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’ INTRODUCTION

Viscoelastic properties and molecular dynamics of polymer
melts have long been studied experimentally and theoretically.1�3

One of the most important molecular concept to understand the
viscoelastic properties is the “viscoelastic segment”, which is
defined as the smallest subchain for molecular expression of
stress. For the case of polystyrene (PS), the molecular weight
of the viscoelastic segment inmelt is estimated as 850 by the rheo-
optical method.4 This value is close to the Kuhn statistical seg-
ment size.5 Thus, the definition of the viscoelastic segment seems
to be reasonable and clear for linear chains. However, this is not
true for polymer chains having complex chain architectures. For
example, if many long branches are densely connected to the
repeating units of the main chain, the segment size of main chain
would become larger than that for linear chains because of
repulsive interaction between the branches.

Polymerization of macromonomers is one of the methods to
produce highly branched polymers in addition to grafting the
side chain onto a prepared linear chain.6 Controlling the molec-
ular weight of macromonomer and polymerization condition of
macromonomer, the ratio of the polymerization index of branch,
nB, to main chain, nM, R = nB/nM, can be varied. For the case of
R, 1, polymacromonomers, PMs can be regarded as “molecular
brushes” while R . 1, PMs can be regarded as “hyperbranched
(star) polymers”. PMs having molecular brush shape behave
as semiflexible chains in solution.7�9 Terao et al. studied chain
dimension of PMs consisting only of polystyrene units in
solution.10�13 They showed that the contour length per main-
chain residue is insensitive to the branch length, while the Kuhn
segment length λ�1 under theΘ condition remarkably increases
with increasing the branch length. They concluded that in

addition to the high segment density around the main chain,
“repulsions” between the main chain and side chain and between
neighboring side chains play an important role in the high stiff-
ness of polymacromonomers.14

In this study, we investigate the viscoelastic properties of PMs as a
model polymer to scrutinize the effects of highly branched structure
on polymer dynamics. We will show that the highly branched
structure provides different dynamics from those of linear polymers
or scarcely branched polymers. For the case of bottlebrush type
PMs, the complex shear modulus G* reflects two different chain
dynamics corresponding to the branches and the main chain.15,16

However, it would be difficult to separate the dynamics of each
component from only viscoelastic measurements and therefore
details of the dynamics of them have not been discussed.

The rheo-optical method using birefringence measurements is
a useful technique to study the size and reorientation process of
the viscoelastic segment.4 When rubbery materials are deformed,
the birefringence as well as the stress is observed. The origin of
both the strain-induced birefringence and the stress is the
orientation of the segments. A proportional relation called the
stress-optical rule (SOR) holds well between the deviatoric parts
of the stress tensor and the refractive index tensor.17 For the case
of oscillatory shear deformations, SORmay be written as follows.

K�ðωÞ ¼ CG�ðωÞ ð1Þ
Here, G*(ω) is the complex shear modulus and K*(ω) is the
complex shear strain-optical coefficient defined as the complex
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ABSTRACT:Dynamic birefringence and viscoelastic measurements of bottlebrush-
like polystyrene polymacromonomer were conducted over a wide frequency region
covering from the glass-to-rubber transition zone to the flow zone in order to discuss
effects of highly branched structure on polymer chain dynamics. Strain-induced
birefringence at high frequencies was negative, similarly to linear polystyrenes, while
it was positive in the flow zone, indicating themain chain segment has positive optical
anisotropy. By using the modified stress-optical rule (MSOR), the complex modulus
was decomposed into two components, main chain and branch components. The
dynamical stiffness of main chain (number of repeating units per viscoelastic
segment) was found to be approximately 10 times larger than that for linear
polystyrenes. The cooperative motion of the side chains originated by the repulsive
interaction between the branches was strongly suggested.
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ratio of the birefringence to the strain. The proportional coeffi-
cient, C, called the stress-optical coefficient, can be related with
the anisotropy of polarizability of the segment.18,19 Therefore,
C is a measure of the segment size.

In a previous study, Inoue et al. reported the rheo-optical data
on a PM in a range of frequencies covering from the glassy
zone to the rubbery zone and they showed that branched chain
and main chain components have different stress-optical
coefficients.20 The different stress-optical coefficients make it
possible to separate the shear modulus into branch and main
chain components. Concerning the main chain component, they
concluded that the viscoelastic segment size was larger than that
for ordinary linear PS. However, their data do not fully cover
the terminal flow region because they used tensile type rhe-
ometer. In addition, they reported the data for only one PM,
and questions such as effects of branch length have not been
discussed. In this paper, we provide the results of the simulta-
neous measurement of the dynamic birefringence and the dy-
namic viscoelasticity for a different PM in a wide range of fre-
quencies covering from the glass transition zone to the terminal
flow zone by using a new rheo-optical apparatus based on oblique
laser beam method.21 We will show the birefringence originated
by orientation of the branch is negative while the birefringence by
main chain segment is positive. The obtained data are analyzed
with the modified stress-optical rule (MSOR). The modulus, G*,
of PMs was decomposed into two components, corresponding to
the main chain and the branch motions. We will discuss the
dynamical stiffness of main chain and cooperative motion of
branches originated by the repulsive interaction between the
branches.

’EXPERIMENTAL SECTION

Sample. Polystyrene polymacromonomer, (sample code PM65),
which has the PS structure in both the main chain and the branches, was
synthesized in the manner reported by Tsukahara et al.22 Styrene was
anionically polymerized in toluene using tolyllithium as an initiator, and
the reaction was terminated by p-chloromethylstyrene (Seimi Chemical
Co. Ltd.) to obtain the macromonomer. The product was reprecipitated
several times into methanol to remove unreacted p-chrolomethylstyr-
ene. Its weight-average molecular weight Mw was 6770 determined by
light scattering, and the number of sample code indicates the degree of
polymerization of the macromonomer. The macromonomer thus
purified was polymerized in benzene at 40�60 �C with azobisisobuty-
lonitrile as an initiator to obtain the polymacromonomer sample. The
weight-average molecular weightMw andMw/Mn were 1.32 � 106 and
1.14 respectively.13,23 Characteristics of the sample are summarized in
Table 1.

For rheo-optical measurements, pellets were prepared by being melt-
ed in a vacuum oven at 180 �C and then cooled down to the room
temperature.
Rheo-Optical Measurements. The apparatus for rheo-optical

measurement on oscillatory shear deformation was reported elsewhere.24

A structure of the rheometric and optical parts of the device is sketched

in Figure 1, parts a and b, respectively. As in the viscoelastic measure-
ments, a small amplitude oscillatory deformation, γ(t) = γ0 sin ωt
(with γ0 = 0.06) is applied on the sample sandwiched between two glass
plates.

Then, the birefringence of the sample is obtained as a sinusoidal
function of t:

ΔnZðtÞ ¼ 2γ0K0ðωÞ sin½ωt þ δBðωÞ�

¼ 2γ0K
0ðωÞ sin ωt þ 2γ0K

00ðωÞ cos ωt ð2Þ

The phase angle δB(ω) appearing in eq 2 may be different from the
viscoelastic phase angle, δ(ω). The coefficient of 2 is needed to convert
directly measuredΔnZ (=Δnxx�Δnyy) toΔnxy under small strain. (Δnij
represents the ij component of deviatoric part of the refractive index
tensor) A complex strain-optical coefficient can be defined as K* = K0 þ
iK00 with K0(ω) = K0(ω) cos δB(ω) and K00(ω) = K0(ω) sin δB(ω), as
similar to the expression of the complex modulus.

In the measurement of ΔnZ(t), the incident light of intensity I0 is
applied and the intensity of the light transmitted the system Iω(t), for a
givenω, is recorded against t on displacing the analyzer from the crossed
nicol by a small angleR. (The light path of themeasurements is shown in
thick dashed lines in Figure 1b.) Then, ΔnZ(t) is proportional to a ratio
between Iω and I0 as:

21,24

ΔnZðtÞ ¼ λwl
2πdR

ΔIωðtÞ
T0

1
tan θ

ð3Þ

Here, λwl is the wavelength in vacuum, d is the thickness of the sample,
and θ is the refraction angle, as indicated in Figure 1b.

The shear modulus, G*(ω), and K*(ω) were determined in the
temperature ranging from 120 to 190 �C. To check the consistency of
the data, G*(ω) was measured with a Rheometric ARES system with a
homemade parallel plate fixture having 4 mm diameter.

Instrument compliance is known to be an important issue in the
rheological measurements in the glassy zone. Following the method
reportedMcKenna et al., the compliance of the apparatuswas corrected.25,26

In their method, the apparatus is assumed to be connected in series with

Table 1. Characterization of Samples andOptical Parameters

sample

code MB/10
3 Mtotal/10

6 nB nM

CB/

10�9 Pa�1

CM/

10�9 Pa�1

PM65 6.77 1.32 65.1 195 �2.79 34.6

PM15a 1.65 1.23 15.9 745 �2.7 �9.5
a Examined in the previous study.

Figure 1. Schematic illustration of the viscometric parts (a) and the
optical parts of the parallel-plate fixture for birefringencemeasurements (b).
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the viscoelastic sample. Thus, the measured compliance is a sum of the
compliances of the sample and the apparatus.

Jmes� ¼ Js� þ Ja� ð4Þ
Here Jmes* is the measured compliance, Js* is the actual complex sample
compliance, and Ja* is the apparatus compliance. The apparatus com-
pliance can be estimated by using hard samples such as steel plates. The
true sample modulus, G* = 1/Js*, could be obtained with eq 5.

G� ¼ 1
Js� ¼ 1

Jmes� � Ja0
ð5Þ

This correction was also made for the rheo-optical apparatus. By
correcting the apparatus compliance, trueG* andK* could be obtained.27

’RESULTS AND DISCUSSION

Composite Curves for G*(ω) and K*(ω). Figure 2 shows the
composite curves for G* from the transition region to the flow
region. Here we used the method of reduced variables.28 Also
included is G* data determined by ARES. In the frequency range
(ωaT < 1 � 103 s �1), the obtained G* data are in accord with
ARES data.
As shown in Figure 2, G0 and G00 show a power law relation-

ship, G0 ∼ G00 �ω1/2, at high frequencies (ωaT > 1� 102 s �1).
Similar frequency dependence was observed for polymacromo-
nomers having different chemical structures in main and side
chains29 and also for cross-linked molecular brushes.30 At lower
frequencies than down-arrow (ωaT = 1 � 10� s �1), G0 and G00
show the terminal relaxation behavior, G0 � ω2 and G00 � ω1.
At middle frequencies a weak shoulder appears inG0 as indicated
by up-arrow (ωaT = 1 � 102 s �1). These two relaxations of G0
are also observed for the comb-like polymers.31 The two-step
relaxation of G0 strongly suggests that G* is composed of two
components, corresponding to the fast motion of the branch in
higher frequency region and the slowmotion of themain chain in
lower frequency region.
Since the molecular weight of branches (MB = 6670) is much

lower than the molecular weight of entanglement strand (Me ∼
18000) there is no entanglements between branches. On the
other hand, the molecular weight of trunk (MT = 2.0 � 104) is
comparable toMe. Considering that the effective concentration of
trunks is quite low (∼1/nB), we conclude that there is no

entanglements between any chains. The dynamics of bottle-brush
like polymacromonomers may be similar to combs having short
branches. The hierarchical relaxation of the comb architecture
implies that there will be distinct relaxationmodes at intermediate
and low frequencies corresponding to the branches and backbone,
respectively. In general, the intermediate frequency plateau is a
consequence of the branch relaxation, during which the backbone
is essentially frozen due to the presence of the branch points.
As suggested by Kirkwood et al., the short length of the branches
will allow us to make analogueies to the behavior of short
multiarm stars.32 Thus, in the flowing discussion, we compare
the PM to star chains. According to the Rouse theory or the
Rouse�Ham theory for star arms,33,34 the height of modulus of
the slowest mode of linear chains or the branch of star polymers is
related to the molecular weight. Lower dashed-dotted line in
Figure 2 represents

G0 ¼ FRT
Mtotal

ð6Þ

Here, F, R, and T are the density, gas constant, and temperature,
respectively. Mtotal represents the whole molecular weight of the
PM. This estimation agrees with the height of modulus in the
terminal flow region around ω ∼ 1 s�1. This means that
relaxation in the terminal flow region is governed by themolecular
motion of whole molecules. On the other hand, upper dashed-
dotted line in Figure 2 represents

G0 ¼ FRT
MB

ð7Þ

Here, MB represents the molecular weight of a single branch of
PM. This estimation is more than ten times larger than the experi-
mental value for the low frequency end of the branch relaxation
around ω∼ 100 s�1. This result clearly shows that the relaxation
does not reflect the motion of the single branch and strongly
suggest the cooperative motion of more than 10 branches.
Figure 3 shows the composite curves of G* and K* from the

transition region to the flow region. The sign of K* is negative in
high frequency region and positive in low frequency region
although all repeating units for both of main chain and branch
are styrene. Since relaxation of main chain segment is anticipated

Figure 2. Composite curves of the complex shear modulusG* for PM65
measured with shear flow birefringence apparatus. Lines represent theG*
data determined by ARES. The reference temperature is 140 �C.

Figure 3. Composite curves of G* and the complex strain-optical
coefficient in shear deformation K* for PM65. The reference tempera-
ture is 140 �C.
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to be observed at low frequencies, it would be a reasonable
assignment that the branch shows negative birefringence and the
main chain shows positive birefringence. The positive birefrin-
gence of the main chain could not be observed for PM having
shorter branches.20

The Origin of Positive Birefringence of Main Chain and
the Shape of Relaxed Branches. As described above, the
positive birefringence was observed in the flow region. However,
for the case of linear PS in melt, the birefringence originated by
the segment orientation is always negative because the anisotro-
py of polarizability of repeating units is negative.4 Since each
repeating unit of the PM has the long branches, the branches may
optically contribute to the main chain component. If there is no
interaction between neighboring branches, they would take the
sphere-shaped random coil conformation and the branches
would not show any optical anisotropy. In this context, the
branches do not contribute to the birefringence originated by the
orientation of main chain segment. However, PMs have highly
branched structure, the branches would be extended or stretched
in perpendicular direction to main chain axis and would have an
oval sphere shape (see Figure 4), in a similar way in dilute
solutions10 or the dense polymer brushes on a flat surface.35 This
shape has some large polarizability anisotropy along the main
chain, and therefore the main chain component shows positive
birefringence.
Modified Stress-Optical Rule (MSOR). For the case of PMs,

SOR does not hold well between the strain-induced birefrin-
gence and the stress in the rubbery zone. This is because both the
stress and the birefringence include two relaxation modes
corresponding to the motions of the main and the branch
components. For such a case, G* and K* are the sums of the
two components and can be written as follows.20

G� ¼ GM� þ GB� ð8Þ

K� ¼ KM� þ KB� ð9Þ
Here, the subscripts represent the main and the branch compo-
nents. MSOR assumes that SOR holds well for each component.
Equation 9 can be rewritten as follows.

K� ¼ CMGM� þ CBGB� ð10Þ
It is expected that SOR holds valid for each component

because the birefringence and the stress of both two components
are originated in orientation of the main chain segment and the
branch segment, respectively. According to the different signs
of the birefringence between the main chain component and
the branch component, the segments of the two components can
be also different in structure. Thus, the two components may

have the different stress-optical coefficients, CM and CB. The
coefficients could be determined experimentally from the ratio
of K0 toG0, K0/G0. Note that the proportional coefficient in SOR,
C, is independent of frequencies. Figure 5 shows frequency
dependence of K0/G0 and K00/G00. In this figure, both K0/G0
and K00/G00 show two limiting values at high frequencies and low
frequencies. The limiting value of K0/G0 and K00/G00 at high
frequencies would correspond to CB because the branch com-
ponent would be dominant in this region.
According to MSOR, the ratio can be estimated as follows.

K0

G0 ¼
KM

0 þ KB
0

GM
0 þ GB

0 ¼
CMGM

0 þ CBGB
0

GM
0 þ GB

0 ð11Þ

IfGM
0 ,GB

0 andCM∼CB at high frequencies, then eq 11 can be
written approximately

K0

G0 ∼
CBGB

0

GB
0 ¼ CB ð12Þ

Thus, the limiting value of K0/G0 and K00/G00 at high frequencies,
�2.79 � 10�9 Pa�1, corresponds to CB.
On the other hand, at lower frequencies than the inverse of

relaxation time, the asymptotic relationships, G0 = AGω
2 and

G00 = ηω, hold valid, and therefore eq 11 may be written as
follows.

K0

G0 ¼
CMAG,Mω2 þ CBAG, Bω2

AG,Mω2 þ AG, Bω2
¼ CMAG,M þ CBAG, B

AG,M þ AG, B
ð13Þ

K00

G00 ¼
CMηMωþ CBηBω

ηMωþ ηBω
¼ CMηM þ CBηB

ηM þ ηB
ð14Þ

Thus, K0/G0 and K00/G00 give a different average of CM and CB.
Naturally, AG,M. AG,B and therefore K0/G0 would be very close
to CM. Thus, from the limiting value of K0/G0, CM was estimated
3.46 � 10�8 Pa�1.
Solving the simultaneous equation of eqs 8 and 10 forGM* and

GB* at each temperature, the complex modulus G* could be
decomposed into two components. The obtained composite
curves for GM* and GB* are shown in Figure 6. Here the method
of reduced variable was used separately. At the low frequencies
(ωaT ≈ 2 � 100 s �1), the full relaxation behavior of the main
chain component is observed for the first time in this study.
GB

0 and GB
00 are similar to the Rouse model representing the

dynamics for the linear polymers without entanglements, sug-
gesting that the entanglement between branches can be ignored.
However, we should note that CB of the PM is about half of the
stress-optical coefficient for linear PS (CR =�4.8� 10�9 Pa�1).4

Figure 4. Schematic illustration of polymacromonomer.
Figure 5. Frequency dependence of the ratio of K0/G0 and K00/G0 0 for
PM65. The reference temperature is 140 �C.
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This result suggests that the branch segment causes the stress about
twice larger than the linear chains under the same deformation.
This is probably due to an elastic coupling originated by the
repulsive interaction between the neighboring branches. Therefore,
in order to describe GB*, the conventional bead�spring theory
should be modified by taking into account the coupling between
the branches. A comment may be needed for the Rouse-like be-
havior of the branches. One may wonder whether this Rouse-like
behavior is compatible with the cooperative motion of branches,
which may be much different from linear nonentangled polymer
motions.Wenote that the Rouse-like behavior does not depend on
details of molecular model. It would be observed commonly for
coupled oscillations. For example, the damped torsional oscillator
model provides the same frequency dependence. We believe that
the elastic coupling between the branches would be described with
some sort of coupled oscillations, which results in the Rouse-like
behavior.
A further comment may be needed for the limitation of the

simply additive laws of eqs 8 and 10. As described before, the
origin of positive birefringence of main chain can be attributed to
oval shape (stretched chain conformation) for the branch, which
strongly depends on the density of branch points. In this context,
it is obvious that CM depends on the branch chain length and the
density of branch points. For example, if the density of branch
points decreases, the conformation of branch approaches a
Gaussian, and the branch would not show any effective optical
anisotropy. In such a case, CM and CB would agree with each
other like scarcely branched chains, and the two equations of 8
and 10 becomes equivalence.

The limiting modulus of GM
0 at high frequencies may be

related to the viscoelastic segment size (molecular weight) of
main chain, MS

main.

MS
main ¼ FRT

GM
0 ð15Þ

The estimated value of MS
main was 7.39 � 105. The number of

repeating unit per main chain segment, MS
main/ MB, was

calculated as 109. This value is slightly smaller than the corre-
sponding value (133) for the Kuhn segment size in cyclohexane
solutions.13 This difference remains to be investigated. Detailed
study using different MB is in the planning stage.
Figure 7 shows temperature dependence of two shift factors,

aT,M and aT,B used for constructing the composite curves for
GM* and GB* shown in Figure 6. Since GB* reflects the elastic
coupling of braches due to the repulsive interaction, which may
depend on temperature, the two shift factors could be different.
However, a quite similar temperature dependence of aT,M and
aT,B was observed as far as we studied. The present result sug-
gests that the main chain and the branch component have the
almost same activation energy in their reorientation process. In
other words, our PM can be regarded as thermorheologically
simple in first approximation.We note that the present result is in
accord with the pioneer study by Tsukahara et al.15 and other
rheological studies on polymacromonomers.29,30

’CONCLUSION

By using the shear apparatus, for the first time ever, we con-
ducted the measurement of the dynamic birefringence on bot-
tlebrush like polymacromonomer in the full wide range of fre-
quencies covering from the rubbery transition region to the
terminal flow region. The sign of birefringence corresponding to
the main chain component was first reported to be positive,
contrasting to that the sign of the ordinary linear PS is negative in
these regions. The positive birefringence indicates that the shape
of the relaxed branch is oval sphere having a long axis at right
angles to the main chain backbone.

With using modified stress-optical rule (MSOR), G* of PMs
was decomposed into two components, the main chain and
the branch motions. G* of branch component cannot be de-
scribed with dynamics of single branch. We speculated that there
is the elastic interaction between the branches due to the high
density of the branches. Considering the same temperature
dependence of two shift factors, aT,M and aT,B, we concluded
that the main chain component and the branch component have
the very similar activation energy for orientation relaxation of
each component.
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