = 90° as a function of the scattering angle 6. PBG 25%
m-cresol 75% solution for two shear rates, (O) 0.5 s™* and (®)
15s™L
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Figure 4. Evolution of the reduced intensity 1/1(45°) at u =
90° and 6 = 2.8—3.2° as a function of the position y of the
crossed polarizers for different shear rates. PBG 25%—m-
cresol 75% solution. Key: 0.5s™1 (0); 1s™* (®); 255t (+); 5
sl (#); 10 s™! (m); 15s71 (O); 20 s (a).

give the evolution of 1(0)/1(45) as a function of the shear
rate. There is a +10% error for each measurement. For
the PBG solution, 1(0)/1(45) did not depend on the shear
rate (or is slightly decreasing) while it is decreased with
increasing shear rate for the HPC solution between 0.2
and 3—4 s™1,

3.2. Observations by Optical Microscopy. Ob-
servations by optical microscopy on solutions of PBG
and HPC at steady state shear flow and immediately
after cessation of flow have been described in the
literature.'22% at a very small shear rate (y = 0.01 s71
for HPC and 7 = 0.05 s for PBG) only a small
deformation of the initial texture occurs with a small
deformation in the direction of flow. Above a certain
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Figure 5. Evolution of the reduced intensity 1/1(45°) at u =
90° and 6 = 2.8—3.2° as a function of the position 3 of the
crossed polarizers for different shear rates. HPC L 50%—water
50% solution. Key: 0.1s7(0); 0.25s! (@); 0.5s™1 (+); 157t
(®); 2.5 s71 (m); 5s7 (O).

shear rate (y = 0.1 s7* for HPC and y = 2.5 s71 for PBG)
a new morphology arises, characterized by the appear-
ance of lines running along the flow direction. Increas-
ing the shear rate makes these lines narrower until they
disappear at high shear rates. This corresponds roughly
to the three regimes that are seen by light scattering.

After an instantaneous cessation of shear, the light
scattering pattern does not change for a few seconds.
During this time, the polymer can be observed with an
optical microscope, giving an image which reflects the
situation just before stopping the flow. It is then
possible to see a new structural feature, a set of small
dark spots, that was not apparent during flow due to
movement of the fluid. They were more easily seen for
PBG solutions than for HPC and were clearly observed
with a thermotropic polymer.32 As will be seen else-
where,®2 the lines running parallel to the flow direction
can be associated with the vertical streak seen by light
scattering while the dark spots are associated with the
four lobes.

4. Model of the Defect Structure under Shear
Flow

The disclination loops found in a thermotropic poly-
mer and described in refs 24 and 25 will be considered
as the scattering objects. These studies performed by
scanning electron microscopy showed that several types
of defects can be present, the most common one being a
half-strength twist disclination loop. These loops lie in
the shearing plane (x1, x3), and they have a complex
structure.?> We will simplify the real structure by
considering the object shown in Figure 7a. It bears the
main features of the loops found for thermotropics, i.e.
lying in the shearing plane, with the director at a certain
angle about the loop main axis (xs3), which varies
between the x3 and the x; axes with a helical structure.

In this case, the orientation of the optical axis d is
characterized by two angles representing the tilt and
rotation around the core axis 8 and w, respectively (see
Figure 7b). In the case of a helical structure, the angle
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Figure 6. Evolution of the reduced intensity 1(0)/1(45°) at u
= 90° and # = 2.8—3.2° as a function of the shear rate: (a)
PBG 25%-m-cresol 75% solution; (b) HPC L 50%—water 50%.

of rotation is a function of the coordinate along the core,
i.e. o = w(x3). We shall consider here the simplest linear
dependence:

0(Xg) = 27PXq (4.2)

where p is the number of rotations per unit of length.
For example, for pxs = 1 there is only one turn along
the core axis.

A further simplification is introduced by considering
only the parts of the loops which are oriented along the
flow direction. This means that the model will trans-
form the loop into a set of two rigid rods. A rapid
qualitative analysis shows that such a model is in
agreement with the experiments described in the previ-
ous section since it predicts an intensity maximum at
an azimuthal angle of 90°. Light scattering patterns
at y = y. and with HV, VV, and HH polarization
positions have an important common feature, i.e. a
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Figure 7. Schematic representation of the defect used for the
modeling: (a) the whole loop disclination with the horizontal
and vertical parts; (b) detail of the horizontal part; (d) director;
(B) the tilt angle of the director; (w) rotation of the director
around the core of the defect; (xi) gradient direction; (x2)
vorticity axis; (xs) flow direction.

vertical streak which is perpendicular to the direction
of flow (see Figure 3). This is compatible with the
existence of anisotropic defects stretched along the flow
direction. Simultaneous observation of the vertical
streak for all positions of polarizers also suggests that
the optical axis of the scattering elements has a tilt
relative to their main axes. The main contribution to
the light scattering along the vorticity axis can be due
only to parts of the loops which have a non-zero
projection on the x3 axis. As will be seen later, such a
model clearly predicts the behavior of the vertical streak
which is due to the horizontal part of the disclination
loops, oriented along the flow direction Xxs.

The lateral four lobes of the HV patterns must have
another physical origin since their dynamics is different
from that of the vertical streak. Other parts of the
disclination loops, having a projection on the x; axis,
must be responsible for the lobes. As a preliminary
hypothesis we suggest that the following mechanism
may occur: The vertical parts of the disclination loops
can be considered as obstacles which produce hydrody-
namic perturbation of stream lines in the (X2, x3) plane.
This will induce a rearrangement of the surrounding
director in accordance with the nonhomogeneous strain
and stress distribution in the vicinity of these parts of
disclinations and will contribute to an additional local
polarizability field which can be a source of additional
light scattering. A theoretical analysis of a similar effect
has been performed recently by considering the pertur-
bation of isotropic polymer suspensions due to the
presence of solid particles which also predicted a four-
leaf HV scattering pattern.3® The behavior of flowing
nematic LCP’s is much more complicated than isotropic
liquids, but the physical natures of the perturbations
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of the stream lines in both cases may be similar. The
optical observation of a four-leaf pattern around a large
rigid obstacle placed in a flowing liquid crystalline
polymer solution34 is predicted by such a hypothesis.

5. Theory

We will study the light scattering from the horizontal
parts of the disclination loops of Figure 7 which are
oriented parallel to the flow direction. First, we will
consider the light scattered by a single rod with a spiral-
like orientation of the optical axis. We will then study
the 3D diffraction of a set of such anisotropic rods in
order to take into account the experimental oscillation
of the scattering intensity in the vertical streak.

5.1. Light Scattering by a Single Rod with a
Helical Orientation of the Optical Axis. Let us
consider a straight cylindrical rod with a diameter of D
and a length L, oriented along the x3 axis (see Figure
7b). The unit vector d of the optical axis has a random
tilt g around the rod axis which can fluctuate around
an average value with a Gaussian distribution function:

B - By
P(B) = c' exp 7 (5.1)
%

where og is the dispersion of the angle g and ¢’ is a
normalizing coefficient. Vector d is rotating around the
rod axis in accordance with eq 4.1 and can be written
as

d=isingsinw +jsinpcos w + k cos g (5.2)

where 1, j, and k are the unit vectors along the X3, X,
and x3 axes of the laboratory coordinate system.

In the general case of anisotropic media, the dipole
moment induced in a rod by the incident light will
depend on the effective orientation of the optical axes,
determined by the position of the crystallographical axes
of both medium and rod, as well as their polarizabilities.
Such a calculation is very complex. In addition, these
characteristics are not known. For these reasons, the
surrounding medium is considered as being isotropic.
This simplification keeps anyhow the main physical
features of the problem. The dipole moment induced
in the rod by an incident wave with an electric strength
Eo is3°

M = E [(ed)d + be] (5.3)

where 6 = a; — a¢ and by = ax — o; o, ar, and o are
the polarizabilities along and across the rod and of the
surrounding medium, respectively. The unit vector e
is parallel to the transmission direction of the polarizer
which is in the (x, x3) plane. If the polarizer is tilted
by an angle y relative to the x3 axis, then

e=jsiny + kcos yp (5.4

The amplitude of the light scattering is expressed as
f=C [ (MO) exp[—i(qn)] d°r (5.5)

where q = gs = q(so — s') is the scattering vector. Its
value depends on the wavelength A in the medium and
the scattering angle 6: q = (4x/1) sin(6/2). The unit
vector s is parallel to the difference between the wave
vectors of the incident and scattered light. Taking into
account that the incident beam is directed along the x;
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axis, we find

s=—ising—l—jcosgsinﬂ—i—kcosgcosu (5.6)

The unit vector O in eq 5.5 defines the direction of the
electric vector passing through the analyzer.

In the following, we will only consider the crossed
position of polarizer and analyzer. For small scattering
angles and an arbitrary position of the crossed polar-
izers, the vector O can be given in the following
approximate form:

O=jcosy —ksiny (5.7)
The scalar product (MO) can then be found using eqs
5.2—-5.4 and 5.7:
(MO) = %Eoé{sin 2y sin® B cos® w +
cos 2 sin 2 cos w — sin 2y cos® } (5.8)

Substituting eq 5.8 into eq 5.5 and taking into account
eq 4.1 for the rotation angle w around the rod, we can
calculate the scattering amplitude fyy at a fixed value
of the tilt of the optical axis:

1 . (1 . (1
f = SE0DLCI5aDs i 5aDs As(PL Biv)  (5.9)
where

A4(pLd;p) = sin 2y sin® fJ, +
cos 2y sin 283, — sin 2y cos® fJ, (5.10)

and

Jo = Jo(@b)

3, = Siolatb + 1)] + jo[ab — ]}

= %{ 2j,(ab) + jola(b + 2)] + jolab — 2)I}

ass

_1 _
a—zan and b s

(5.11)

where jo(x) is the zeroth-order spherical Bessel function
of the first kind.

We see that at u = 90°, the scattering amplitude is a
real function. When u = 90°, the components of the
vector s of eq 5.6 are

— enc b
S, = COS 7;

s, = —sin 8,
1 ' 2

> s;=0

(5.12)
Substituting eq 5.12 into eq 5.11, we find

. (1
Jo=Jog0 =1, J1=J190= Jo(zﬂpL);

1 .
J,=Jy90 = E[l + jo(pL)] (5.13)

To calculate the scattering intensity from the single rod,
we have to take into account the random character of
the tilt angle of the optical axis around the rod axis.
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So, the final expression has to be averaged by the
distribution function of eq 5.1:

I, = [112@ =

e spaclit o(L Bo:

(3E:00°LC) J7{5aDs:)37 (5D, Bs(pL o) (5.14)
where

B(pL.B.0gv) = cos® 2y8in® 280D, o +
sin® 2y[{cos® B — sin® B3, 40)°0 (5.15)

In eq 5.14, [1.[4 implies averaging over j:

o= () P(B) dp (5.16)
It is important to note that the scattering intensity
depends only on the product of the helical structure
parameter p and the length L of a rod at an azimuthal
angle of 90°. If the rod has no helical structure (p = 0)
it follows from eq 5.13 that

Jogo =J190 =Jo90 =1

Bs(pL.B.0gy) = cos’ 2y[Ein® 280+
sin? 2ydos? 280 (5.17)

5.2. Light Diffraction from a Set of Disclination
Loops. As mentioned in the Experimental Part, the
distribution of the scattered light intensity in the
vertical streak is very heterogeneous. It is characterized
by a strong oscillation of the intensity as a function of
the scattering angle. This behavior can be understood
only if diffraction between disclination loops is taken
into account. The influence of diffraction effects on a
light scattering pattern have been considered before for
thin polymer films containing two-dimensional as-
semblies of anisotropic rods.3” In our case, a 2D
distribution is not enough because of the large thickness
of the material in the transparent rheometer (about 400
um) compared to the size of the individual defects.
Loops are located at different levels and can contribute
to the diffraction pattern due to the path difference
between light beams scattered from different depths.
Moreover, each disclination loop is nearly parallel to the
shear plane?*25> and therefore the two horizontal parts
have different coordinates along the incident light beam.
This can also give rise to diffraction effects. So, we must
assume that the nonhomogeneous distribution of scat-
tered light in the vertical streak is due to a 3D
diffraction phenomenon.

To study this, we will consider the simplest case: N
disclination loops of equal lengths and similar internal
core structure will be considered as assembled into one
set. The upper and lower horizontal parts of the loops
will be regarded as rods which are located in different
planes parallel to the screen in this set (Figure 1). The
projection of this set onto the (X1, x2) plane formed by
the incident beam and vorticity axis is shown in Figure
8. The distances | and h between the nearest points of
the rods along x, and x3, and the angle o are indepen-
dent random values obeying Gaussian distributions:

1o (9
ozm | 202

P& = (5.18)
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Figure 8. Projection of the disclination loops on the shear
rate gradient axis—vorticity axis plane: (x;) gradient direction;
(x2) vorticity axis; (xs) flow direction.

where £ is h, &, or |, the average values of h, a, and I; o;
iS on, 04, OF 01 Which are their dispersions.

We will assume that there is no disorder in the
orientation of optical axes of the rods in the set. In this
case the light scattering intensity from the set under
consideration with 2N horizontal rods can be written
in the following general form:

2N

I =1,{2N + DZ exp[—iq(r; — r)li, .} (5.19)

1Z]

where r; — rj is a vector connecting the centers of the
ith and jth rods and the angular brackets, [..04lh g,
represent the averaging over the random values of |, h,
and a.

By performing the summation in eq 5.19 for the
arrangement of the rods shown in Figure 8, one can
show that the following expression for the sum holds:

2N

D expl—iq(r; — rlG,, = 2{fcos(as;H) x

=]
N

cos(gs,H tan o) + Z]QL,aDZ m cos(gs,((N — m)D +
m=1

I+ o+ )G — 2N} (5.20)

where H = D + h is the distance between the rods in
the two depth levels of the set and Iy, I, ..., I, are the
distances between different neighboring rods. If we
assume that there is no correlation between the position
of the rods in the (x2, x3) plane, we can average over
the values I, separately. Using egs 5.14, 5.19, and 5.20,
we obtain the light scattering intensity per rod volume
in the vertical streak (u = 90°) from the set of rods:

I (1
Ion = 2[_[m05(q51H) cos(qs,H tan o)l , +
LD?(N
N l 2.2 _2
2] ) mexp[— =(N — m)g-s,“0,“| x
]mzl p 2( )a°s; 0y ]

cos((N — m)gs,(D + 1)) — 1} (5.21)

The sum in eq 5.21 represents the diffraction effects
between rods from one of the planes parallel to the
screen. The factor in the square brackets is due to the
path difference between the waves scattered by rods
lying at different depths in the sample. This factor is
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also an oscillating function of 6 and can strongly
modulate the contribution from the sum.

6. Discussion

The theory given in the preceding part has a very
general character. Varying the geometrical parameters
of the scattering objects (internal structure of the rod,
number of rods, number of packs, relative position and
dispersion of rods in packs, etc.) can give many different
scattering patterns for which trends relating scattering
intensity and morphology can be deduced. Such a
complete study, interesting in itself, was not performed
here. The purpose of the present study is to understand
the nature of the defects created during the shear flow
of liquid crystalline polymers. Thus we will select, on
a best guess basis, a range of “adjustable parameters”
which have a physical meaning. We will then vary
these parameters in order to fit experiments and theory.

6.1. Comparison between Theory and Experi-
mental Observations. The theory shows that if we
consider either a single rod (with the rod geometry given
in Figure 7) or a set of aligned rods, the scattering
patterns are characterized by a very strong intensity
maximum around an azimuthal angle of +£90°, similar
to the vertical streak found experimentally (there are
of course several polarizer positions with selected direc-
tor arrangements for which there is no scattering). This
result was expected since we are dealing with aligned
rods.

In no case could a pattern with four lobes in HV
polarization be predicted. This provides the first re-
sult: The four lobes found experimentally cannot be
explained with this model. This is consistent with the
experimental observation that the vertical streak and
the four lobes have different relaxation behaviors, an
indication that they are caused by different physical
mechanisms.

The theory shows that the intensity of the light
scattered at 4 = +90° as a function of the scattering
angle 6 depends very strongly on the set of structural
parameters describing the rods which are chosen. We
can separate the following parameters.

(i) The parameters describing the rod itself. The
internal structure will be studied at a fixed scattering
angle (in practice we considered a small scattering angle
range of 2.8—3.2° to increase the signal to noise ratio)
by analyzing the dependence of the reduced intensity
I1(y)/1(45) on the angle y (the angle between the crossed
polarizers and the flow direction).

(i) The parameters describing the inter-rod arrange-
ment. At a fixed value of y, the qualitative behavior of
the reduced intensity 1(y)/1(45) versus scattering angle
6 does not depend on the value of the internal structure
parameters.

This can be seen by examining eqs 5.14 and 5.21.
They show that the dependence of the scattered inten-
sity (at 4 = 90°) is determined by the diameter of the
rod, D, and the parameters describing the set of rods
(number of rods, 2N; average distances | and h; disper-
sions o and op; angle of deviation from the shear plane
a; and its dispersion o,). The internal structure of the
rod is characterized by three parameters, pL, 8, and o
which are included in the prefactor Bs (eq 5.15). This
allows us to perform and experimentally test a decou-
pling between the internal structure of the rod and the
inter-rod arrangement.

6.2. Inter-rod Arrangement. Selection of Pa-
rameters and Exploitation of the Curves. A first
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Figure 9. Prediction of the scattered intensity at x = 90° as
a function of the scattering angle 6 for different numbers of
assembled loops and average distances | between the rods. D
= 31,05 =0.1, p=0, h =100D. Key: (0) single rod; (1) | =
0.3D; (2) 1 =D; (3) | = 25D.

guess, based on microscopy observations and “reason-
able” estimates, gives the following values for the
parameters: D = 34,  =60° and o3 = 0.2. D=311is
based on optical microscopy for thermotropic polymers.?®
The angle g must be larger than 45° because the
intensity of the vertical streak in the HH position is
larger than that in the VV position. The dispersion o
is more difficult to estimate, and its value was chosen
after some numerical tests, in order to match the
experimental curves. Three different averaged dis-
tances between rods in the (xo—x3) plane were chosen, |
= kD, with k = 0.1, 1, and 25. They correspond to very
close, intermediate, and loose packings. The distance
between the nearest rods at different depth levels along
the incident light direction was fixed rather arbitrarily
at h = 100D, with o, = 0. In order to get an intensity
versus scattering curve matching the experiments, the
fluctuation of the plane of “loops”, i.e. of two rods
belonging to two different depth levels, was chosen to
depend on the averaged distance I, o1 = 0.4l. An
increase of | was supposed to induce an increase of the
width of the distribution function P(l) (see eq 5.18). This
makes sense since an increase of interaction between
rods will induce a better determined relative position
of the loops.

The scattering intensity (in arbitrary units) is calcu-
lated with the above parameters for two different
numbers of rods (2N = 6 and 2N = 10) inside each set
and is shown in Figure 9. The qualitative behavior of
the curve is very similar to the experimental intensity
given in Figure 3, with an oscillating decrease of the
intensity with scattering angles. Figure 9 shows that
the calculated scattering curves are characterized by
large oscillations of intensity at small scattering angles.
This is caused by the light diffraction from the rods
being at a different depth. At the same time we can
see that the behavior of the scattering intensity is
different for sets with different numbers of rods 2N and/
or distances | between them. Figure 9 demonstrates
that an increase of N gives an increase of the intensity
and amplitude of the oscillations. It gives also a sharper
reduction of the intensity with increasing scattering
angle 6.
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We will now observe that quantitative relative infor-
mation on the arrangement between rods can be ob-
tained from the scattering curves. First, eq 5.20 shows
that the ratio of the intensity maxima for two different
sets noted 1 and 2 at very small values of 6 is equal to
the ratio of the number of rods in these sets, i.e.
171%™ ~ N1/N2, and does not depend on the distance
between rods | and dispersion ¢;. The decrease of | and/
or o makes only the scattering curves broader (see
Figure 9). Second, the ratio 61/0, of scattering angles
corresponding to the first deep minimum of the calcu-
lated intensities for two different sets 1 and 2 with
numbers of rods N; and N, keeping the same distance
between rods (l1 12, o1, = a1,), is inversely proportional
to the number of rods, i.e. 01/6, ~ N2/N;i. If I3 > I, or
(o1, > a1,), we have 61/6, < N2/N1. The precise location
of this first deep minimum is difficult to find on the
experimental curves. The same relation between 6 and
N can be approximately found if we use for the scat-
tering angle the one obtained at the cross-section of the
0 axis and the scattering intensity curve averaged over
a small region of 6, before the first minimum.

Comparison with Experiments. Experimental
scattering curves show a change of the magnitude of
both mean intensity and oscillations at small scattering
angles with increasing shear rate for both HPC and
PBG solutions (ref 26). Figure 3 gives an example of
l.=90- at two different shear rates for the PBG solution.
The same tendency is shown in Figure 9 when the
number of rods in sets increases.

For the PBG solution the average ratio between
intensity maxima for y = 15 and 0.5 s™* at 6 = 0.5° is
equal to 2. It means that there are 2 more rods per set
aty = 15s 1than at y = 0.5 s71. We can also consider
the ratio of scattering angles defined above. For the
same two values of shear rate (0.5 and 15 s™1), we have
6os/015 ~ 1.5 for PBG. According to the previous
discussion, it means that the number of rods is larger
by a factor of 1.5 at 15 s, close to the factor 2 found
by analyzing the behavior of the intensity maxima. This
shows the consistency of this analysis.

6.3. Internal Structure of Defects. To study the
internal structure of the scattering elements, we have
to exclude the parameters linked to their arrangement
in sets. According to the theory, we can do it by
reducing the scattering intensity to its value at = 45°.
As a result, we obtain from eqs 5.14 and 5.20 the
following function:

_ | _ BS(pLIB!Uﬁvw)
~1(45)  By(pL,B,05,45)

(6.1)

which depends only on the parameters associated with
the rod and the angle y describing the position of the
crossed polarizers.

The calculated dependence of R on v is shown on
Figure 10. The curves are symmetrical relative to v =
45° and characterized by maxima and minima depend-
ing on the product pL. A symmetry of R around y =
45° is possible only for a parallel orientation of the
optical axis of the rods in sets.

The measured reduced intensity for the PBG and the
HPC solutions are given in Figures 4 and 5. PBG and
HPC have similar behaviors, a nearly symmetrical
decrease and increase of intensity around y = 45°. This
is very similar to what is theoretically given in Figure
11. The fact that the experimental curves are sym-
metrical suggests that the loops belonging to the same
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Figure 10. Prediction of the reduced scattered intensity
1/1(45°) at u = 90° and 6 = 3° as a function of the position of
the crossed polarizers for different values of the tilt and the
spiral parameter pL. o = 0.1.
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Figure 11. Prediction of the reduced scattered intensity
1/1(45°) at u = 90° and 0 = 3° as a function of the spiral
parameter pL for different values of the average tilt g and the
dispersion ;.

set have a strong orientation correlation for both
polymers. We can now compare more closely Figures 4
and 5 and Figure 11.

Figure 11 shows that the reduced intensity is very
sensitive to the values of the average tilt § and to the
parameter pL. We can see that for p = 0 the curve
becomes flatter when j increases.

Figures 11 and 12 show the dependence of R(0) = 1(0)/
1(45) on pL and o3. We can see from Figure 11 that the
appearance of a helical structure induces a nonmono-
tonic behavior of R(0) with increasing pL. The magni-
tude and position of the maxima depend on 3 and og.
At a fixed value of the dispersion, the maximum is
growing and displaced in the direction of small values
of pL with decreasing 8. An increase of the dispersion
decreases R(0). Figure 12 shows that this change is
monotonic. R(0) is smaller than unity at large values
of the dispersion 0. The experimental intensity reduced
to 1(45) is shown in Figures 5 and 6. Let us consider
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Figure 12. Prediction of the reduced scattered intensity
1/1(45°) at u = 90° and 6 = 3° as a function of the dispersion og
for different values of the average tilt § and the spiral
parameter pL.

the behavior of R(0) as a function of the shear rate for
PBG and HPC solutions.

Figure 6a shows that R(0) for PBG is approximately
constant and equal to =3, in a broad range of shear
rates, from 0.5 to 20 s1. According to the above
theoretical analysis (see Figure 12) this value can be
obtained for p = 0 and 3 close to 60°, with a very precise
orientation of the optical axis, og < 0.1 A helical
structure at 8 = 60° will strongly increase the value of
R(0) above 3 for values of pL larger than 0.4. It is not
in agreement with the experiments. We can thus
conclude that the orientation of the optical axis of the
disclination cores in PBG solution does not depend on
the shear rate in the range 0.5-20 s™! and has a
precisely fixed angle g = 60°. There is no or a weak
helical orientation of the director around the core.

The behavior of the reduced intensity for HPC solu-
tion at shear rates in the range 0.1-5 s~1 is completely
different. We can see from Figure 5 that an increase of
the shear rate induces a change of the shape of the
curves. The value R(0) is changing around 1.2—2.5s71.
The lowest value of R(0) is for the highest shear rate (y
=5s71). The dependence of R(0) for the HPC solution
on shear rate is shown in Figure 6b. The analysis of
Figures 11 and 12 shows that in order for R(0) to be in
the range 1—2.5, we have to take g around 60°, but with
a large dispersion (o about 0.2). In this case, Figure
11 shows a small maximum for pL and then a slow
decrease with increasing pL. This is similar to the
experimental shape of R(0) versus shear rate (see Figure
6b). One possibility for explaining these data is to
consider a helical orientation of the director around the
rod axis. An increase of the shear rate increases pL
from O at small y to 1.2 at ¥ = 5 s7L. It means that
there is about one full turn of the director per length of
rod at high shear rates.

7. Conclusions

The light scattering behavior of polymer liquid crys-
tals is very rich and without doubt very instructive if
one hopes to understand the rheology of this class of
materials. The present work is one of the first attempts
to model and interpret SALS during shear. Only one
single feature of the SALS patterns (the vertical streak)
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obtained in one given steady state shear rate range was
analyzed. This is not much owing to the large variety
of flow behaviors displayed by such materials, but even
this limited task turned out to be very complicated. It
required the previous knowledge of the kind of super-
molecular structure created during flow for deriving a
tractable model. The interesting point is that this model
and its associated light scattering prove to be able to
reproduce the experimental data. As usual, it points
out the weakness of light scattering experiments (you
must know the structure that is responsible for the
scattering in advance) and the power of this technique
since it is possible to measure (or evaluate) structural
parameters by comparing experiments and theory.

In the present case of LCP, the following structural
features were found.

(i) In the intermediate shear rate range where dark
lines are seen by optical microscopy, mainly at low shear
rates before the occurrence of the second positive zone
of the first normal stress difference, in a region where
tumbling is thought to occur, SALS results confirm that
the disclination loops found previously in one thermo-
tropic polymer can produce light scattering features that
are seen with two lyotropic LCP’s.

(if) According to the SALS, the disclination loops are
assembled into sets. For PBG solutions, the number of
loops per set is increasing in the flow regime described
above.

(iti) The orientation of the optical axis in the core of
the disclination does not change when changing the
shear rate for PBG and has a value close to 60° about
the core axis (the flow direction). There is no or a weak
helical winding up of the director around the core axis.
The situation for HPC is different since there is a helical
winding up of the director around the core axis, chang-
ing with the shear rate.
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Notation

D diameter of the rod (theory)

d unit vector of the optical axis

e unit vector parallel to the transmission direction
of the polarizer which is in the (xz, x3) plane

h inter-rod distance (Figure 8)

HV crossed polarization, with the H polarization
direction defined as being along the flow
direction

i, j, and the unit vectors along the xi, X2, and x3 axes of

k the laboratory coordinate system

L length of the rod

| inter-rod distance (Figure 8)

M induced dipole moment

N number of loops in one set (2N represents the
number of rods in the set)

(@) unit vector defining the direction of the electric

vector passing through the analyzer

p number of rotations per unit of length

s unit vector (eq 4.5)

X1, X2, gradient direction, vorticity axis, and flow direc-
and tion

o X3 angle defined in Figure 9
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Qi polarizabilities of the rod
B tilt angle around the rod axis
0 (or q) polar scattering angle (or scattering vector q

with q = (4x/A) sin(6/2))

U azimuthal scattering angle

P direction of the optical axis of the polarizer
according to the flow direction

Y shear rate

) rotation angle around the core axis

Ox dispersion of the parameter x
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