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Abstract−We investigated whether a graded-index profile, specified by the polymer compositional gradient, could be
formed using shear-induced polymer migration phenomenon in a polymer solution. For the presented model system,
we generated a shear flow by rotating a glass rod at the center of a polystyrene/methylmethacrylate (PS/MMA) solu-
tion and measured the degree of polymer migration by the shear flow field by examining the concentration of polymer
solution along the radial direction from the rotating axis to the periphery. Through model experiments, we formed a
compositional gradient and controlled its profile in the solution by varying the concentration of polymer solution,
molecular weight of polymer, and shear rate. Finally, we solidfied the gradient profiles by the polymerization of the PS/
MMA solution and confirmed that the gradient profiles were maintained with a compositional gradient twice larger
than the mother PS/MMA solution.
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INTRODUCTION

Techniques for forming a graded-index refractive-index (GI) pro-
file, as indicated by chemical compositional gradient, have been
intensively studied [1-4], because a GI profile is essential in the fab-
rication of polymeric lenses, image guides, and optical fibers to obtain
clear images or information without distortion.

In particular, optical fibers have begun to be greatly noticed with
rapidly increasing demands in the communication industry. Sin-
gle-mode, step-index glass optical fibers (SMSI-GOFs) have been
commercialized for high-speed communication. Optical fibers can
efficiently guide and utilize a light source; however, the inherent
brittleness of glass materials limits their application in uses requir-
ing flexibility and frequent connection in buildings. Therefore, multi-
mode, graded-index polymer optical fibers (MMGI-POFs) are bet-
ter candidates to exploit solar energy because they can guide more
light, owing to larger diameters. Such fibers can also be woven into
solar fabrics, such as organic solar cells [5-7] or sensitized solar cells
[8], due to their good flexibility.

To date, GI profiles have been constructed via interfacial gel polym-
erization [2-4], co-extrusion [9], polymerization under ultra-cen-
trifugal force [10-12], and laminar shear mixing [13]. Interfacial
gel polymerization utilizes the bulky dopants with higher refractive

index than the polymerizing materials. The polymerization occurs
in a polymeric tube, which makes a gel-like monomer-polymer
interface so that the unreactive bulky dopants are gradually con-
centrated to the center axis during the polymerization. However,
the long-term stability of the GI profile has some problem by the
migration of bulky dopants. The co-extrusion method continuously
co-extrudes the core and the shell polymeric material with high
and low refractive index, respectively. It can continuously make fiber
type a product with GI profile, but the profile is not reliably formed
due to the difficulty of interdiffusion of polymer melts. The polym-
erization under ultra-centrifugal force uses two monomers with
different density and refractive index so that the concentration pro-
file is formed by the density profile under centrifugal force field. It
can make a reliable GI profile and has long-term stability because
it does not require dopants. However, a cavity along the rotating
axis is inevitably formed so that an additional feeding process or
special reactor design is needed to compensate the cavity during
the polymerization. The laminar shear mixing method is to form
the concentration profile by rotating polymeric rod with higher
refractive index in a reactive monomer solution with lower refrac-
tive index. By the rotating process, the monomer is diffused in the
polymeric rod, and consequently makes monomer swollen poly-
meric rod. The concentration profile is then fixed by the polymer-
ization. However, it is difficult to control the GI profile shape and
the profile can be disturbed by the dissolved polymer in the mono-
mer. In the present work, we added an additional method to form the
GI profiles by using shear-induced polymer migration phenomena.

Shear-flow-induced polymer migration phenomena involving rigid
rods or particles in a polymer solution have been reported [14-17],
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and the existence of such migration has been verified. MacDonald et
al. reported on shear-induced polymer migration phenomena involv-
ing a dilute solution with a rotating cone-and-plate configuration
[18,19]. Criado-Sancho et al. provided theoretical models to explain
the shear-induced polymer migration phenomenon [20,21].

To form GI profiles applicable to the fabrication of polymeric
lenses or optical fibers, in the present work, we adopted a cylindrical
configuration and polymerized highly concentrated polystyrene/
methylmethacrylate (PS/MMA) solution for a model system. We
systematically examined the variation of compositional profiles
according to the concentration of the polymer solution, the molec-
ular weight of the polymer, the shear rate, and the polymerization.

EXPERIMENTAL PROCEDURE

1. Materials
A low-molecular weight (LMW) PS (Aldrich, Mw=45,000), a

high-molecular weight (HMW) PS (Aldrich, Mw=350,000), and
an MMA (Aldrich) were used as received.
2. Procedure

A 5 wt% LMW-PS/MMA solution was charged in a glass tube
(inner diameter=42 mm), and a glass rod (diameter=5 mm) was
rotated at 60 rpm in the polymer solution. After 5 hr, samples from
varying radial distance were chosen for H1-NMR analysis to analyze
the concentration profiles [11,12]. Similarly, samples were chosen
from 10 wt%, 20 wt%, and 30 wt% LMW-PS/MMA solutions and
from 10 wt%, 20 wt%, and 26 wt% HMW-PS/MMA solutions. To
examine the variations of the concentration profiles with repect to
shear rate, samples were chosen by four points along with radial
direction in 30, 60, 120rpm sample, respectively, in a 20wt% HMW-
PS/MMA solution. Finally, the 20 wt% HMW-PS/MMA solution
was polymerized at 65 oC for 24 h via two different methods: (1) a
sequential method, whereby before polymerization the composi-
tional gradient was formed by rotating the glass rod for 5 h; (2) a
simultaneous method, which omitted the forming process of the
compositional gradient.

RESULTS AND DISCUSSION

Fig. 1 shows photographs of the presented model system con-

figuration, in which a glass rod (d=5 mm) was rotated at 60 rpm
in a cylindrical glass vessel (inner diameter=42 mm) containing a
polymer solution. The rotating rod generated shear flow similar to
a Couette flow with a configuration of wide separation gap. The
apparent flow velocity near the vicinity of the rod was the same as
the rotating speed of the glass rod and sharply decreased with radial
direction.

To observe the flow direction in the model system, we added a
red dye powder, as shown in Fig. 1(a). As expected, the red dye
migrated in an inward direction and gathered around the rotating
rod, as shown in Fig. 1(b). This implies that polymers migrate via a
shear-induced flow and that the direction of the migration is inward.
The overall flux of a polymer chain in a polymer solution can be
expressed as [18]:

(1)

where τp is the symmetric second-order tensor, representing the
polymeric contribution to the stress, k is Boltzmann’s constant, T
is temperature, Dtr is the translational diffusivity, and n is the poly-
mer concentration. The first term represents Fickian diffusion due
to concentration gradients, and the second term represents a migra-
tion caused by the elastic contribution to the stress tensor. There-
fore, the concentration profile will be mainly affected by the second
term ( ). The value of  is expressed as follows [18]:

(2)

where λ=6[η]Mηs/π 2NAkT is the longest relaxation time. Accord-
ingly, NA is Avogadro’s number, [η] is the intrinsic viscosity of the
polymer in a solvent, M is molecular weight, ηs is the viscosity of a
solvent, and τp=ηγ * (in Newtonian fluid; η=the viscosity of a solu-
tion and γ*=shear rate) is a stress. Hence, λ is a function of molecu-
lar weight, and τp is a function of the viscosity of the polymer solution
and shear rate. From Eq. (2), it is expected that the concentration
profile depends on the concentration of the polymer solution, the
molecular weight of polymer, and the shear rate.

The concentration difference (ΔC=wt fraction of PS in the solu-
tion at the sampling point - wt fraction of PS in the solution at the
vicinity of inner cylindrical vessel) profiles of the PS concentra-
tion in an LMW-PS/MMA and an HMW-PS/MMA solution are
plotted in Fig. 2 because the refractive index has a linear relation-
ship to the wt fraction of PS in the PS/MMA solution [11]. The
representative H1-NMR spectrum of PS/MMA solution is shown
in Fig. 2(a). The composition was calculated by comparing the inte-
grated value of phenyl group in PS and hydrogen in MMA. In a
LMW-PS/MMA solution, as shown in Fig. 2(b), the graded con-
centration profile did not appear in the relatively lower PS concen-
tration solutions (5 wt% and 10 wt% LMW-PS/MMA solutions)
because the elastic contribution to the stress tensor will be weak
due to relatively lower solution viscosity (~3 mP·s and ~45 mP·s
viscosity in 5 wt% and 10 wt% LMW-PS/MMA solution, respec-
tively) and smaller PS chain length. However, graded concentra-
tion profiles appeared with solutions having over 20 wt% LMW-
PS/MMA, owing to the strengthened elastic contribution to the
stress tensor (~2,000 mP·s and ~11,000 mP·s viscosity in 20 wt%
and 30 wt% LMW-PS/MMA solution, respectively). The ΔC value
at the vicinity of the rotating rod increased with increased values of

Flux of polymer = − Dtr∇n − Dtr/kT( )∇ τp•

∇ τp• ∇ τp•

∇ τp•  = λτp: ∇∇v

Fig. 1. Photographs of the model experiment for shear-induced poly-
mer migration in a 26 wt% of HMW-PS/MMA solution: (a)
upon adding a red dye powder to the solution and (b) after
5 min. Conditions were as follows: rotating glass rod speed=
60rpm, diameter of rod=5mm, and inner diameter of cylin-
drical vessel=42 mm.
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LMW-PS/MMA solution, and the ΔC profile shape was also control-
lable by simply adjusting the concentration of the polymer solution.

The ΔC profiles attained using the HMW-PS/MMA solution are
shown in Fig. 2(c). A graded concentration profile was observed
with the 10wt% PS/MMA solution, while it was not observed using
the 10 wt% LMW-PS/MMA solution. The ΔC between the rotat-
ing center and the periphery in the 26 wt% HMW-PS/MMA solu-
tion increased to almost twice that of the 20 wt% solution. The
larger ΔC attained by using a HMW-PS/MMA solution compared
to using an LMW-PS/MMA solution might be attributed to the
increased intrinsic viscosity, which elongates the longest relaxation
time and, consequently, increases the migration term.

To examine the ΔC with shear rate (rotating speed), we conducted
experiments with a 20 wt% HMW-PS/MMA solution. Fig. 3 shows
that the ΔC is higher as the shear rate is increased because the stress
term has a linear correlation with the shear rate. As a result, the
migration term is strengthened, leading to a larger ΔC difference
with repect to the shear rate. Thus, we can conclude that the ΔC
value and its profile can be controlled by manipulating the poly-
mer molecular weight and the shear rate.

Fig. 2. (a) Representative H1-NMR spectrum of PS/MMA solution; and The DC profiles using (b) an LMW-PS/MMA solution and (c) an
HMW-PS/MMA solution with respective radial distances.

Fig. 3. The DC profiles with varying rotating speeds in a 20 wt%
HMW-PS/MMA solution.
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To fabricate polymeric lenses or optical fiber preforms with graded
refractive indices, the polymer solutions used should be changed
to solid form. Therefore, we polymerized solutions with 0.4 wt%
benzoyl peroxide (BPO) as an initiator at 80 oC for 24h. If the poly-
mer (in the present work, the polymethylmethacrylate (PMMA))
produced by the polymerization of the mother solution has a higher
molecular weight than the pre-existent polymer (in the present
work, the PS) in the mother solution, the concentration profile
could be disturbed by the produced polymer because a polymer
with a higher molecular weight migrates more strongly than a poly-
mer with a lower molecular weight. To avoid this undesirable dis-
turbance of the concentration profile, in the present study, we used
0.4 wt% BPO as an initiator because it produced a lower molecu-
lar weight of PMMA (125000) than the HMW-PS (350000) in the
mother solution.

Finally, we examined whether the preferentially generated graded
concentration profile in a solution state affects the formed concen-
tration profile through the polymerization, as illustrated in Fig. 4(a)
and (b). Hence, we performed two different experiments with a
20wt% HMW-PS/MMA solution. First, we sequentially polymerized
the mother solution, as follows: (1) formation of the graded con-
centration profile in a solution state, and (2) fixation of the graded
concentration profile by polymerization. Second, we simultane-
ously polymerized the polymeric solution without forming a graded
concentration profile in the solution state. Fig. 4(c) shows that the
ΔC between the rotating center and the periphery was almost the
same (0.04), and the ΔC values increased twice that of the solution
state because the viscosity of the polymer solutions was increased.
Consequently, the migration term was strenghthened.

Generally, the compositional graded profile can be expressed by
Eq. (3) [11,12].

C(r/R)/C(r=0)=(1−2Δ(r/R)α)0.5 (3)

where r is radial distance from the rotating axis, R is radius of the
cylindrical vessel, Δ is (ΔC(r/R)/C(r=0), and the dimensionless
parameter α is the shape of the compositional graded profile. When

α is close to 2, the transmission rate of light is maximized. The Δ
and α can be calculated from the interpolated value and slope of
log{1−(C(r/R)/C(r=0))2} vs log(r/R) graph. Roughly, the α value
of the ΔC profile in sequential and simultaneous polymerization
was ~2 and ~1.1, because the ΔC profile of the simultaneous polym-
erization is more stiffly decreased than that of sequential polymer-
ization. The smoother ΔC profile of sequential polymerization might
be attributed to the fact that the rate of polymerization around the
center region of the solution is higher than that around the outer
region of the solution, because polymerization in gel phase (poly-
mer concentrated region around the rotating axis) proceeds faster
than that in dilute phase (around the periphery). Accordingly, a
preferentially formed ΔC profile (see Fig. 2(b)) in a solution state
is maintained. The magnitude of the ΔC is only increased by the
ΔC profile obtained in a 26 wt% HMW-PS/MMA solution (see
Fig. 3) because of the similar resultant increase of a polymer’s con-
centration. This implies that the compositional gradient profiles
can be controlled via specific polymerization methods.

CONCLUSIONS

We have formed compositional gradient profiles by utilizing shear-
induced polymer migration, and controlled their profile shapes by
controlling the concentration of polymer solution, the polymer
molecular weight, the shear rate, and the polymerization methods.
Shear-induced polymer migration phenomena were observed in a
PS/MMA solution with a cylindrical geometry. With the exception
of 5 and 10 wt% in an LMW-PS/MMA solution, graded concen-
tration profiles were observed in both LMW and HMW-PS/MMA
solutions. The ΔC profiles of polymeric solutions were found to be
controllable with the concentration of polymer solution and shear
rate, because the stress imposed on the polymer chains causes the
polymer chains in the solution to migrate toward the rotating axis
Finally, we solidified polymer solutions using two different polym-
erization methods (simultaneous and sequential). We found that
the ΔC profiles could be controllable by specific polymerization

Fig. 4. Schematic illustration of (a) sequential polymerization, (b) simultaneous polymerization, and (c) the DC profiles with polymeriza-
tion methods. Solutions of 20 wt% HMW-PS/MMA were used in both cases. In Fig. 4(c), the inverse triangles represent sequential
polymerization, while the circles represent simultaneous polymerization.
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methods.
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