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ABSTRACT: The apparatus and the principle to measure flow small-angle light scattering 
("flow-SALS") are presented as one of the rhea-optical techniques. The flow-SALS technique 
presented here enables one to investigate small-angle light scattering profiles and rheological 
properties of polymer solutions, liquids, and mixtures, as well as polymer liquid crystals under 
various types of shearing, i.e., steady-state shear flow, oscillatory shear flow, and shear recovery 
after the cessation of steady-state flow. This technique may be useful to investigate the flow-induced 
formation, dissolution, and deformation of supermolecular structure with spatial correlation length 
of a few microns, and also their effect on rheological properties. In order to demonstrate the 
prospect of its use, some preliminary results on flow-SALS from the lyotropic polymer liquid crystal 
[20 wt% poly(y-methyl-o-glutamate) in m-cresol] are presented. 
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Rheo-optical techniques which simul
taneously give information on rheological and 
optical properties have been proven to be 
useful for obtaining deep insights into the 
molecular and structural origin of rheological 
phenomena.1.2 These techniques are especially 
useful for polymeric systems with supermo
lecular structures in solutions, liquids, and 
solids. 

Rheo-optics has first been applied exten
sively to polymers in the solid state1•2 and 
recently to polymer liquid crystals. 3 - 15 

Pioneering works on the rheo-optics of the 
liquid crystals have been initiated by Pochan et 
al. 3 - 5 who measured spectra for the transmit
ted light intensity of cholesteric liquid crystals, 
cholesteric-nematic mixtures, and cholesteric 
polymer blends as a function of shear rate. 
They interpreted the rheological data in the 
light of the optical data. Asada et a/.6 •14 later 
applied this method extensively to polymer 

liquid crystals. They developed rheo-optical 
techniques to measure flow birefringence and 
transmitted light intensity under parallel and 
cross-polarizers, and also simultaneously mea
sure rheological properties.8 •13 •15 Baird et a/.9 

investigated flow birefringence and rheology 
for polymer liquid crystals. Horio,7 Kiss et 
a/., 11 and Aoki et a/. 10 •12 conducted a different 
type of rheo-optical studies of polymer liquid 
crystals by observing their textures in external 
mechanical fields directly under optical 
microscope. 

This paper presents a new rheo-optical tech
nique by which the rheological properties of 
flowing polymeric systems in liquids and so
lutions are investigated simultaneously with 
depolarized and polarized components of 
small-angle laser light scattering. The flow 
small-angle light scattering technique presen
ted here (designated hereafter as "flow
SALS") may have fundamental differences 

123 



T. HASHIMOTO, T. TAKEBE, and S. SUEHIRO 

with a conventional flow light scattering 
method in the sense that in the conventional 
flow light scattering, one usually investigates 
scattering from molecularly dispersed sys
tems or individual macromolecules subjected 
to shear flow, while in the flow-SALS, one 
investigates scattering from molecular aggre
gates under shear flow. This technique will 
be widely applicable to the flow induced for
mation, dissolution, and deformation of 
molecular aggregates, and flow-induced 
phase transitions of liquid crystals and of 
multicomponent polymer mixtures as well. 

Although the flow-SALS technique has 
never been reported or investigated previous
ly, it is believed to give direct information on 
the formation and dissolution of supermolec
ular structure under the shear flow. This is be
cause the elastic light scattering depends on 
spatial correlations of concentration fluctua
tions and on orientation fluctuations of op
tical axes of anisotropic scatterers as well as 
the average orientation of the optical 
axes. 2,16,19-25,28,30-33 

In comparison, the flow-birefringence tech
nique only gives information on the average 
orientation of the optical axes. Thus in prin
ciple, the flow-SALS technique provides much 
more information than the flow-birefringence 
or transmittance technique. The flow-SALS 
technique gives fundamental information on 
the nature of supermolecular structures which 
exist under the shear flow, i.e., the information 

as to whether the structures originate from 
concentration fluctuations or from orientation 
fluctuations. 

Therefore, this technique is believed to be 
important and must be thoroughly explored in 
the future. In this paper we describe apparatus 
used for investigating the flow-SALS and give 
preliminary experimental results to demon
strate its possible usefulness. Further dis
cussion on full results (and analyses of the 
experimental results) are beyond the scope of 
this paper, and will be presented in subsequent 
communications. 

FLOW-SALS APPARATUS 

The flow-SALS apparatus was constructed 
by modifying an existing rheometer (IR-200, 
Iwamoto Seisakusho Co., Ltd., Kyoto, Japan). 
Figure 1 shows a schematic diagram of the 
apparatus. The rheometer can measure 
rheological properties of polymers under 
steady-state and oscillatory shear flow, under 
"saw-tooth" shear flow consisting of two pe
riods with linearly increasing and decreasing 
rates, and during recovery after cessation of 
the shear flow. The flow-SALS measurements 
were made possible by using a set of optically 
transparent cone (E) and plate (G) or of 
parallel plates made of quartz. The data re
ported here were obtained with the cone and 
plate with radius of 40 mm and cone angle of 
3.313 degrees. 

y 
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Figure 1. Schematic representation of the flow small-angle laser light scattering apparatus. 
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The sample (F), cone, and plate were co
vered by a temperature enclosure (H) with 
optically transparent windows made of quartz 
for incident and scattered beam paths. The 
measuring temperature was controlled be
tween room temperature and 250°C with ac
curacy of ± 1 °C. A He-Ne CW gas laser (A) 
was used as an incident light source 
(A0 = 6328 A). The beam was filtered by an 
interference filter (B) to eliminate spectral 
components other than 6328 A. The polari
zation direction of the laser beam can be 
varied by rotating a A./2-plate (D). The incident 
beam was reflected by a mirror (M1), passed 
through cone and irradiated on the sample 
between cone and plate. The scattered light 
from the sample was passed through the plate 
(G) and again reflected by a mirror (M2), 

passed through the analyzer (K) and detected 
by a photographic film (L) or by a TV-camera 

z 

with a VTR-monitor system described else
where16 or with a dynamic image-digitizing 
system recently developed in our laboratory. 17 

The scattering-angular range covered by the 
present apparatus is typically from 0 to 20 
degrees. The incident light intensity level was 
controlled by rotating a circular neutral den
sity filter (C). 18 

The shear flow was imposed on the sample 
by applying steady-state rotations or oscil
latory rotations to the cone (E), and the torque 
exerted on the plate (G) was measured by a 
conventional method. The cone was placed in 
the incident beam side in order to avoid com
plexed reflection of the scattered beam at the 
oblique surface which could occur if the cone 
was placed in the scattered beam side. 

Figure 2 represents the definition of the 
coordinate system in the flow-SALS experi
ments, (a) to (d), and polarization conditions 

z 

y 
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(e) 
Figure 2. Definition of the coordinate system in the flow-light scattering experiments (a) to (d) and 
polarization conditions of the scattering experiment (e). Ox is parallel to the propagation direction of the 
incident beam (unit vector S0 ), and Oz is parallel to the flow direction. The velocity gradient of the shear 
flow exists in the plane parallel to Oxz and the scattering profiles are detected in the plane of Oyz either by 
photographic films or by a TV camera coupled with a VTR or dynamic image analyzer. 
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of the scattering experiment (e). The velocity 
gradient of the flow exists in the plane parallel 
to Oxz, the incident beam is irradiated through 
the velocity gradient, parallel to Ox, and the 
small-angle scattering profiles are detected in 
the plane Oyz perpendicular to the Ox axis. 
The Oz axis is set parallel to the flow direction 
and is defined as the vertical direction for the 
polarized and depolarized light scattering ex
periments. Upon varying the orientation of the 
electric vectors of both the A/2-plate and the 
analyzer, one can detect Hv, VH, Vv, and HH 
components of the scattering profiles as in
dicated in Figure 2(e) where P and A denote 
orientation of the electric vectors of the A/2-
plate and the analyzer, respectively. 

It should be noted that one has to correct for 
differences in reflectivities between the verti
cally and horizontally polarized beams at the 
mirrors M1 and M2 for quantitative intensity 
measurements.34 

The elastic scattered intensity generally de
pends on ciensity, concentration, and orien
tation fluctuations and their spatial corre
lations as well. 19 For polymer solutions, liquid 
crystals, and mixtures, the latter two fluc
tuations dominate the former. 19 - 23 The de
polarized components of scattering, Hv and 
VH, should depend on the orientation fluc
tuations and correlations, while the polarized 
components should depend on the concen
tration fluctuations as well. If the molecular 
axes tend to orient parallel to the flow direc
tion, then Vv (HH) scattering should be more 
sensitive to orientation (concentration) fluc
tuations than the concentration (orientation) 
fluctuations in comparison with HH (Vv) scat
tering.23 Thus, both Vv and HH scattering are 
recommended to be measured. Both H v and 
VH scatterings are recommended also to be 
measured in the case when systems exhibit 
strong optical rotatory power, because the 
difference depends only on the effect of the 
optical rotatory power on the scattering.24 
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APPLICATION OF THE FLOW-SALS 
TO SOLUTION OF RIGID 

ROD-LIKE MACROMOLECULES 

As a preliminary result to demonstrate pro
spect of the flow-SALS experiments, we pre
sent here rheo-optical investigations of poly (y

methyl o-glutamate) (PMDG, AJICOAT A-
200, Mv= 1.4 x 105) 20wt% in m-cresol at 
room temperature. The concentrations at the 
A-point and the B-point of the PMDG so
lution in m-cresol were found to be 9 and 
17 wt%, respectively. 25 ·26 

Figure 3 shows the steady-state shear vis
cosity of the solution as a function of shear 
rate y and corresponding V H scattering pat
terns where the flow direction and the polari
zation directions of the analyzer (A) and the 
incident beam (P) are indicated in the figure. 
As shown in the scattering pattern (a), the 
quiescent solution exhibits a strong small
angle depolarized scattering, the intensity dis
tribution of which is circularly symmetric with 
respect to the incident beam axis and is a 
monotonic decay with e. 

Although the solution has a concentration 
slightly above the B-point it did not exhibit the 
scattering maximum27 •28 at ()=()max which is 
reciprocally related to the half pitch S of the 
cholesteric twisting, 35 

2S sin ()max/2 =A 

where A is the wavelength of the light in the 
medium. The absence of the scattering max
imum from the cholesteric pitch may be due 
to preferential orientation of the cholesteric 
twisting axes parallel to the Ox axis, even in the 
quiscent state, or due to the distribution of the 
pitch. The cholesteric liquid crystals generally 
form the polydomain structure in which the 
orientation of a-helical molecules is coherent 
within a given domain but is not coherent 
between different domains. The domains 
whose cholesteric twisting axes orient in the 
plane of Oyz contribute most significantly to 
the scattering maximum. 16·33 . Therefore the 
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Figure 3. Steady-state shear viscosity '1 and V H scattering patterns as a function of shear rate y. The 
letters (b) to (h) on the curve of '1 vs. y correspond to the points where the scattering patterns were taken. 
The bar on the scattering patterns indicates the length corresponding to the scattering angle (J = 7'. 

absence of the scattering maximum may be a 
consequence of a preferential orientation of 
the domains with their twisting axes parallel to 
the Ox axis. Alternatively, the absence may be 
a consequence of perturbation in the pitch, 
simply because the solutions with slightly 
higher concentrations clearly showed the 
maximum. 

The V H scattering profiles generally reflect 
orientation correlation of the mol
ecules. The circularly symmetric scattering 
profile observed for the quiescent solution 
(Figure 3(a)) clearly indicates the spherically 
symmetric orientation correlation. If the twist-
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ing axes of the domains preferentially orient 
along the incident beam axis, i.e., Ox-axis, then 
the scattering profiles reflect the orientation 
correlation of the cholesteric domains in 
lateral direction, i.e., in the direction perpen
dicular to the twisting axes. 

As the cholesteric liquid crystals of the 
PMDG 20 wt% in m-cresol are subjected to 
shear, the depolarized patterns undergo char
acteristic changes as shown in Figure 3. In the 
plateau region on the curve of '1 vs. y, cor
responding to the region II defined by the 
works of Asada and his coworkers,29 the pat
terns become elliptical with their long axes 
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Figure 4. VH scattering patterns and stress relaxation after the cessations of steady-state shear flows at 
y = 9.06 (a) and 0.18 s -t (b). V H scattering patterns for the solutions in quiescent state and steady-state are 
also included. The angle mark of e = T is indicated on top of the scattering pattern for the quiescent 
solution. 

oriented perpendicular to the flow direction 
(see the patterns (b) to (d)). On the other hand, 
in the region of the high shear rate where shear 

thinning takes place, i.e., in the region cor
responding to the region III defined by Asada 
et al., 29 the elliptical patterns are transformed 
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into the characteristic patterns comprising of 
(i) a strong and sharp equatorial streak and (ii) 
X-type scattering patterns quite similar to 
those observed by Samuels,30 Stein et al., 31 

and Hashimoto et al. 32 for deformed and 
oriented, optically anisotropic rodlike super
molecular structures. It is our primary objec
tive in this paper to emphasize that there 
are quite remarkable changes in the super
molecular structures of the rodlike mole
cules induced by the shear flow. The struc
tural information thus obtained should be 
useful for the better understanding of the 
rheological behavior of the materials with 
ordered but changeable structures. 

The supermolecular structures formed un
der the steady-state shear flow are transformed 
back to the original structure observed for 
quiescent solution upon cessation of the 
steady-state shear flows as typically shown in 
Figure 4. Thus the change of the supermo
lecular structures are reversible for the shear 
rate covered in this work. Figure 4 includes 
also the VH pattern for the quiescent solution 
and stress relaxation (J xz with time after the 
cessation of the steady-state shear flows from 
y=0.18 and 9.06s- 1 . 

The data for y = 0.18 s - 1 are typical of those 
for the cessation of the flow in the region II 
(plateau region), while the data for y = 9.06 s - 1 

are typical of those for the cessation of the flow 
in the region III (shear thinning region). The 
data show spectacular features in two major 
points: (i) the stress relaxation and the re
covery of the original supermolecular structure 
are faster for the solutions sheared with high 
shear rates than for those sheared with low 
shear rates, and (ii) mechanism of the struc
tural recovery is distinctly different below and 
above the critical shear rate Yc where the shear 
thinning starts to become remarkable. The 
latter feature may be evident from the change 
of the scattering patterns with time; the re
covery from the lower shear rate involves the 
monotonous and continuous decrease of the 
axial ratios of the elliptical scattering patterns 
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keeping their long axes in the equatorial direc
tion, while the recovery from the higher shear 
rates involves rapid disappearance of the equa
torial streak, followed by the change of the X
type pattern into the ellipitical shape with its 
long axes oriented parallel to the flow direc
tion, the axial ratio of which gradually de
creases with time. The preliminary results 
show the importance of the technique for 
understanding the physics of flowing polymer 
systems. 

It is beyond the scope of the present paper to 
give structural interpretations of the depolar
ized patterns observed under the steady-state 
shear flows or after the cessation of the shear 
flows. They will be discussed in a subsequent 
paper together with investigations of the scat
tering patterns under different polarization 
conditions such as HH and Vv and as a func
tion of the polymer concentration and tem
perature. 
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