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’ INTRODUCTION

Polymer architecture has long been known to greatly affect the
rheological properties of polymer materials. Brush polymer is a
unique type of graft polymers possessing a very high density of
regularly spaced side chains along the backbone, and has become
a subject of active research in the field of molecular rheology
due to its interesting architecture.1�20 The grafting density and
the molecular weight of the branches affect the movement of
the backbone and the rheological responses of these complex
macromolecules.

The rheological responses of long chain branched polymers
with relatively low grafting density have been well examined.1�12

In general, such polymers relax in a sequence with the grafted
branches relaxing first, followed by the branching points, and the
backbone subsequently reptates in a dilated tube.1,3 Side chains
act as a solvent and decrease the rubbery modulus of the
backbone.3,12 For polymers with shorter side chains and extre-
mely high grafting density, similar to the long chain branched
polymers, two rubbery plateaus are found in the dynamic master
curves.14�20 One corresponds to the relaxation of the side chains.
A second, lower plateau with modulus value of approximately
1 kPa is usually regarded as the rubbery plateau of the whole
polymer.13,14,16,19 It is found that the modulus value of the lower
plateau decreases with increasing side chain length and the
entanglement molecular weights (Me) of these densely branched
brush polymers are extremely high.16 The very low rubbery
modulus is attributed to the interactions between the densely
packed side chains which causes the polymer backbones to be
stiffened as the persistence length of the brush chain increases
with increasing side chain density.13,15,16,21�23 A worm-like

conformation is expected for this kind of brush polymer.13,24,25

The stiffened chain conformation affects the inter chain interac-
tions and increases the distance between entanglements. Prior
studies were limited by the synthesis methods available to
polymers with high backbone degree of polymerization (DP)
but side chain length generally lower than 1/4 of the entanglement
molecular weight of the corresponding linear polymer.14,16,19There
are no prior systematic works investigating how the side chain
length and backbone DP affect the rheological responses of the
densely branched brush polymers. In the present investigation we
take advantage of a new type of densely grafted brush polymer with
narrow molecular weight distribution that is synthesized via ring-
opening metathesis polymerization (ROMP) of macromonomers
(MMs).26,27 The resulting brush polymers possess low polydisper-
sities (PDIs) in both backbones and side chains, and very high
molecular weights (up to 6000 kDa). The MM synthetic approach
ensures that each repeat unit in the backbone is grafted with a side
chain, leading to very large branch to backbone ratios and a dense
distribution of branching points.23,24,26�28 We have synthesized
polynorbornene-g-polylactide brush polymers with polylactide side
chain length of 1/5, 1/2, and 1 entanglement distance of the
corresponding linear polymer and the backbone degree of poly-
merization (DP) of 200, 400, and 800. In the following section, we
first present our experimentalmethods and then show the results of
dilute solution characterization of these densely branched brush
polymers. This is followed by a presentation of the dynamicmoduli
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ABSTRACT:We have examined the linear rheological responses of a series of well-
defined, dense, regularly branched brush polymers. These narrow molecular weight
distribution brush polymers had polynorobornene backbones with degrees of
polymerization (DP) of 200, 400, and 800 and polylactide side chains with molecular
weight of 1.4 kDa, 4.4 kDa, and 8.7 kDa. The master curves for these brush polymers
were obtained by time temperature superposition (TTS) of the dynamic moduli over
the range from the glassy region to the terminal flow region. Similar to other long
chain branched polymers, these densely branched brush polymers show a sequence
of relaxation. Subsequent to the glassy relaxation, two different relaxation processes
can be observed for samples with the highmolecular weight (4.4 and 8.7 kDa) side chains, corresponding to the relaxation of the side
chains and the brush polymer backbone. Influenced by the large volume fraction of high molecular weight side chains, these brush
polymers are unentangled. The lowest plateau observed in the dynamic response is not the rubbery entanglement plateau but is
instead associated with the steady state recoverable compliance. Side chain properties affect the rheological responses of these
densely branched brush polymers and determine their glassy behaviors.
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of the materials and the temperature dependence of the dynamics.
We then discuss the sequential relaxation of these densely branched
brush polymers covering the three ranges from the glassy relaxation
through the Rouse-like relaxation regime of the side chains through
the terminal regime which also shows the hallmark of unentangled
Rouse-like behavior in spite of the high backbone DP of 800.
Similar to what was originally shown by Plazek,29,30 the steady state
recoverable compliance contributes to the long time dynamics of
these unentangled or barely entangled materials.

’EXPERIMENT

Polymer Synthesis. The polynorbornene-g-poly-(D,L)-lactide
brush polymers used in this study were synthesized by previously
described ring-opening metathesis polymerization (ROMP) of norbor-
nenyl macromonomers (MMs) (Figure 1).26 The molecular weights of
the MMs and the brush polymers were controlled by the ratio of the
monomer (or MM) to the initiator (see Table 1).
Gel Permeation Chromatography (GPC).GPCwas carried out

in THF on two PLgel 10 μm mixed-B LS columns (Polymer
Laboratories) connected in series with a DAWN EOS multiangle laser
light scattering (MALLS) detector, an Optilab DSP differential refract-
ometer, and a ViscoStar viscometer (all from Wyatt Technology). No
calibration standards were used, and dn/dc values of 0.050 for PLA brush
polymers were obtained by assuming 100% mass elution from the
columns.
Rheological Measurements. These were carried out using an

MCR-501 rheometer (Anton Paar Inc.) with 8 mm parallel plate and
approximately 1 mm gap under nitrogen flow over a temperature range
from 50 to 140 �C. The measured frequency range is 0.01�100 Hz.

The machine compliance was corrected by setting both the cell
compliance and geometry compliance in the instrument software to
zero and the raw data were corrected using the measured machine
compliance value following Hutcheson and McKenna’s method.32 The
dynamic responses at different temperature were shifted and the master
curve of G0(RTω) and G00(RTω) vs RTω was constructed at a reference
temperature of 80 �C. When constructing the master curves, the same
shift factorswere applied to each group of sampleswith the same side chain
molecular weights. To determine the shift factors for each group of
samples, the shift factors for the 400DP polymers were chosen as the
reference and modified a little to find the best fit values for the other two
samples. For samples with longer side chains, some empirical vertical
shifting was applied to shift the dynamic curves at different temperatures
together. Creep experiments were performed at 80 �C in the 8mmparallel
plate geometry. The experiments were carried out until steady state was
achieved and the viscosity was determined. The steady state recoverable
compliance was determined by subtracting time divided by viscosity from
the creep compliance.33

’DATA ANALYSIS

Fragility and Glass Transition Temperature. The shift
factors with reference temperature at 80 �C were fitted with
the WLF equation.34

logðaTÞ ¼ �c1ðT � Tref Þ
c2 þ T � Tref

ð1Þ

The C1 and C2 at this reference temperature (Tref) were
estimated from the curve fitting. According to the principle of
time (frequency)-temperature superposition, the temperature
dependence of theG0(ω) andG00(ω) (G0(ω) andG00(ω) vsT) at
the frequency of ω = 0.0628 rad/s was converted from the
dynamic master curve (G0(ω) and G00(ω) vs ω) with the WLF
equation and used to determine the glass transition temperature
(Tg). Tg was estimated from the peak of the tan(δ) curve in the
so-constructed dynamic modulus thermal spectrum. We fit the
shift factors with the WLF equation at the reference temperature
set to Tg to estimate the C1

g and C2
g. The fragility (m)35�37 and

apparent activation energy (Eg) of the brush samples were
estimated with equations,38,39

m ¼ cg1Tg

cg2
ð2Þ

Eg ¼ ln 10 R
cg1
cg2
Tg

2 ð3Þ

The change of C1
g, C2

g, T∞, fragility (m), apparent activation
energy (Eg), and glass transition temperature (Tg) of the brush
polymers are discussed subsequently.
Retardation Spectrum. According to Plazek,29,30 the retarda-

tion spectrum (L(τ)) is a very useful tool to examine the
relaxation behavior of polymer chains. The retardation spectrum
can be calculated from the dynamic results or creep data. To
calculate the retardation spectrum (L(τ)) from the dynamic data,
the relaxation spectrum (H(τ)) was first estimated from the
storage modulus (G0) with the equation,33 for m < 1,

HðτÞ ¼ AG0 d log G0� �
=d log ωj1=ω¼ τÞ
�

ð4Þ

A ¼ sinðmπ=2Þ
mπ=2

ð5Þ

Figure 1. Scheme of the synthesis of polynorbornene-g- polylactide
brush polymers and schematic of the resulting brush polymer.

Table 1. Sample Molecular Weight and Characterization
Data

sample number Mbr
a (kDa) DPb Mw

c (kDa) PDI d jbr
e

P(PLA1.4)-200 1.4 200 350 1.01 0.893

P(PLA1.4)-400 400 680 1.02 0.898

P(PLA1.4)-800 800 1510 1.04 0.900

P(PLA4.4)-200 4.4 200 840 1.02 0.951

P(PLA4.4)-400 400 2240 1.02 0.956

P(PLA4.4)-800 800 4880 1.03 0.958

P(PLA8.7)-200 8.7 200 1600 1.02 0.970

P(PLA8.7)-400 400 3660 1.08 0.975

P(PLA8.7)-800 800 6050 1.07 0.977
aMbr is the molecular weight of the side chains.

bDP is the degree of
polymerization of the backbone. c Mw is the molecular weight of the
brush polymer determined by GPC�MALLS in THF. d Polydispersity
index (PDI) of the brush polymer. ejbr is the volume fraction of the side
chain estimated by the group contribution method.31
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for 1 < m<2,

HðτÞ ¼ A0G0ð2� d log G0Þ=dðlog ωÞj1=ω¼ τ

�
ð6Þ

A ¼ sinðmπ=2Þ
πð1�m=2Þ ð7Þ

Then L(τ) was calculated from the H(τ) with

LðτÞ ¼ HðτÞ
½G0ð1=τÞ � G}ð1=τÞ þ 1:37HðτÞ�2 þ π2H2ðτÞ

ð8Þ
The retardation spectrum (L(τ)) can be directly estimated from
the creep data with equation,33

LðτÞ ¼ Mð�mÞ JðtÞ � t
η0

� �
d log JðtÞ � t

η0

� �� �
=dðlogðtÞjt¼ τÞ

ð9Þ
In the present work, because we did not directly obtain the glassy
response in creep experiments, the retardation spectrum (L(τ))
curves were constructed by a combination of the dynamic
data using eqs 4�8 and the creep response at 80 �C less t/ηο
using eq 9.

’RESULTS AND DISCUSSION

Intrinsic Viscosity. The intrinsic viscosity ([η]) and mole-
cular weight for these brush polymers with different side chain
and backbone lengths were measured using GPC coupled with a
light scattering detector and a viscometer. As shown in Figure 2,
for the three groups of brush samples with fixed side chain
molecular weight but increasing DP, the slope of log([η]) vs
log(Mw) decreases from 0.67 to 0.55 as the side chain molecular
weight increases. Tsukahara15 examined the intrinsic viscosity
change for a series of poly(MM)s with different length polystyr-
ene (PS) side chains. On the double logarithmic plot of intrinsic
viscosity with the total polymer molecular weight, the intrinsic

viscosity was found to be unchanged until a critical molecular
weight value was reached. Then the intrinsic viscosity was found
to increase sharply and scale with the same Mark�Houwink
parameter as that for PS in the same conditions. The critical
molecular weight for the occurrence of this sudden viscosity
change increased with side chain molecular weight.15 In the
present study, the slopes of log([η]) vs log(Mw) are near and
slightly lower than what is expected for PLA in good solvent,40,41

and the values decrease weakly with increasing side chain
molecular weight. Though the data are limited, it appears likely
that these polymers are above the region of their critical
molecular weight.
The chain conformation of the densely grafted brush polymers

can be estimated from their intrinsic viscosity data. The model
proposed by Yamakawa42�44 for the [η] and molecular weight of
the bottle brush polymers was applied to analyze our data,

M2

½η�0

 !1=3

¼ Φ0,∞
�1=3A0ML þ Φ0,∞

�1=3B0
λ�1

ML

 !�1=2

M1=2

ð10Þ
M is the chain molecular weight; [η]0 is the intrinsic viscosity for
unperturbed conditions; Φ0,∞

�1/3 is a constant; A0 and B0 are
functions of the reduced hydrodynamic diameter; ML is equal to
M divided by the contour length (L) and λ�1 is the Kuhn length.
For chains in good solvent, the expansion of the molecular
dimension due to the excluded volume effect should be con-
sidered. The viscosity expansion factor is defined as aη

3 =
[η]/[η]0 = (1 + 3.8z + 1.9z2)0.3, where z is the excluded volume
parameter. As there is little knowledge about the values of the
relevant parameters for the brush polymers used in the present
study, we simply plotted the good solvent data of (M2/[η])1/3 vs
M1/2 and from this plot estimated the change ofML and λ

�1 from
the slope and the intercept (Figure 3).
In Figure 3, the three lines are nearly linear indicating that the

influence of the viscosity expansion parameter is not very strong.
The intercept (Φ0,∞

�1/3A0ML) values are 3.5 � 10�4, 7.1 �
10�4, and 11.3 � 10�4. Since in the equation Φ0,∞

�1/3 and A0

are a constant, this indicates that ML increases with increasing

Figure 2. Intrinsic viscosity versus molecular weight for brush polymers
with fixed side chain molecular weight but increasing DP (in THF at
room temperature ≈ 25 �C).

Figure 3. Plot of (M2/[η])1/3 vs M1/2 for the three groups of brush
samples of different side chain length (in THF at room temperature
≈ 25 �C).



6938 dx.doi.org/10.1021/ma2009673 |Macromolecules 2011, 44, 6935–6943

Macromolecules ARTICLE

side chain molecular weight (Mw,side = 1.4, 4.4, and 8.7 kDa). As
the molecular weight of the brush polymer is determined by the
side chain molecular weight multiplied by the degree of polym-
erization (DP) of the macromonomers (Mw ≈ Mw,side � DP),
the contour length (L = M/ML = Mw,side/ML � DP) should be
a constant value for brush polymers having the same DP. The
slope values (Φ0,∞

�1/3B0((λ
�1)/(ML))

�1/2) determined from
Figure 3 for the three groups of samples are nearly constant,
which implies that the Kuhn length (λ�1) only increases with the
side chain molecular weight and has a fixed value for brush
polymers with the same side chain. If we assume the Kuhn length
for the 1.4k side chain samples to be kb, then the Kuhn length for
the 4.4k and 8.7k side chain samples are 2.0kb and 3.2kb,
respectively. The results are similar to what has been well
discussed in other work15,16,21,22,45�47 for brush polymers with
densely grafted branches and fixed side chain length. Due to the
strong steric interactions between the side chains, the backbone
becomes rigid and the Kuhn length of the branched polymer
increases.
Dynamic Responses of the Brush Polymers. Figures 4a

through 4c present dynamic master curves at 80 �C for the brush
polymers having different DPs and side chain molecular weights
over the full range from the glassy plateau to the terminal flow
region. The master curves are presented as families of fixed
backbone DP and varying side chain length. Within a given series
of fixed backbone DP the curves are vertically shifted to separate
the data for each different side chain length. The figures show
clearly that from the glassy state to the terminal flow region,
several different relaxation behaviors appear in sequence. In the
following sections, we plot the dynamicmaster curves in different
ways and compare the influence of side chain length and back-
bone DP to the sequential relaxation behaviors of these densely
branched brush polymers.
In the terminal zone, most of the densely branched brush

samples seem to behave in a Rouse-like manner. There is little
evidence of entanglement. For linear polymer materials increas-
ing the backbone length leads to a longer relaxation time and the
terminal flow region will move to a lower frequency.33 On the
other hand, in Figure 4, if compare the brush samples with the
same backbone DP, the terminal relaxation time not only
depends on the DP of the polymer, but also increases with
increasing side chain molecular weight. Similar phenomena have
been observed for other brush or comb polymers with fixed back-
bone length and the influence of the side chains on the relaxation
of the backbone was invoked to explain this phenomenon.5

For the samples with 4.4k and 8.7 kDa side chains, two rubbery
plateau regions can be observed in the dynamic master curve.
Upon increasing side chain molecular weight, the first plateau
from the glassy modulus region at intermediate frequencies
becomes more obvious, while the second plateau gradually
develops as the DP increases. The two plateau region phenom-
enon is referred to as a double relaxation mechanism which
is typical for brush, comb, or star polymers with long side
chains.1�12

To clarify the attribution of the two plateaus in the dynamic
spectrum for the brush polymers with different side chain
molecular weight, the dynamic master curves were plotted
following the van Gurp�Palmen method48 by plotting the phase
angle (δo) vs the logarithm of the complex modulus |G*|. The
van Gurp�Palmen plot is sensitive to the molecular weight and
molecular architectures of thematerials and provides an excellent
tool to estimate the value of the plateau modulus.49 The van

Gurp�Palmen plots for the DP dependence and the side chain
molecular weight dependence of several brush samples are
shown in Figure 5, parts a and b. Similar to the two plateau
phenomenon discussed in relation to the dynamic curves, there
are two minima in the phase angle (δ) vs log|G*| plot for most of
the brush samples. As shown in Figure 5a, for the first minimum

Figure 4. Comparison of the dynamic responses of the investigated
brush polymers with fixedDP (200, 400, and 800) (vertical shift ofC = 0,
1, and 2 used to separate the respective the curves).
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in the phase angle (δ) at higher modulus, the |G*| values and
phase angle (δ) values are almost independence of the DP with
fixed side chain molecular weight. While in Figure 5b, for fixed
backbone DP and increasing side chain molecular weight, the
|G*| values at the first minimum are almost fixed but the δ value
decreases. In van Gurp�Palmen plots for linear polymers, as the
molecular weight increases, the δ value will decrease and the |G*|
values do not change.49 Hence, parts a and b of Figure 5 suggest
that the first minimum in the van Gurp�Palmen plot, which
corresponds to the first plateau in the dynamic master curve,
should be related with the relaxation of the side chains. The
plateau modulus of the polylactide is reported to be approxi-
mately 5 � 105 Pa and the entanglement molecular weight is
approximately 8.7 kDa.50 In parts a and b of Figure 5, the
corresponding |G*|values for the first plateau is approximately
6.3 � 105 Pa, which is near to the plateau modulus value for the
polylactide.
The second minimum in the van Gurp�Palmen plot gives a

modulus value of approximately 2 to 5 kPa. For brush polymers
with the same side chain molecular weight as shown in Figure 5a,
the δ value at the secondminimum decreases with increasingDP.
While for the polymers with the same DP but different side chain
molecular weight (Figure 5b), the δ value increases with increasing
side chain molecular weight. As discussed before, the side chains
stiffen the backbone and increase the Kuhn length. We expect that
the effect of the side chain on the conformation of the backbone
also occurs in the melt16 and these brush polymers of the sameDP

are unlikely to entangle as the side chain molecular weight
increases. The second plateau should, thus, reflect the molecular
weight and conformation change of the backbone and it should,
consequently, correspond to the relaxation of the whole brush
polymer. This lower plateau modulus phenomenon is similar to
what has been reported for other poly(macromonomer)
brushes16,19 with longer backbone but shorter side chain than
our samples.
Sequential Relaxation. It is expected that branched polymers

should relax sequentially. The chain segments should relax first,
followed by the side chains, and the whole polymer should be the
last to move.1,3,11 Rheooptical study of a similar densely
branched polymer shows relaxation that follows the same
sequence as regular branched polymers.51 To examine the
sequential relaxation behaviors of the brush polymers, we plot
the storage modulus (G0) master curves of brush polymers
having the same side chains shifted horizontally to match in
the segmental regime. The slight horizontal shifting was applied
to compensate for the modest differences in glass transition
temperatures among the samples. As shown in Figure 6, the
master curves can be divided into three regimes: the segmental
regime, the arm regime, and the terminal regime. For the brush
polymers with the same side chains, when their glass transition
regions are shifted together, the arm regimes overlap with each
other very well. The length of the arm regime increases with
increasing side chain length. In the terminal region, the curves
start to deviate from each other moving to lower frequency as the
DP of the backbone increases.
Temperature Dependence of the Dynamic Responses.

Figure 7 depicts the temperature shift factors for the three groups
of brush polymers with the reference temperature Tref = 80 �C.
We fit the shift factors with the WLF equation34 to obtain the
fitting parameters C1 and C2 at the reference temperature of
80 �C.
Following the analysis method discussed before, the values for

C1
g, C2

g, fragility index (m), apparent activation energy (Eg), and
glass transition temperature (Tg) of the brush polymers are
estimated and listed in Table 2.
For these brush polymers, the fragility values increase with

increasing side chainmolecular weight, whichmeans the polymer
molecules become less flexible as the side chain length increases.38

As discussed in the section on intrinsic viscosity, the strong

Figure 5. van Gurp�Palmen plot for brush polymers with (a) fixed side
chain molecular weight and (b) fixed backbone DP.

Figure 6. Sequential relaxation of the brush polymers (vertical shift of
C = 0, 1, and 2 used to separate the respective the curves).
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interactions among the side chains stiffen the backbone and
increase theKuhn length.15,16Here in bulk,we see similar influence
of the side chain to the conformation of the polymers. Unlike the
work done by others on poly(macromonomers)16 or comb
polymers,52 the glass transition temperatures (Tg) of our samples
are not greatly affected by the side chain length. The glass transition
temperature (Tg) and fragility (m) for polylactide are reported to
be 323K and 69.6, respectively.53TheTg values estimated for these
brush polymers are close and within the glass transition tempera-
ture range expected for linear polylactide,41 which seems to
confirm that the side chain properties determine the glass transi-
tion behaviors of these poly(macromonomers).16 However, it is
worth remarking that there is a large difference in the fragility index
m between the brushes and linear polylactide material, which
remains an area for further investigation.
Segmental Regime. The segmental regime covers the glassy

and glass transition region of the brush polymers. The glass
transition behaviors of these brush polymers have been discussed
in the previous section. If one compares the curves in Figure 6

and Figure 8, the side chain length and backbone DP have only
minor effects on the glassy moduli (Gg). The glassy modulus
value of the brush polymer is around 109 Pa which is much higher
than that of polynorbornene and is closer to that of linear
polylactide.41

Arm Regime. Figure 8 shows an expanded plot of the arm
regime for the brush polymers with shifting the polymers with
the same DP together. By shifting the samples with the same
backbone DP together, the influence of arm length on the
relaxation behavior of the brush polymer can be readily demon-
strated. For each group of samples with the same backbone DP, a
clear plateau is seen for samples with the 4.4 kDa and 8.7 kDa side
chain. The plateau values are 6.3 � 105 and 6.2 � 105 Pa, which
are independent of the arm length and backbone DP. This
regime is missing or difficult to detect in the samples with the
1.4 kDa side chain molecular weight.
As shown in Figure 8, the plateau found in the relaxation

behaviors of the arm regime are affected by both the faster
segmental relaxation and the slower terminal relaxation pro-
cesses. Rather than using the dynamic data of Figure 8, a better
resolution of the arm relaxation can be achieved using the
retardation spectra (L(τ)) of the different brush polymers and
these were calculated. The retardation spectra of the brush
polymers with the same 200 backbone DP but different side
chain molecular weight are plotted in Figure 9. Horizontal
shifting was applied to overlap the glassy regions and eliminate
the effects of the differences between the glass transition
temperatures. According to Plazek,29,30,33 in the retardation
spectra of entangled polymers, there are usually two peaks with
similar heights. The length between the two peak points corre-
sponds to the length of the rubbery plateau.
In Figure 9, only one peak is found in all of the retardation

spectra. With the increase of the side chain molecular weight, a
shoulder plateau region can be seen and this increases in length
with increasing side chain molecular weight. If one integrates the
retardation spectrum over the relaxation time (τ), the shoulder
region in the spectrum corresponds to the side chain relaxation as
seen in the relevant dynamic curves. The length of the shoulder
region can be estimated as the distance between the glass
transition region and the transition region from arm relaxation
to the terminal relaxation. If the side chains are entangled, then

Figure 7. Temperature shift factors for brush polymers with different
side chain molecular weight (1.4k, 4.4k, and 8.7k Da) at the reference
temperature of 80 �C.

Table 2. WLF Fitting Parameters, Fragility, Apparent Acti-
vation Energy, and Glass Transition Temperature Deter-
mined from the Dynamic Modulus Data for the Brush
Polymers

C1
g a C2

g a(K) mb Eg
c (kJ/mol) Tg

d (K)

P(PLA1.4)-200 11.22 41.58 88.6 556.4 328.2

P(PLA1.4)-400 88.5 556.1 328.1

P(PLA1.4)-800 88.7 557.8 328.6

P(PLA4.4)-200 11.5 36.06 103.7 645.7 325.2

P(PLA4.4)-400 103.8 646.8 325.5

P(PLA4.4)-800 104.0 649.6 326.2

P(PLA8.7)-200 12.05 34.92 112.5 702.5 326.1

P(PLA8.7)-400 112.4 701.2 325.8

P(PLA8.7)-800 112.7 705.1 326.7
a C1

g and C1
g are the WLF fit parameters for the brush samples with

reference temperature at the glass transition temperature. b m is esti-
mated with eq 2. c Eg is estimated with eq 3. d Tg is the mechanical glass
transition temperature at 100 s relaxation time.

Figure 8. Expanded plot of the arm regime and segmental regime for
the brush polymers with fixed DP (vertical shift ofC = 0, 1, and 2 used to
separate the respective DP curves).
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the length of the shoulder plateau should increase with the 3.4
power of molecular weight.29 However in Figure 9, the relaxation
time only scales approximately as the 2.3 power of the side chain
molecular weight, which is consistent with the side chains being
unentangled, Rouse-like chains. The unentangled nature and
Rouse-like behaviors of side chains are similar to the treatment of
the side chains in some current model predictions.1,12,54,55

Terminal Regime. Figure 10 presents an expanded plot of the
terminal regime and shows the relaxation behavior of the back-
bone. In the plot, a not very obvious plateau in the storage
modulus curve can be found for each sample. This plateau
corresponds to the second plateau found in the van Gurp�Palmen
plot discussed previously. The modulus values for this plateau
can be accurately estimated from the van Gurp�Palmen plot
(Table 3). For a polymer network, the shear modulus can be
expressed as56

G ¼ υkT ¼ FRT
MS

ð11Þ

υ is the number of network strands per unit volume which is the
inverse of the molecular weight of the structure (Ms) included in

the relaxation process. In the terminal regime, the whole polymer
molecule relaxes. Thus the modulus value should decrease
following the same ratio of the increasing DP. As shown in
Table 3, the plateau modulus values decrease with increasing DP.
If we take the modulus value of the 800DP samples as the
reference and mark it as G0

1.4, G0
4.4, and G0

8.7, respectively for
different side chains. Then it can be found that, the storage
modulus values decrease nearly linearly with increasing DP.
The plateau shown in Figure 10 looks like a rubbery plateau for

the brush polymers. However, for an entangled polymermaterial,
the rubbery plateau modulus should be a constant value and
independent of the DP.33 To further examine this, the steady
state recoverable compliance (Js) values for the brush polymers
were estimated from the creep experiment data with the equa-
tion, J(t) = JR(t) + t/η. The J(t) is the shear creep compliance and
η is the steady shear viscosity. JR(t) is the recoverable compli-
ance. According to Plazek,29,30 for not well entangled polymers,
the plateau or shoulder observed in the dynamic modulus data is
not the rubbery plateau. It simply reflects the molecular orienta-
tion and is not the entropy due to the deformation of a chain
entanglement network. The storage modulus value that appears
to be a rubbery response in unentangled or lightly entangled
linear polymers is indeed the inverse value of the steady state
recoverable compliance (Js). TheGb

0Js is expected to equal 1, and
log(Gb

0) is equal to the negative log(Js). The value of Gb
0 on this

lower plateau is readily estimated from the van Gurp�Palmen
plot. If it is the rubbery plateau, theoretically it should be twice
the reciprocal of the steady state recoverable compliance (GN

0 =
2/Js).

33 Thus if the plateau associated with the backbone (G0
b) is

not the rubbery plateau, then we expect log(Js) =�log(G0
b). The

log values of plateau modulus (G0
b) in the terminal regime

estimated from the van Gurp�Palmen plot and steady state
recoverable compliance (Js) obtained from the creep experi-
ments are listed in Table 3.
As shown in Table 3, the value of G0

bJs is generally near to
Plazek’s prediction of 1 for unentangled polymer chains. Thus,
following Plazek,29,30 the backbone plateaus found in the dynamic
curves reflect the chain orientation for these stiffened polymers and
the plateaus observed are not due to entanglements.
From the above discussion, we did not observe any sign of

entanglement in both the arm regime and the terminal regime.
Then for these brush polymers of very high molecular weight, are
they all Rouse chains? Figure 11 shows the change of the steady

Figure 10. Expanded plot of the terminal regime for the relaxation of
the brush polymer with fixed side chains (vertical shift of C = 0, 1, and 2
used to separate the curves).

Table 3. Estimated Backbone Plateau Modulus (G0
b) and

Steady State Recoverable Compliance (Js) for the Brush
Polymers at 80 �C

log(G0
b)

a log(Js)
b G0

bJs G0
b ratio

c

P(PLA1.4)-200 4.64 �4.55 1.2 3.3G0
1.4

P(PLA1.4)-400 4.38 �4.26 1.3 1.8G0
1.4

P(PLA1.4)-800 4.12 �3.96 1.4 1.0G0
1.4

P(PLA4.4)-200 4.11 �4.08 1.1 5.2G0
4.4

P(PLA4.4)-400 3.72 �3.62 1.3 2.1G0
4.4

P(PLA4.4)-800 3.39 �3.24 1.4 1.0G0
4.4

P(PLA8.7)-200 3.96 �3.94 1.0 4.6G0
8.7

P(PLA8.7)-400 3.62 �3.24 2.4 2.1G0
8.7

P(PLA8.7)-800 3.30 �3.07 1.7 1.0G0
8.7

aThe plateau modulus in the terminal regime estimated using the van
Gurp�Palmen plot. b Steady state recoverable compliance estimated
from the creep data. cThe ratio of the plateaumodulus with different DP.Figure 9. Double logarithmic representation of the retardation spectra

(L(τ)) for brush polymers with fixed 200 DP backbone and different
side chain molecular weights.
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state recoverable compliance with DP on a double logarithmic
scale. It is assumed that side chains can act as a solvent to dilute
the polymer backbone.3,12 While for linear polymers, solvent
dilution effect will increase the Js values.

57 From Figure 11, we see
that for the brush polymers with the same backbone DP, the Js
values increase with side chain length. This shows the increasing
dilution effect with side chain length. For the brushes with the
same side chain molecular weight but different DP, the steady
state recoverable compliance (Js) increases with DP, and the Js
value is expected to approach a plateau at higher DP. This seems
to be the case for the 1.7 kDa and 8.7 kDa side chain brushes, but
is less clear for the 4.4 kDa samples. Such a trend is similar to
what is expected for linear chains58 and is consistent with these
brushes being in the transition zone from the Rouse like chain to
the fully entangled melt.
There are slight differences between the glass transition

temperatures (Tg) of these brush polymers. The zero shear
viscosities (η0) at the same experimental temperature therefore
do not correctly reflect the viscosity dependence on molecular
weight. We use theWLF equation to correct the viscosity value to
the same temperature distance from their corresponding glass
transition temperatures. To further clarify the entanglement
conditions for the brushes in the melt, the zero shear viscosities

(η0) at Tg+30 �C for the three series of samples were plotted
against their weight average molecular weights (Mw) and this is
shown in Figure 12. The viscosity data can be described with a
line with a slope of approximately 1.7, which also indicates that
these brush samples are in the transition zone from the un-
entangled near linear dependence on Mw toward but not reach-
ing entangled behavior.33

’SUMMARY AND CONCLUSIONS

In this work, three series of densely branched polymers with
uniform side chain length and uniform branching point distribu-
tion were synthesized via the polymerization of macromonomers
using ROMP. Compared with other brush densely grafted
polymers, these novel brush polymers have lower polydispersity
and a complete grafting of side chains on every backbone repeat
unit. The backbone DP of these special brush polymers is in the
intermediate range, but the side chains are longer than what had
been examined in others’ work. Dilute solution characterization
shows that the strong intermolecular forces between the side
chains cause the Kuhn length of the polymer backbone to increase
as the side chains get longer. The densely branched brush polymers
with the same backbone DP have the same contour lengths.

A sequential relaxation framework was applied to analyze the
relaxation behaviors of these brush polymers. The dynamic
modulus master curves of these dense brush polymers were
divided into three regions, the segmental regime, arm regime and
the terminal regime. Two plateaus were found in the dynamic
master curves for the brush polymer with 4.4 kDa and 8.7 kDa
side chain. One is in the arm regime and corresponds to the
relaxation of the side chain. The other one is in the terminal
regime and is related to the movement of the backbone. This
double relaxation process phenomenon with one plateau being
much lower than the other one is similar to what had been found
in other brush polymers with similar structures.

Side chain properties affect the relaxation behavior of the
whole brush polymer. For brush polymers with the same side
chains but different backbone DP, their arm and segmental
regimes are almost identical. The glassy modulus and glass
transition temperature are near to the values for the polylactide
side chains. The molecular weights of the brush polymers are
huge and the side chains are long, however neither the side chains
nor the whole polymer show evidence of entanglement. The
Rouse-like behaviors of the side chain in the arm regime are
confirmed by analyzing the retardation spectra.

A very lowmodulus plateau can be found in the terminal zone.
Both the backbone DP and the arm length can affect the plateau
value. Further analysis shows that the plateau is related to the
relaxation of the backbone and is not the entanglement or
rubbery plateau. It is the inverse value of the steady state
recoverable compliance and only reflects the molecular orienta-
tion of these Rouse-like chains. The unentangled nature of these
brush polymers was further confirmed by the zero shear viscosity
in the melt state. The slope of the zero shear viscosity vs weight
average molecular weight is much smaller than 3.4, being 1.7, i.e.,
although having very large molar masses these brush polymer
chains remain unentangled.
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Figure 11. Double logarithmic representation of steady state recoverable
compliance (Js) vs DP for the three groups of brush polymers studied.

Figure 12. Double logarithmic representation of zero shear viscosity
(η0) atTg + 30 �Cvs weight averagemolecular weight (Mw) for the three
groups of brush polymer samples with different side chain lengths.
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