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ABSTRACT: Dynamic birefringence and dynamic viscoelasticity of polymer brush type polystyrene polymac-
romonomer, PM, consisting of only styrene unit were measured over a wide frequency region including the glass
transition region. The stress-birefringence relationship elucidated that the stress relaxation of the PM proceeded
through three processes. The fastest one was attributed to the glassy component responsible for the high glassy
modulus. This process was found to be essentially the same as that for the ordinary linear polystyrene, l-PS. The
second one was assigned to be the reorientation process of the side chains. The viscoelastic segment size of the
side chains was estimated to be about half of that for l-PS. This difference in size could be attributed to the
reduction of nematic effect. The slowest one was assigned to the reorientation of the main chain. This process
was described with the beads-spring theory with the viscoelastic segment about 3 times larger than that for l-PS.
The large viscoelastic segment size of the main chain was fairly in accord with the large Kuhn segment size
determined by light scattering experiments on the PM in dilute solution.

Introduction

Viscoelastic behavior and molecular dynamics of linear
polymers have been investigated for long decades, and they are
well-understood experimentally and theoretically. With the aid
of the resent progresses of synthesis techniques, polymers having
various well-defined chain architectures, such as hyperbranched
polymers and dendric polymers, can be produced. These highly
branched polymers would have hierarchical structures, and
therefore the hierarchical stress relaxations are expected.
Structural properties of these hyperbranched polymers have been
studied with various scattering techniques. On the other hand,
details of molecular dynamics responsible for the stress relax-
ation, particularly hierarchically natures of dynamics, remain
to be discussed.

Polymerization of macromonomers is one of the methods to
produce hyperbranched polymers. Controlling the molecular
weight of macromonomer and polymerization condition, the
ratio of the polymerization index of side chain,nside, to main
chain,nmain, can be varied. Depending on this ratio,R ) nside/
nmain, polymacromonomers, PMs can be regarded as “molecular
brushes” (R , 1, i.e., nmain . nside . 1) or “hyperbranched
(star) polymers” (R . 1).

PMs having molecular brush shape behave as semiflexible
chains in solution.1-3 Terao et al. studied chain dimension of
PMs consisting only of polystyrene units in solution.4-7 They
showed that the contour length per main-chain residue is
insensitive to the side-chain length, while the Kuhn segment
lengthλ-1 (more generally, the stiffness parameter in the helical
wormlike chain) under theΘ condition remarkably increases
with increasing the side-chain length. Besides, those PMs form
liquid crystalline phase in melt when the molecular weight of
the side chains exceeds 3000.8-10 The origin of this rigidity is
attributed to the high segment density around the main chain.11

Dynamic properties of PMs in melt are rarely studied,
particularly for the case of PMs consisting only of polystyrene

units.12-14 Vlassopoulos et al.14 studied rheological properties
of starlike PMs. In their study,nmain of the most samples is 10,
and the largestnmain is 40, whilensidewas relatively high. They
found similarities in their soft ordering and dynamic response
with other well-known model branched polymers such as
multiarm stars, in that arm relaxation and structural rearrange-
ments in a liquidlike order control their dynamics. For molecular
brush type PMs, the effects of side chains on the interchain
entanglements were investigated by rheological measurements,
but details of the chain dynamics have not been clarified yet.12,13

The rheooptical method using birefringence measurements
is a useful technique to study the reorientation dynamics of
polymers. Kharchenko et al. applied the method to starlike
polymers and found the breakdown of the stress-optical rule
in the terminal flow region. They confirmed the existence of
the additional relaxation in the terminal zone when branch
density is high (∼50 arms).15 They attributed the additional
relaxation to the form birefringence of core-shell structure.

In the present study, we report the dynamic birefringence and
dynamic viscoelasticity of a “molecular brush” type PM
consisting only of polystyrene in a wide range of frequencies
covering from the terminal flow zone to the glassy zone. The
index,nsideof the PM is 15, which is far below the entanglement
index,ne, for linear PS in melt (ne ) 170). The index for main
chain,nmain, is 745. If the side chain can be regarded as solvents,
the effective concentration of repeating units constructing the
main chain is estimated to be 1/nside∼ 0.06. At this concentra-
tion, ne is expected to be larger than 2800 (>nmain) becausene

is inversely proportional to the concentration. Thus, our sample
is free from the entanglement effect in both the side-chain and
main-chain dynamics. Our interests are placed on the rheooptical
response and molecular dynamics of semiflexible PMs. We will
show that the rheooptical method is useful to distinguish the
polymer dynamics involved in the hierarchical stress relaxation.

Experimental Section

Sample.R-Benzyl-ω-vinylbenzylpolystyrene, the styrene mac-
romonomer,5,6 was synthesized by living anionic polymerization
in the manner reported by Tsukahara et al.16,17 The product was
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reprecipitated five times from acetone solution into methanol to
remove unreactedp-chloromethylstyrene. The molecular weight of
the macromonomer was 1.65× 103 when estimated from the
weight-average molecular weightMw of 1.53× 103 of the precursor
(R-benzyl-ω-vinylbenzylpolystyrene) determined by light scattering.
The weight-average to number-average molecular weight ratioMw/
Mn for the precursor was estimated to be 1.09 by a MALDI-TOF
spectrometer with atrans,trans-4,4-dephenyl-1,3-butadiene matrix
containing silver ions in the form of AgCF3COO; the value ofMw

evaluated from the mass spectrum agreed with the light scattering
value of 1.53× 103 within 4%.

The macromonomer was polymerized in benzene at 45-60 °C
for 50-100 h with azobis(isobutyronitrile) as an initiator to obtain
the polymacromonomer samples. The product was purified and
extensively fractionated from benzene/methanol mixtures.Mw of
the PM was found to 1.23× 106(nmain ) 745) andMw/Mn ) 1.06.

Rheooptical Measurements.The apparatus for rheooptical
measurement was reported previously.18,19An optical system with
a He-Ne laser, two polarizers, and a quarter wave plate was
equipped with a vibron-type rheometer for the measurement of the
oscillatory birefringence∆n*(ω) under sinusoidal deformation at
angular frequency,ω. The apparatus was used in both tensile and
shear modes with tensile strainε*(ω) or shear strainγ*(ω). In the
tensile mode,18 the complex Young’s modulus,E*(ω), and strain-
optical coefficient,O*(ω) ) ∆n*/ε*, in tensile deformation were
measured with strip specimens having 1 mm thickness (optical path
length) in the temperature range 100-120°C. In the shear mode,19

the complex shear modulus,G*(ω), and the complex strain-optical
coefficient in shear,K*(ω), defined as∆n*/2γ* , were determined
with a shear fixture having 5 mm optical path length in the
temperature range from 120 to 150°C. To check the compliance
correction in shear mode,G*(ω) was measured with a Rheometric
ARES system.

Results and Discussion

The Glass Transition Zone. Figure 1 showsE*(ω) and
O*(ω) for PM15 around the glass transition region. Here, we
used the method of reduced variables to construct the composite
curves.20 Dotted lines in the figure represent results for the linear
polystyrene, l-PS, havingMw ) 2.5× 105. To take into account
the difference of the glass transition temperature between two
polymers, the frequencies are reduced byτs ) 1/ωC. Here,ωC

is the crossing frequency at whichE′ ) E′′ in the glassy zone.
The temperature dependence of the shift factors forE* andO*,
aT, for PM15 is not shown here, but it is essentially the same
as that for linear polystyrene if the difference of the glass
transition temperature was considered.

E* for PM15 and l-PS are quite similar to each other.
However, one important difference is thatE′ of PM15 is higher
than l-PS in the transition zone (-4 < log(ω/s-1) < -1). On
the other hand,O* of the two polymers are approximately the
same at low frequencies in contrast to the above-mentioned

difference in E′. The difference inO* is observed at high
frequencies:O′ for PM15 changes its sign at a frequency lower
than that for l-PS.O′′ for PM is slightly higher than that for
l-PS in the glassy zone. According to the modified stress-optical
rule, MSOR,18 which describes the relationship between the
stress and birefringence around the glass transition zone, the
positive birefringence for PS can be attributed to the glassy
component, as will be described later. Therefore, the change of
sign at the lower frequency means that the glassy component
of O* for PM is more significant than that for l-PS. This is the
main reason whyO′ for PM changes its sign at a low frequency.

For the case of linear polymers in melt, the stress-optical
rule holds well between the strain-induced birefringence and
stress.21 The rule is written for oscillatory tensile deformations
with small amplitude.

The proportionality coefficient,CR, referred to as the stress-
optical coefficient, can be related with the anisotropy of
polarizability of the segments,∆â.22 For the case of PM15, the
ratio of O′ to E′ becomes constant at low frequencies, and
therefore we estimatedCR ≡ O′/E′ as 2.7× 109 Pa-1. This
value is smaller than that for linear polystyrenes (4.8× 109

Pa-1).
MSOR Analysis. The SOR does not hold well in the glass-

to-rubber transition zone. Alternatively, the MSOR holds well
for various linear polymers.18 For the case of PM, the molecular
dynamics may be much more complex than those for liner
polymers. However, it would be worthwhile to examine the
ordinary MSOR considering two relaxation processes. The
MSOR for tensile deformations is written as follows:

The two proportional coefficients,CR and CG, could be
respectively determined from the proportionality betweenO′
and E′ in the transition zone and the proportionality between
O′′ andE′′ in the glassy zone. The obtainedCR andCG values
are summarized in Table 1.

For theseCR andCG values, the simultaneous equations (2)
and (3) forER* and EG* were solved at each temperature. The
obtainedER* and EG* are shown in Figure 2. Here, we used
the method of reduced variables separately to construct the
composite curve for each component.20 For comparison, the
result for l-PS is also included in the figure.

The separation ofE* into ER* andEG* seems to be reasonable
for PM15 as well as the ordinary linear polymers. The G
component is almost the same for PM15 and l-PS, indicating
the G component is insensitive to the chain branching. The local
dynamics responsible for the G component would not be affected
by details of chain architecture. This may be natural because
the molar ratio of the branching point to the total monomer is
not so high: Sincenside for PM15 is 15, the relative concentra-
tion of monomers at branching point is about 1/nside ) 6.7 mol
%, and thereforeEG* mainly reflects the dynamics of linear
part of the side chains.

Figure 1. Composite curves for the complex strain-optical coefficient
in tensile deformation and the complex Young’s modulus for PM15.
Error span is comparable to the mark size. Lines indicate the result for
linear PS. The reference temperatures are 100°C for PM15 (τs ) 1.82
ms) and 115°C for l-PS (τs ) 3.85 ms).

Table 1. Stress-Optical Coefficients and Characteristic Parameters
for PM15 and l-PS

code
10-7ER′(∞)/

Pa
109CR/
Pa-1

1011CG/
Pa-1 101∆n0

MS/
g mol-1

PM15 2.1 -2.7 3.6 -0.89 450
l-PS 1.2 -4.8 3.0 -1.0 850

E* ) CRO* (1)

E*(ω) ) ER*(ω) + EG*(ω) (2)

O* ) CRER*(ω) + CGEG*(ω) (3)
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On the other hand, the R component,ER*, for PM15 is about
2 times larger than that for l-PS over the whole frequency range
studied. This result is consistent with thatE′ for PM15 is higher
than that for l-PS in the transition zone, as noted in Figure 1.
We note that the relative concentration of monomers consisting
of main chain is only 6.7%, and thereforeER* mainly reflects
the dynamics of the linear part of the side chains.

The limiting modulus ofER′ at high frequencies,ER′(∞)
(t3GR′(∞)), may be related to the molecular weight of the
viscoelastic segment,MS.

Here,F, R, andT are the density, gas constant, and temperature,
respectively.MS may be related with the Kuhn segment size,
MK, with the following equation:23

Here,∆R and M0 are respectively the optical anisotropy and
the molecular weight of the repeating unit. The ratio∆â/∆R
represents the optical segment size. The parametersc1, c2, and
c3 are respectively determined by the effect of nonaffine
deformation, the strength of the nematic interaction,24 and the
chain statistics.c1 ) 1 corresponds to the affine-like orientation
of the chain axis of repeating units. For the case of polymer
melts, the value ofc1 can be regarded as unity althoughc1 could
become considerably large in dilute solutions,c1 ∼ 5. From
the rheooptical studies on polymer blends, the nematic interac-
tion parameter,δ, is estimated to be about 0.3,25-27 which
results inc2 ) 1/(1 - δ) ∼ 1.3. Thec3 parameter characterizes
the ratio of the optical segment size to the Kuhn segment size,
(∆â/∆R)/(MK/M0), when the nematic interaction can be ignored
(c2 ) 1), and its value is expected to be about 0.8 for polymers
having the tetrahedral bond angle like PS.23,28 As a result, the
MS value is apparently very close to theMK value.29

The obtained value ofMS for PM15 is about 400 g mol-1,
which is about half ofMS for l-PS. In the following, we consider
the molecular origin of the anomalously smallerMS for PM15.

First of all, we note thatCR for PM15, a parameter reflecting
the optical segment size,∆â, is about half ofCR for l-PS, and
that this result is in accord with the reduction ofMS. (Note that
the value ofCR was directly determined from the comparison
of E* and O* data, and therefore it is free from uncertainty
arising from the MSOR analysis.) As a result,OR′(∞) )
CRER′(∞), reflecting the initial orientation in the glassy zone,
is almost the same between PM15 and l-PS. This means that
∆â/MS ∼ CRER′(∞) is almost the same, and therefore thec1

value for PM15 is also unity asc1 for l-PS is. Thus, the
orientation caused by the deformation is very similar in the
monomeric level between the two polymers. In other words,
the monomers composing the side chains orient so that the chain
axis of the side chain orients to the stretch direction similarly
to that of the repeating units in the linear PS do. In addition,c1

∼ 1 corresponding to the initial orientation may be described
with the pseudo-affine orientation.30 This would be natural
because the chain contour of the side chain would be deformed
affinely in the glassy zone. If the contour is not deformed
affinely, the local strain becomes inhomogeneous, and the
viscoelastic properties of the PM would be much different from
those for linear chains.

The smallerCR and MS values for PM can be obtained by
smallerc2, c3, andMK values. The smallerMK value means the
change of the statistics of side chain. It is widely accepted that
the rotational hindrance for main chain carbon-carbon bonds
strongly affects the chain statistics. High segment density due
to branching may reduce the effective magnitude of the
rotational hindrance. Such an effect can reduce theMK value
of the side chains. The change of the statistics of side chain
also affects thec3 parameter in eq 5,31 and therefore the smaller
MS value may be originated from the change ofc3. However,
this would be a minor effect becausec3 is sensitive to the bond
angle but not to the rotational hindrance.28 Here we briefly
summarized the studies on the chain conformation of the side
chain of polymer brushes. Schmidt et al. suggested from the
small-angle X-ray scattering experiments on theirs-PS-b-PAMA
that the side chain would have an extended chain conformation,1

and some computer simulations32-34 support the extended
conformation. However, Nakamura and co-workers4-7 con-
cluded from the experimental results that the side chains adopt
the same conformation as a free, linear chain, as did Gauger
and Pakula35 and Siokawa, Itoh, and Nemoto.36 Thus, we may
conclude that the change of chain statistic for the side chain
would be quite small. Therefore, we note another possible origin
for the smallerCR andMS values. As shown in a previous paper,
the nematic effect increases thec2 parameter37 (see eq 5). The
nematic effect may be reduced for the polymacromonomers due
to the branched architecture. TheMS value for polystyrenes
without the nematic interaction may be expected to be ap-
proximately c3MS ∼ 600.23,25 This value suggests that the
reduction of the nematic effect might contribute to the smaller
MS value for PM15.

Terminal Flow Region. Figure 3 showsG* andK* for PM15
from the transition zone to the flow region. Here, we used the
method of reduced variables to construct the composite curve.20

Also included areG* data obtained by the conventional
rheometer to check the consistency of data. We tried to extend
the measurements ofG* and K* at higher temperature, but the
reliable data were not obtained because of the sample flow.

In Figure 3,G′ andG′′ roughly obey a power law relationship,
G′ ∼ G′′ ∼ ω1/2, at low frequencies. However, a careful
observation reveals thatG′ relaxes in two steps. This result is

Figure 2. Results of MSOR analysis for PM15. Error bars indicate
the uncertainty span due to error of the estimation of the two stress-
optical coefficients. Lines indicate the results for linear PS. The
reference temperatures are the same as Figure 1.

MS ) FRT
GR′(∞)

(4)

MS

M0
) c1

∆â
∆R

) c1c2c3

MK

M0
(5)
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consistent with the results fors-PS-b-PMA polymacromono-
mers.13

Figure 4 displays theK′/G′ andK′′/G′′ ratio at low frequen-
cies. K′/G′ shows two plateaus. The plateau value at high
frequencies agrees withCR estimated by the tensile measure-
ment. On the other hand, the value ofK′/G′ at low frequencies
(log(ω/s-1) < 1) is about 3 times larger than that at high
frequencies. These results indicate that two relaxation mecha-
nisms are involved inG* or K* at these frequencies, and the
stress-optical rule holds valid for each component.

Separation of Relaxation Modes.Considering the above
results, we assume thatG* and K* include three components
of dynamics. For such a case,G* and K* may be written as
follows:

Here, subscripts represent trunk, branch, and glass. The two
stress-optical coefficients,CT andCB, can be determined from
Figure 4. To solve these simultaneous equations, we need further
assumptions. We assume thatGG* can be estimated by
extrapolating theEG* ()3GG*) data shown in Figure 2 to low
frequencies. Thus, eqs 6 and 7 are reduced to

These simultaneous equations can be solved forGT* and GB*.
The obtainedGT* and GB* are shown in Figure 5.

As described before,GG* of PM supports the high glassy
modulus and is quite similar to that of the ordinary linear
polystyrene. Thus,GG* is insensitive to chain architecture. On
the other hand,GB* located betweenGG* andGT* would reflect
the reorientational motion of the side chains. The frequency
dependence ofGB* ∼ ω1/2 is very similar to the prediction of
the Rouse model. Characteristic features ofGG* and GB* were

respectively discussed asEG* and ER* in the previous section,
and therefore we do not repeat them here.

The slowest component,GT*, becomes dominant in the low
frequencies and would reflect the reorientation of the main-
chain backbone. Althoughnmain is larger thanne, the entangle-
ment effect, which can be recognized as a rubbery plateau
region, is not observed for main-chain relaxation,GT*, as we
expected. The effective concentration of the main chain is too
low to entangle. The frequency dependence ofGT* is also very
similar to that of the Rouse model. This means that dynamics
of the brush-type polymers can be described with a linear chain
with a coarse-graining structure unit. Such a unit is conceptually
similar to a “superblob”, which has been used for the calculation
of scattering form factor for branched polymers.38-40

The value of the limiting modulus forGT* at high frequencies,
GT′(∞), was estimated to be 8.9× 104 Pa. The viscoelastic
segment size of main-chain backbone,MS

T, is estimated to be
3.9 × 104 g mol-1 by analogy with eq 4.

The MS
T value is fairly in accord with the Kuhn segment size

of PM15 in cyclohexane,MK
T, being estimated by light

scattering experiments to be 6.0× 104 g mol-1.5 From theMS
T

value, we can estimate the number of macromonomers per
viscoelastic segment for main chain as 3.9× 104/1.65× 103 ∼
24. This value is∼3 times larger than that for linear PS,
indicating that the main chain of PM15 is about 3 times less
flexible than the linear polystyrene.41

For the case of linear chains in melt, the viscoelatic segment
size can be related to the Kuhn segment size with eq 5.23 We
expect that the similar relation would hold betweenMS

T and
MK

T for PM systems. Slightly smallerMS
T thanMK

T may be
related to a differentc3 value. Thec3 value for main chain might
be different from that for liner polymers. Calculation ofc3 value
for branched chains is desired. The nematic interaction between
main chains may be reduced because the side chains would
decrease the direct contact between main chains. Such an effect
of side chains might give the smallerMS

T value through the
reduction of the nematic effect. Here, we should note that PMs
having highernsidebehave as nematic liquid crystalline polymers.
In this context, the nematic interaction becomes significant for
PMs with high nside values. Thus, the role of the nematic
interaction in PM systems is not clear, and further studies are
desired.

Figure 3. Complex strain-optical coefficient in shear,K*, and the
complex modulus,G*, for PM15. Error span is comparable to the mark
size. The reference temperature is 140°C.

Figure 4. Frequency dependence of the ratio ofK′/G′ and K′′/G′′.
Error span is comparable to the mark size.

Figure 5. Separation of modulus into three components representing
glass, trunk, and branch relaxation. The reference temperature is 140
°C.

G* ) GT* + GB* + GG* (6)

K* ) CTGT* + CBGB* + CGGG* (7)

G* - GG* ) GT* + GB* (8)

K* -CG GG* ) CTGT* + CBGB* (9)

MS
T ) FRT

GT′(∞)
(10)
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The good correspondence between the viscoelastic and Kuhn
segments of main chain (MK

T/MS
T < 1.6) supports our assign-

ment thatGT* reflects the reorientational motion of main chain
induced by the shear flow. In addition, we emphasize the result
of GT* ∼ ω1/2, which means that dynamics of the main chain
can be described with the bead-spring model for linear chains.
In other words, dynamics of the brush-type polymers in the flow
region can be regarded as a linear chain by an adequate coarse-
graining operation.

In connection with dynamics of the main chain, we should
note CT is negative. As described before, Kharchenko et al.
applied the rheooptical method to hyperbranded polymers and
showed the breakdown of the stress-optical rule in the terminal
region.15 They found the existence of the additional relaxation
associated with the positive form birefringence of core-shell
type structure. Since the form birefringence is always positive,
the negative value ofCT for PM15 cannot be attributed to the
form birefringence of PM.

On the analogy of the molecular theory for the strain-induced
birefringence for linear chain,CT would be related to the
anisotropy of the backbone segment. As noted before, the main
chain of PM15 is about 3 times less flexible than l-PS. In this
context, we expect thatCT would be about 3 times larger than
CR for l-PS. This prediction,-1.4× 10-8 Pa-1, is fairly close
to the measured value ofCT, -9.5× 10-9 Pa-1. The measured
value of CT, which is twice of CR for l-PS, corresponds to
anisotropy of∼16 styrene units sinceCR for l-PS corresponds
to anisotropy of 8 styrene units. Note that the viscoelastic
segment of the main chain is composed of approximately 3.9
× 104/104 ∼ 380 styrene units. Thus, theCT value indicates
that the orientation of side chains would have relaxed at low
frequencies, and more importantly they would have no particu-
larly orientated conformations in the scales of the viscoelastic
segments of the main chain.

Figure 6 displays a schematic illustration ofGB* and GT*
components deduced from the above analysis. By the coarse
graining of the chain, PM may be regarded as an ordinary linear
chain but with the larger segment size. As described before,
the number of the segment per main chain is∼24. The dynamics
of the main-chain segments is very similar to the Rouse model.

The reorientational dynamics of the side chain may be
affected by the branched chain architecture. The experimentally
determined viscoelastic segment size of the side chain was about
half of the segment size for the ordinary linear PS. On the other
hand, the fast local dynamics over a few repeating units, related
to the glass transition, may not be affected by the branching:
Although the local dynamics of the repeating units around the
branching point may be affected by the branching, the concen-
tration of such units is small for polymers having long side
chains. From this reason, the glassy component of the PM agrees
with that of the linear PS, as noted experimentally.

In the present experiments, we did not see the effect of
entanglements on both dynamics of the side chain and main
chain as described before. With increasingnsideor nmain, we will
see the effect of entanglements on both the reorientation
processes. For such relaxation processes, it is an interesting issue
whether the sophisticated tube theories such as tube dilation
theory can be applicable or not. Also of interest is to see how
the difference in viscoelastic segment length between the main
and side chains affects the entanglement dynamics. The pos-
sibility of such experiments is now under consideration.

The present measurements were performed on only one bottle
brush-type polymacromonomer. In general, the viscoelastic
stress of branched polymers would relax hierarchically corre-
sponding to the hierarchical nature of the structure. We expect
that the rheooptical separation of stress would work well for
other branched polymers. The measurements on other types of
branched polymers will be reported in the future.

Concluding Remarks
We examined dynamic birefringence and dynamic viscoelas-

ticity for a model polymacromonomer having brush-type chain
architecture over a wide frequency region including the glass
transition region. Since the polymacromonomer was composed
of only styrene, the segregation effect between different
monomers could be ignored. We showed that the stress
relaxation process of this model polymacromonomer could be
separated into three processes, the glassy, branch, and trunk
modes, being characterized with different stress-optical coef-
ficients.

The fastest glassy process was very similar to that for the
ordinary linear polystyrene except for reducing the glass
transition temperature, which can be attributed to the high
number density of chain ends having large free volume. The
similarity of the glassy process may be natural because the
number of branching monomer is less than 7 mol %.

The second relaxation process was assigned to be the
reorientation process of the side chain. The stress-optical
coefficient of this process was found to be negative. This means
that the chain contour of the side chain orients along the
stretching direction. This could be possible if the chain contour
of side chain deformed affinely. The estimated viscoelastic
segment size of side chain was about half of that for l-PS, which
means each side chain composed of about four styrene units.
The smaller segment size could be related to the high segment
density in PM through the change of chain statistics or more
possibly the reduction of the nematic effect between the
segments. In general, the segments size along the side chain
may vary depending on the distance from the main-chain
backbone. However, in the present study, the relaxation process
of the side chain was well described with a single stress-optical
coefficient, which strongly suggests the uniformity of the
segment size of the side chain.

The slowest process was assigned to the reorientation of the
main-chain backbone. The effect of entanglement was not

Figure 6. Schematic illustration of viscoelastic segments forGB* and
GT* components.
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observed because the effective main-chain concentration was
low. The distribution of the relaxation times of this process was
described with the bead-spring theory. The dynamics of the
brush-type polymers can be described with a linear chain with
a coarse-graining structure unit, conceptually similar to the
superblob used for the calculation of scattering form factor for
branched polymers. The estimated viscoelastic segment size was
about 3 times larger than that for l-PS. This large segment size
of PM was fairly in accord with the Kuhn segment size
determined from independent light scattering experiments. The
present study indicates that hierarchical dynamics of branched
polymers can be separated by the rheooptical method.
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