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ABSTRACT: An investigation was carried out on the effect of molecular architecture on the dynamics of
multigraft (MG) copolymers of polyisoprene (P1) and polystyrene (PS). MG copolymers with regularly
spaced multiple grafts with trifunctional (combs), tetrafunctional (centipedes), and hexafunctional
(barbwires) branch points were synthesized by anionic polymerization and studied by dielectric relaxation
spectroscopy (DRS) and dynamic mechanical spectroscopy (DMS). The PI precursors were characterized
by the presence of segmental and normal mode processes. The temperature dependence of the dielectric
relaxation time for the segmental (zs) and normal mode (zn) process was of the VVogel—Fulcher—Tammann
(VFT) type. In the entangled regime 7y scales with M4°. The major findings for the MG copolymers are
as follows: (1) all MG copolymers are characterized by the presence of segmental and normal mode
relaxation; (2) zs is independent of molecular weight and architecture; (3) 7n is slower in a MG copolymer
than in its PI precursor; (4) =n in @ MG copolymer of a given architecture is not a function of the overall
molecular weight or the number of branch points; (5) the difference between the normal mode relaxation
time for a MG copolymer, tneips), @and its Pl precursor, Ty, defined as Aty = tneies) — e, depends
strongly on the molecular weight of the PS graft (Mps). An explanation was offered for the reasons
underlying the observed slowdown of the normal mode relaxation in MG copolymers vis-a-vis their Pl

precursors.

Introduction

Strong experimental, theoretical, and computational
efforts are currently underway aimed at understanding
how molecular architecture affects dynamics in an array
of complex systems based on synthetic and/or biological
macromolecules.® The work reported herein addresses
this issue for a series of multigraft (MG) copolymers
with polyisoprene (PI) backbone and polystyrene (PS)
grafts. The MG copolymers studied have regularly
spaced multifunctional branch points and are synthe-
sized in the form of combs, centipedes, and barbwires.
A schematic representation of the three architectures
investigated is shown in Figure 1. Although three
branch points are depicted for the specimens in Figure
1, in practice the number of branch points may be
varied.

In this work, dynamics were studied by dielectric
relaxation spectroscopy (DRS) and dynamic mechanical
spectroscopy (DMS). The presence of the PI block brings
an added dimension to the study of dynamics by DRS;
PI exhibits, in addition to the transverse dipole moment
component (u”) that gives rise to the segmental (o)
process, a persistent cumulative dipole moment along
the chain contour (4").272° This part of the dipole
moment can be relaxed via the normal mode process
(an). The term “normal mode” has found a widespread
use in the polymer dynamics community to describe the
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Figure 1. Molecular architecture of the regularly spaced
multigraft (MG) poly(isoprene-graft-styrene) copolymers in-
vestigated: (a) combs, (b) centipedes, (c) barbwires. Dashed
lines, PI backbone; solid lines, PS grafts.

dielectric relaxation due to the global motion of type A
chains and is used here in that context. We acknowledge
that Watanabe has strongly advocated the use of a
fundamentally more correct term “eigenmode” in lieu
of “normal mode” for the relaxation of mathematically
well-defined modes.3
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Table 1. Molecular Characteristics of Pl Precursors and MG Copolymers.

MG copolymers

sample Mps no. of PS grafts/ Mp) unit My no. of branch
code (kg/mol) branch point (kg/mol) (kg/mol) My (kg/mol) % PS points

PI1 34.2 34.2

combl-a 421 65.4 3.5
combl-b 77.3 1 34.2 112 338 67.2 2.7
combl-c 268 67.8 2.1
P13 86.0 86.0

comb2-a 515 18.4 3.7
comb2-b 31.6 1 86.0 118 391 19.0 2.6
comb2-c 315 19.0 2.0
P14 87.6 87.6

centipede-a 891 24.9 6.6
centipede-b 16.8 2 87.6 121 624 24.7 4.4
centipede-c 472 24.5 2.2
P12 63.3 63.3

barbwire-a 409 38.3 3.0
barbwire-b 13 4 63.3 115 328 37.9 2.3
barbwire-c 287 38.2 1.9

Chain molecules with a dipole moment parallel to the
chain contour were termed type A by Stockmayer in his
pioneering research on this subject.*~7 An added
attractive feature of those molecules is that, for a
sequence of type A repeat units (without reversal of
directional sense), the dipole vector must correlate with
the displacement vector, implying a correspondence
between dielectric and viscoelastic relaxations. The
information obtained from those two techniques is
complementary and hence conducive to an enhanced
understanding of polymer dynamics. There are several
excellent reviews in the literature that discuss the
dynamics of type A polymers.1321

To the best of our knowledge, this work is the first
systematic study of segmental and normal mode dy-
namics of MG combs, centipedes, and barbwires. Several
groups have been actively engaged in studying the effect
of molecular architecture on the dynamics of linear
diblock and triblock copolymers,22=32 star copolymers,26:33
and homopolymer/copolymer blends34~36 as studied by
dielectric techniques. We shall omit reviewing their
work here; however, we shall contrast their findings
with ours at appropriate places throughout the text.

The aim of the present work is to gain an insight into
the nature of segmental and normal mode relaxation
in MG copolymers of different component ratio, molec-
ular weight, and molecular architecture.

Experimental Section

Materials. Polyisoprene (Pl) and multigraft (MG) poly-
(isoprene-graft-styrene) copolymers were synthesized by an-
ionic polymerization as described in detail elsewhere.3” The
two active macromolecular precursors, Pl and PS, were
prepared using bifunctional and monofunctional initiator,
respectively. Pl with a high 1,4 cis content was prepared using
a lithium counterion in hydrocarbon media. Pl used in this
study is a typical type A polymer with noninverted dipole
moment component parallel to the chain contour. Four differ-
ent Pls were synthesized and labeled P11, P12, PI3, and P14
in the order of increasing molecular weight (see Table 1). In
the molecular weight range from 34 200 to 87 600 g/mol our
Pls are in the entangled regime. Regularly spaced multigraft
(MG) poly(isoprene-graft-styrene) copolymers were built into
different architectures from the Pl and PS precursors by
controlling the functionality of chlorosilanes and producing
chains with tri-, tetra-, or hexafunctional branch points shown
in Figure 1.

A large number of samples were investigated, and frequent
references to Table 1 will be necessary. The sample code
adopted in the text for MG copolymers is simple: the samples
are defined by their architecture, i.e., comb, centipede, and

barbwire, and are written in italics. The two combs of different
molecular weight are designated as combl and comb2, in the
order of increasing molecular weight of the PI block. Whenever
necessary, a letter (a, b, or c) is appended to the sample name
to denote a particular molecular weight fraction for a given
architecture. The PI precursors are designated as PI1, PI2,
P13, and P14, in the order of increasing molecular weight. All
sample codes and pertinent information for PS and PI
homopolymers and MG copolymers are summarized in Table
1. The number of branch points was calculated by subtracting
the molecular weight of one PI chain (Mp;) from the overall
molecular weight (M) of the MG copolymer and dividing by
the molecular weight of the repeating unit of one Pl spacer
and PS grafts (My).

Techniques. Dielectric Relaxation Spectroscopy (DRS). Our
facility combines commercial and custom-made instruments.
A Novocontrol o high-resolution dielectric analyzer (3 uHz—
10 MHz) and a Hewlett-Packard 4291 RF impedance analyzer
were used. The instruments are interfaced to computers and
equipped with heating/cooling controls, including a Novocon-
trol Novocool system custom-modified for sequential low- and
high-frequency measurements. Further details of our DRS
facility are given elsewhere.383°

Dynamic Mechanical Spectroscopy (DMS). Experiments
were conducted using a Rheometrics Scientific Advanced
Rheometric Expansion System (ARES) rheometer. Measure-
ments were performed in the frequency range from 0.01 to 100
rad/s and the temperature range from 213 to 323 K. A parallel
plate configuration (plate diameter = 4 mm) was employed
with a typical gap between the plates of ca. 1.0—2.0 mm. Strain
values were adjusted from 0.01 to 0.1 for a measurable torque
in the linear viscoelastic range, and linearity was verified by
strain sweeps.

Differential Scanning Calorimetry (DSC). Glass transition
temperatures were determined by DSC. The samples were first
cooled at 20 K/min and then heated at 10 K/min. A TA
Instruments Co. DSC model 2920 was used. The T4 was taken
as the inflection point in the endothermic step in the heating
trace.

Results and Discussion

Polyisoprene (PI) Precursors. We begin by exam-
ining the dielectric response of the four polyisoprene (PI)
precursors used in this study whose molecular weights
are listed in Table 1. Since DRS and DMS studies of
neat Pls have been reported by several groups,*°=0 our
goal here is not to be comprehensive. Nonetheless, we
shall recap our findings and present some novel infor-
mation for the Pl precursors as the necessary pre-
requisite for the discussion of the dynamics of MG
copolymers. DRS?%5! results are presented first: dielec-
tric permittivity and loss in the frequency domain with
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Figure 2. Dielectric permittivity (A) and loss (B) for P11 (MW
= 34 200 g/mol) in the frequency domain with temperature
as a variable.

temperature as a variable are shown in parts A and B
of Figure 2, respectively, for PI1 (Mp; = 34 200 g/mol,
Table 1). Note how both modes, normal (an: lower
frequency, Figure 2B) and segmental (o: higher fre-
quency, Figure 2B), are beautifully discerned in the loss
spectra. Analogous results were obtained for the higher
molecular weight Pl precursors, though we could not
always capture both modes in a single frequency sweep
at a fixed temperature because the gap between them
increases with increasing molecular weight. In such
cases we have evaluated normal and segmental modes
in separate sweeps, focusing on the temperature range
where each process is readily observable in our fre-
guency window. The solid lines in Figure 2 are combined
fits to two Havriliak—Negami (HN) functional forms,52
for normal and segmental modes. The best results for
the normal mode were obtained by setting the HN
parameter a = 1, which reduces the HN equation to the
Cole—Davidson (CD) equation.’® The shape of the
normal mode spectrum is independent of temperature
for P14 and is best described by the CD parameter b =
0.26 + 0.01. The characteristic change in the slope of
the high-frequency end of the normal mode spectrum?.2°
was barely noticeable and only in the high molecular
weight samples. This made fits to the CD equation
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Figure 3. Temperature dependence of the average relaxation
time for normal mode (zn: open symbols) and segmental mode
(rs: solid symbols) with molecular weight as a parameter.

possible, though the character of these fits remains
purely empirical. The calculated value of the Kohl-
rausch—Williams—Watts> B parameter (Bxww) was
equal to 0.45. This value is somewhat lower than the
value reported by Boese and Kremer;*? they found the
Prww parameter to decrease with decreasing tempera-
ture from 0.6 to 0.54. Others, however, reported no effect
of temperature on the spectral shape. For example,
Floudas et al.*¢ investigated the effect of temperature
and pressure on the Pl dynamics and found no effect
on the shape parameters for the normal and segmental
mode spectra. Adachi*? also reported that the shape of
the dielectric loss spectrum for normal and segmental
modes was independent of temperature in the vicinity
of glass transition. The segmental process is also ther-
modielectrically simple and is characterized by a Kohl-
rausch—Williams—Watts®* 8 parameter (Bxww) of 0.41.
This result agrees with the data of Boese and Kremer,*2
who reported a Skww value of 0.40 + 0.2 over a wide
temperature range for PI of lower molecular weight (Mp,
= 17 000 g/mol).

The temperature dependence of the relaxation time
for normal (zn) and segmental (zs) mode in the neat Pls
was examined next, and these results are plotted in
Figure 3. Individual relaxation times were calculated
using the tyn value and the following equation:

, (n(l - a)b) v(-a)

P"ee

Tmax = THN COEDN (1)
S'”(2<b T 1))

where tmax represents zy or s, and a and b are the
parameters in the HN equation. An increase in the
molecular weight slows down the normal mode but has
no effect on the segmental mode. We note that for linear
Pls without dipole inversion we measure the longest
relaxation time 7y = 11 and stress that the calculated
values of 7max Were practically identical to the corre-
sponding values of 74, Obtained directly from the data
as Tave = Yoafmax. The solid lines in Figure 3 are best
fits to the Vogel—Fulcher—Tammann (VFT) equation;
the corresponding VFT parameters are displayed in
Table 2. Note that excellent fits of the segmental process
were obtained with the value of 75 fixed at the attempt
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Table 2. VFT Parameters of Segmental and Normal Modes for MG Copolymers and Pl Precursors

VFT parameters

Mp, Mps no. of PS grafts/
dynamic modes (kg/mol) (kg/mol) branch point 70(S) B (K) Ty (K)
segmental mode 1.0 x 1074 1662 162.5
normal mode
P11 34 1.1 x 1078 1498 162.5
P12 63 1.7 x 1078 1507 162.5
P13 and P14 87 2.6 x 1077 1501 162.5
combl 34 7 1 2.0 x 1078 2631 162.5
comb2 87 32 1 2.8 x 1078 2541 162.5
centipede 87 17 2 4.4 x 1077 2400 162.5
barbwire 63 13 4 1.1x 1077 2377 162.5

frequency of 1071* s, while the value of 7no of normal
process varied as a function of molecular weight.
Interestingly, excellent VFT fits for the normal mode
process were obtained by setting the VVogel temperature
(Tyv) equal to the value obtained for the a process.

Next, we consider the molecular weight dependence
of the spectral shape for normal and segmental modes.
Recall that the spectral shape for the segmental process
is independent of molecular weight and described by a
single Skww = 0.41. The spectral shape for the normal
mode was also independent of molecular weight except
for PI11. Normalized loss spectra of that sample overlap
tightly on the lower frequency side but are a bit broader
on the high-frequency end in comparison with other PI
precursors. This phenomenon is not caused by the
encroachment with the segmental process (the two
processes are ca. 5.3 decades apart) and is most likely
due to the somewhat greater polydispersity (PDI = 1.29)
of that sample.3” The dianionic initiator used in syn-
thesis of the Pl segments gives higher polydispersity
at low molecular weights. A similar effect of polydis-
persity on the spectral shape has been reported earlier.*

The results of dynamic mechanical spectroscopy (DMS)
are examined next. Master curves of storage modulus
(G") and loss modulus (G") in the frequency domain for
PI precursors with three different molecular weights at
a reference temperature of 273 K are shown in parts A
and B of Figure 4. The terminal and segmental relax-
ation time were calculated directly from the loss peak
value 7 = Yoafnax. In Figure 4, an additional small
horizontal shift was applied to the master curves in
order to coalesce the data in the segmental range and
to bring out more clearly the molecular weight depen-
dence in the terminal zone. Analogous to the DRS
results, we find that increasing molecular weight slows
down the terminal mode but has no effect on the
segmental mode. The plateau modulus (Gy) was deter-
mined from Figure 4A by taking the value of the onset
of transition from segmental to terminal mode. The thus
obtained value of 3.5 x 10° Pa is in agreement with the
result of Santangelo and Roland.** The calculated
molecular weight between entanglements, Mg, of 6400
g/mol is in excellent agreement with the results of
Santangelo and Roland*® and Gotro and Graessley,%®
while somewhat higher than the value of 5400 g/mol
reported by Floudas et al.“6 The critical molecular
weight, M, of PI is about 10 000 g/mol.4%42 Therefore,
all Pls investigated in this work are in the entangled
regime.

The molecular weight dependence of the normal mode
relaxation time (zy) obtained from DRS is characterized
by exponent 4.0 over a wide temperature range, as
shown in Figure 5. Data reported by various investiga-
tors*0.42-43 gre plotted together with our data in Figure
6, and the good agreement between the various results

is apparent. Below the critical molecular weight (M, =
10 000 g/mol), =y scales with M20; above M, 7y for our
samples scales with M40, The terminal relaxation time
for all Pls obtained by DMS is also included in Figure
6, and the following findings are noted: (1) a good
agreement between DRS and DMS data and (2) a good
agreement between our data and the literature for the
normal mode of Pl above M.. The relaxation time for
the segmental mode (zs) of the PI precursors obtained
from DMS measurements is also shown at the bottom

9
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Figure 4. Master curves for storage modulus (A) and loss
modulus (B) in the frequency domain for the four PI precursors
at 273 K. Note that the segmental process is independent of

molecular weight while the terminal process shifts to lower
frequency with increasing molecular weight.
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Figure 6. DMS and DRS relaxation times for segmental (s)
and normal (zn) mode as a function of molecular weight at 273
K. Code: filled circles and squares, tspms and tnpms from this
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study; stars, data from ref 40; triangles, data from ref 42; plus
(+), data from ref 43. Note the solid lines are fits for ty in the
Rouse regime (zn ~ M?9) and the reptation regime (zy ~ M*9).

right of Figure 6, and the extrapolated value of ts from
the VFT fits of the DRS results at 273 K is included for
comparison. The DMS data are slightly scattered, and
the DMS 75 is longer than the extrapolated DRS 7s. A
similar finding was reported by Santangelo and Ro-
land,*> who pointed out that the difference in the
frequency at maximum loss between DRS and DMS
spectra is partly due to the fact that the retardation
times are always longer than the corresponding relax-
ation times.

Multigraft Poly(isoprene-graft-styrene) Copoly-
mers. Multigraft (MG) poly(isoprene-graft-styrene) co-
polymer is a nonlinear block copolymer with a varying
number of PS grafts (1 for the comb, 2 for the centipede,
and 4 for the barbwire) emanating from each branch
point along the PI backbone. We stress that our MG
copolymers differ from star polymers, where, as a rule,
the same type of chain emanates from the central point.
Thus, even the simplest comb (with one branch point)

Macromolecules, Vol. 36, No. 20, 2003

studied in this work differs from a three-arm star
because different blocks (two Pls and one PS) are
anchored at the branch point. In the schematics of
Figure 1, where the three molecular architectures of MG
copolymers investigated in this study are shown, the
number of branch points for combs, centipedes, and
barbwires was arbitrarily fixed at three. In the course
of this work, however, we have prepared and tested a
wide variety of MG copolymers with the number of
branch points ranging from 2 to over 6 (see Table 1).
Because of the dissimilarity of the two blocks in the MG
copolymer, the samples are not in a homogeneous
disordered state but rather in the form of microdomains.
The glass transition temperature of the PI block, Typ,
is readily captured by DSC; the midpoint of the DSC
trace for the PI transition is observed at 217 K for all
MG copolymers. However, the Tg of the PS block, Tgps,
is not as sharp; the transition occurs over a wide
temperature range, and the Typs could be estimated
from the Allen—Fox equation using the molecular
weight of the PS block, Mps:56

UTyps = 1373 +0.72/Mpg in K™ )

The thus calculated Tgps are 372, 370, 367, and 365 K
for comb1, comb2, centipede, and barbwire, respectively.
The observed variation in the measured Typs of £3 K
must be considered quite small. The near constancy of
Tgp1 and Tgps in samples of different molecular archi-
tecture suggests that the Pl and PS microdomains are
well separated in all MG copolymers.

We now focus attention on the principal theme of this
study, i.e., the dynamics of the three families of MG
copolymers with different molecular architecture: combs,
centipedes, and barbwires. The presentation and discus-
sion of our results are organized in the sequence
designed to (1) establish the principal features of the
dynamics of all MG copolymers, (2) compare the dynam-
ics of each MG copolymer with those of its PI precursor,
(3) examine the dynamics of MG copolymers with the
same architecture (i.e., the same functionality of a
branch point) but different molecular weights of Pl and/
or PS blocks, and (4) contrast the dynamics of MG
copolymers of different architecture (i.e., different branch
point functionality).

Principal Features of the Dynamics of MG Co-
polymers. The principal feature of the dielectric spectra
of our MG copolymers is the presence of two readily
distinguishable relaxation processes. This is exemplified
in Figure 7, which illustrates dielectric loss in the
frequency domain with temperature as a parameter for
comb2. The normal mode (o, Figure 7A) and the
segmental mode (o, Figure 7B) are shown separately
for clarity. The local 3 process in Pl is observed at the
high-frequency end of Figure 7B. The relaxation strength
of the normal mode decreases with temperature similar
to that of the PI precursor (Figure 2B) though this is
less obvious on the log scale of Figure 7A. The two
processes are not always easily detectable in a single
frequency sweep at a constant temperature; that de-
pends on the molecular weight and architecture and will
be discussed later in the text. Both processes reflect the
relaxation motions of the PI blocks. The PS blocks affect
the relaxation in the PI blocks but do not provide their
own contribution to the measured dielectric response.
(Frequency sweeps and temperature scans of the neat
PS are uneventful.) The key point here is that spectra
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Figure 7. Dielectric loss for comb2 in the frequency domain
with temperature as a parameter: (A) normal mode; (B)
segmental mode.

in Figure 7 typify the dielectric response of all MG
copolymers investigated in this study—all are character-
ized by the presence of both segmental and normal mode
processes that originate in the Pl blocks.
Comparison of the Dynamics of MG Copolymer
and Its Pl Precursor. The next question we ask is how
the segmental and normal mode processes in a MG
copolymer compare with those in its Pl precursor. This
is best visualized and understood by contrasting the
DRS spectra of a MG copolymer and its Pl precursor.
By way of example we select a representative pair of a
MG copolymer (barbwire) and its PI precursor (P12) but
stress that analogous results were obtained for other
MG copolymers and their Pl precursors. Thus, the
following example represents a general trend. Figure 8
shows dielectric loss in the frequency domain for the
barbwire and P12 measured at 243 K (open and filled
squares) and 343 K (open and filled circles). The two
measuring temperatures are chosen for convenience,
and only four spectra are included in Figure 8 for clarity.
The peaks appearing at higher frequency are obtained
at lower temperature (243 K); they represent the
segmental process in the Pl precursor (filled squares)
and the barbwire (open squares). We observe lower loss
intensity in the barbwire but no change in the relaxation
time for the segmental process between these two
samples. The decrease in the intensity of the segmental
loss peak can be attributed to the decrease in the
concentration of Pl segments in the barbwire compared
to the neat Pl. The observation that the segmental
process in those two samples is characterized by the
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Figure 8. Dielectric loss for P12 (filled symbols) and the

barbwire (open symbols) in the frequency domain measured
at 243 K (filled and open squares, segmental mode) and 343
K (filled and open circles, normal mode).

same relaxation time is not surprising. The contribution
to the segmental process in the barbwire comes from
the PI block. The time scale and the length scale of
segmental motions in the PI blocks in the barbwire do
not vary from those in the Pl precursor. Since this
finding was universal to all samples studied, it is safe
to conclude that the relaxation time for the segmental
process in all MG copolymers and PI precursors calcu-
lated from the HN fits (eq 1) falls on the same VFT
curve and can be described by the parameters listed in
Table 2. The segmental process is thermodielectrically
simple in all MG copolymers over a wide range of
temperature (and frequency).

As further seen in Figure 8, the normal mode process
measured at 343 K gives rise to the dielectric dispersion
at low frequency. Note that the relaxation time for the
normal mode process in the barbwire (open circles) is
longer than in the PI precursor (filled circles), and the
loss peak intensity is decreased. The observed slowing
down of the normal mode in the MG copolymer suggests
that the relaxation of the PI blocks is affected by some
form of confinement imposed by the PS microdomains.
A comparison of the shape of the normal mode spectrum
of a MG copolymer and its Pl precursor yielded inter-
esting results. Common to all normalized dielectric
spectra was a perfect overlap on the low-frequency end.
The high-frequency end was characterized by a slight
broadening, though we were not able to establish a
systematic trend as a function of molecular weight or
molecular architecture. We hasten to add, however, that
a different picture has emerged from the studies of
linear diblock and triblock (BC) copolymers. For ex-
ample, Yao et al.?? reported that the distribution of the
normal mode in styrene—isoprene diblock copolymers
changed with molecular weight in the range from 4600
to 42 000 g/mol. They offered an explanation by consid-
ering two types of confinement, spatial and thermody-
namic, for both nonentangled and entangled chains.
Dielectric relaxation due to the global motion is also
significantly retarded in the star vs linear Pls.*® But
the different trend observed in MG copolymers vis-a-
vis BC copolymers and stars is not surprising consider-
ing the fundamental topological difference between
these types of copolymers. The former have the same
backbone and the latter do not, and that must affect
the dynamics.
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Figure 10. Temperature dependence of the relaxation time
for normal and segmental mode in P13 (stars and crosses depict
segmental and normal mode, respectively) and comb2 (filled
and open symbols depict segmental and normal mode, respec-
tively).

Dynamics of MG Copolymers with the Same
Architecture But Different Molecular Weight
(Same Functionality But Different Number of
Branch Points). In this section we describe how an
increase in the overall molecular weight (or an increase
in the number of branch points) affects the dynamics of
each of the three architectures investigated: combs,
centipedes, and barbwires. We start by examining the
temperature dependence of the relaxation time for each
molecular architecture. A large number of frequency
sweeps were conducted on all MG copolymers over a
broad range of frequency and temperature. The data
were collected, analyzed, and plotted in Figures 9—12
which show the temperature dependence of the relax-
ation time for normal and segmental mode for combl
(Figure 9), comb2 (Figure 10), centipede (Figure 11), and
barbwire (Figure 12). Also included in each figure are
the data for the corresponding PI precursor. The solid
lines in Figures 9—12 are best fits to the VFT equation;
the corresponding VFT parameters for the PI precursors
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Figure 11. Temperature dependence of the relaxation time
for normal and segmental mode in P14 (stars and crosses depict
segmental and normal mode, respectively) and the centipede
(filled and open symbols depict segmental and normal mode,
respectively).
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Figure 12. Temperature dependence of the relaxation time
for normal and segmental mode in P12 (stars and crosses depict
segmental and normal mode, respectively) and the barbwire
(filled and open symbols depict segmental and normal mode,
respectively).

and MG copolymers are given in Table 2. For comple-
tion, Table 2 also contains the molecular weights of the
Pl and PS blocks and the number of PS grafts per
branch point. Note that the Vogel temperature remains
unchanged while 7y varies within 1 order of magnitude.
The constant related to the activation energy of the
relaxation process, B (B = E,/Kg), varies for MG
copolymers but remains constant for the PI precursors.
The data for the segmental process, which is indepen-
dent of molecular weight and molecular architecture,
are included in Figures 9—12 for completion and also
in order to facilitate the distinction between the time
scales of segmental and normal modes.

We have already established (Figure 9) that the
normal mode process in a MG copolymer differs from
that in the corresponding neat PI precursor; we shall
now address this result in more detail. The two principal
findings regarding the normal mode are (1) the relax-
ation time for the normal mode process is longer in the
MG copolymers than in the corresponding P precursor



Macromolecules, Vol. 36, No. 20, 2003

and (2) the relaxation time for the normal mode process
in MG copolymer of a given architecture is not a function
of the overall molecular weight, M.

We estimate that the measured increase in 7y in
copolymers could be realized in the neat Pl by increasing
the molecular weight by a factor of 2—3. It is interesting
to note that, notwithstanding the difference in the
molecular architecture, this finding is analogous to the
results reported by Yao et al. for linear styrene—
isoprene (S1) BCs,2? Floudas et al. for star copolymers,33
and Watanabe et al. for monodisperse linear Pl stars.*®
Floudas et al.3? also studied four-arm star BCs, with
each arm composed of Pl and PS blocks. For the
resulting systems, self-assembled in the form of the PI
core and the PS corona, they found that the difference
between ty in the star polymer and the Pl precursor
depended on Mp,. For M < Mg, there was little difference
in the relaxation rate, but for M ~ 3Mg, 7y in the star
polymer was about 1—2 orders faster than in the PI
precursor. The faster dynamics are due to the fluctua-
tions of a part of the chain including the star center
within a restricted space.

With regard to the first finding, an intriguing question
is, what slows down the normal mode in MG copoly-
mers? There is little doubt that some form of confine-
ment exerted by the PS blocks plays a role, though the
exact mechanism is not clear. Intuitively, we expected
that glassy and rubbery PS domains would affect the
PI dynamics differently, and hence our first goal was
to probe the normal mode dynamics above and below
the glass transition of PS (Tgps). The DSC Tgyps is
marked by the vertical bar in Figures 9—12. We have
observed some intriguing results, particularly above the
Tg,ps. For example, we find that the experimental data
above the Typs fall off the VFT fits for some MG
copolymers; this trend is particularly pronounced in
combl (Figure 9) and comb2 (Figure 10). In the barb-
wire, however, we could not get sufficiently reliable data
at higher temperature due to high conductivity, while
the data for the centipede at higher temperature could
be fit to either a straight line or a VFT form. The
observed trend is curious, and the simplest rationaliza-
tion can be offered by invoking the temperature depen-
dence of the mobility of the PS blocks in MG copolymers.
Below the Tgps, the PI chain ends are tethered to the
glassy PS microdomains: two ends are tethered for the
intermediate PI spacer, and one end is tethered for the
Pl blocks at each end of the chain. The Pl blocks
tethered at one end contribute to the normal mode
relaxation. The Pl segments tethered at both ends are
also believed to contribute to the chain fluctuations,
although that is difficult to quantify. The likelihood that
this will materialize increases with the increase in the
weight fraction of the Pl blocks, and an analogy to a
spring and bead mechanism could be invoked. This is
further corroborated by our results on epoxy-terminated
PPO/amine networks where we observe the normal
mode process in the PPO well below the Ty of the
DGEBA spacer, even though the PPO chains are
tethered to DGEBA at both ends.>® Nonetheless, the
ensuing relaxation of the PI block is impeded by the
glassy PS microdomains resulting in the observed
slowdown in the relaxation of MG copolymers vis-a-vis
the PI precursors. As the Tgps is approached, the
experimentally measured gap between the relaxation
time for MG copolymer and Pl precursor decreases
because of the increased mobility of the PS micro-
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domains and, by extension, the branch points. Above
the Ty ps, the mobility of the tethered points increases
still further. That gives rise to an effective increase in
the relaxation rate and a decrease in the relaxation
time, resulting in the observed convergence of the
relaxation times for the MG copolymer and the PI
precursor, particularly evident in Figures 9 and 10. It
is very curious, however, that the relaxation time at
high-temperature crosses over the extrapolated VFT fit
of its Pl precursor (Figures 9 and 10). This is an
interesting subject for further study.

The observed increase in the relaxation time for a MG
copolymer could not be attributed to an increase in the
molecular weight of the PI block because the same
spacer (same Mp)) is used in a MG copolymer and its
precursor. What are then the possible mechanisms that
would effectively increase ty in MG copolymers vis-a-
vis the PI precursors? One possible explanation could
be formulated as the consequence of the reduced mobil-
ity of PS microdomains. This is particularly true at
lower temperature, below the Ty ps, where the thermally
guenched PS microdomains contract (densify) and the
tethered PI chains are effectively stretched out. That,
in turn, would translate into an increase in the end-to-
end displacement vector and the relaxation time be-
cause ty is proportional to f2[(¥2 via the cumulative
vector component of the dipole moment along the chain
contour. The implication is that the PI spacer in a MG
copolymer experiences its own distinct “effective” 20372,
different from that in the Pl precursor. This effect
diminishes with increasing temperature because the
mobility of the PS microdomains increases, as evidenced
by the observed convergence of the relaxation times for
the MG copolymer and the PI precursor. This also brings
to mind an analogy with strongly segregated block
copolymers, where stretching is the consequence of the
balancing tendency to decrease interfacial tension with
decreasing configurational entropy. An alternative mech-
anism for the increase in ty could be attributed to an
increase in the dielectric cross-correlations contained in
the Kirkwood correlation function®” between the PI
chains in a MG copolymer. A similar finding has been
recently reported in polymer networks where one reac-
tive component was a type A chain.58

The second major finding in Figures 9—12 is that the
relaxation time for the normal mode in a MG copolymer
of a given architecture is not a function of the overall
molecular weight or the number of branch points. The
implication is clear; the normal mode process in combs,
centipedes, and barbwires scales with the “effective”
molecular weight of the PI spacer and not the overall
molecular weight of the MG copolymer.

The results of dynamic mechanical spectroscopy (DMS)
for each architecture of MG copolymers are examined
next. Master curves for storage (G') and loss modulus
(G") in the frequency domain at a reference temperature
of 218 K for comb2-a and comb2-c are shown in parts A
and B of Figure 13. The data for the centipede and the
barbwire do not coalesce on a master curve and are not
shown here. The plateau modulus (Gy) for comb2-a and
comb2-c was determined from Figure 13A by taking the
value of the onset of transition from segmental to
terminal mode. The thus obtained value is 5.01 x 10°
Pa is slightly higher than that of the neat PI precursors
(3.5 x 10° Pa). The reported data® list the plateau
modulus in PS at 2.0 x 10° Pa and the M, of PS at
13 300 g/mol. The higher value of plateau modulus in
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Figure 13. Storage modulus (A) and loss modulus (B) in the
frequency domain for comb2-a and comb2-c at a reference
temperature of 218 K.

combs than in the Pl and PS precursors suggests that
the M. of combs is lower and the monomeric friction
coefficient higher than the corresponding values in the
precursors. The zero-shear viscosity (7o) was extracted
directly from the data by averaging the low shear rate
values of . The average value of the terminal relaxation
time, 71, was calculated from the DMS data using the
following relationship:

s h
Mo ; ePP
hWE=E__= )

Gy th

The chain dynamics (expressed in terms of 7y from
DRS and 7; from DMS) of comb2 as a function of
reciprocal temperature are illustrated in Figure 14. The
segmental relaxation data are included for completion.
The two fractions of the comb architecture, comb2-a and
comb2-c, have different terminal relaxation times. The
longer relaxation time is found in a higher molecular
weight sample, comb2-a. This difference is pronounced
at lower temperature, and it diminishes with increasing
temperature. That DMS data for 7y appear below the
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Figure 15. Aty (defined as tnpips) — Tneery) for combl, comb2,
centipede, and barbwire as a function of reciprocal tempera-
ture. Note: filled symbols are obtained from measured data;
open circles are interpolated data for comb with Mps = 52 000
g/mol; stars and open triangles are interpolated data for comb
with Mps = 33 600 and 50 400 g/mol, respectively. For detailed
explanation see the text.

DMS data for 7; is not surprising considering that the
length scale of the DRS measure is associated with the
Pl block, while the length scale of the DMS measure
corresponds to the entire MG molecule. It is therefore
logical that 7; is longer than zy. A curious observation
is that, at temperatures well below the Tgps, 71 crosses
over the 7y line.

Dynamics of MG Copolymers of Different Ar-
chitecture (Different Functionality of Branch
Points). We have shown above that the overall molec-
ular weight (and hence the number of branch points)
does not affect the dynamics of MG copolymers of a
given architecture. We now proceed to investigate the
effect of other molecular parameters on the copolymer
dynamics, such as the length of a PS graft (Mps) and
the number of PS grafts per branch point. We define
Aty as the difference between the normal mode relax-
ation time for each MG copolymer, tnpips), and its Pl
precursor, tnery. We calculate Aty from Aty = tneeies)
— tneeny and plot it as a function of reciprocal tempera-
ture in Figure 15. The following principal observations
are made within the experimental range of temperature
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and frequency used in this study: (1) Ay is always
positive, i.e., tnpips) > Tneny; (2) Arn increases with
decreasing temperature; (3) the rate of change of Ay
with temperature is the same for all MG copolymers;
and (4) the magnitude of Ary varies as a function of
molecular architecture. Careful examination of Figure
15 affords a closer look at the effect of molecular
architecture on Ary. Note that the original data for the
four MG copolymers in Figure 15 are represented by
filled symbols. As stated above, we were particularly
interested in establishing which specific aspect of mo-
lecular architecture plays the key role in dynamics. The
effect of the length (Mps) of a PS graft is examined first
by comparing samples with the same architecture but
different Mps. This requirement is met for the two
combs: combl (Mps = 31 600 g/mol) and comb2 (Mps =
77 300 g/mol; see Table 1). The subtraction of Ty from
neips) takes into account the difference in the Mg
between combl and comb2. It is immediately clear from
Figure 15 that the length of the PS graft (Mps) has a
strong effect on Ary: a considerable increase in Aty is
recorded with an increase in Mps from 31 600 to 77 300
g/mol. The data for combl and comb2 in Figure 15
represent the upper and the lower limit of Azy, respec-
tively. The data for the centipede and the barbwire fall
in the middle of Figure 15, and we tried to rationalize
those findings in terms of their Mps. The barbwire has
four PS grafts, each with Mps = 13 000 g/mol; hence,
the total molecular weight of PS emanating from one
branch point is 13000 x 4 = 52 000 g/mol. If we
consider a comb with one PS graft with Mps = 52 000
g/mol and calculate Aty by simple intrapolation between
the measured limits for comb1 (31 600 g/mol) and comb2
(77 300 g/mol), the resulting value coincides with that
for the barbwire. This is an impressive finding in
support of the hypothesis that the key factor that
determines the magnitude of Ary is the total molecular
weight of all PS grafts emanating from a single branch
point. Of course, the assumption of linear intrapolation
is an approximation because Ay is bound to reach an
asymptotic limit with increasing molecular weight. But
a similar calculation for the centipede, with Mps =
16 800 g/mol and the total molecular weight of PS per
branch point of 16 800 x 2 = 33 600 g/mol, underesti-
mates the measured value. The observed discrepancy,
however, could be accounted for by the topological
irregularities in the centipede resulting from the syn-
thesis. The reported3” formation of 1S3 branch points
results in an effective increase in the average number
of PS grafts per branch point that could explain the
experimental results. In sum, the hitherto obtained
results point out the key role of the total molecular
weight of the graft block per branch point in the MG
copolymer dynamics. By way of example, assuming that
the total molecular weight of the PS graft block per
branch unit governs the dynamics, we would expect the
following three samples of different molecular architec-
ture to have the same Aryn: a comb with a single PS
graft with Mps = 40 000 g/mol, a centipede with two PS
grafts, each with Mps = 20 000 g/mol, and a barbwire
with four PS grafts, each with Mps = 10 000 g/mol. A
further study along those lines would be of interest.

Morphological Considerations. A detailed study
of the morphology of our MG copolymers was beyond
the scope of this article, and we shall limit ourselves to
some initial consideration that, nonetheless, proved
interesting. While the morphology of linear block co-
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polymers (with immiscible blocks) is characterized by
prominent microphase separation and is well under-
stood,89-62 the same cannot be said for the MG copoly-
mers. Apparently, the morphology of nonlinear MG
blocks is a more complex function of the molecular
architecture and the volume fraction of block compo-
nents. On the basis of theoretical considerations, Mil-
ner®3 has constructed a phase diagram for simple A _,Bn,
star block copolymers, where na and ng represent the
number of arms of blocks A and B. His diagram affords
prediction of the microphase morphology (spherical,
cylindrical, bicontinuous, or lamellar) in those copoly-
mers based upon the knowledge of a chain architecture
parameter, termed ¢, and a volume fraction of one block,
¢. The parameter ¢ is defined as ¢ = (na/ng)(Ia/lg)*2,
where I and Iz are material parameters defined as |; =
Vi/Ri?, and V; and R; are the molecular volume and the
radius of gyration of the respective blocks (i = A or B).
Several groups®-68 reported attempts to extend Milner’s
phase diagram to more complex molecular architectures,
including MG copolymers of Pl and PS. Gido et al.®
compared the experimental results obtained by trans-
mission electron microscopy (TEM) with the prediction
of Milner’s phase diagram. They considered the so-called
H-shaped and z-shaped architecture; the former corre-
sponds to a portion of our centipede consisting of one
Pl spacer and two PS grafts at each end, while the latter
corresponds to our comb with two functional branch
points. They start by assuming that each MG copolymer
is composed of simple building block grafts that conform
to Milner’s phase diagram and proceed to modify Mil-
ner’s theory by incorporating a new parameter 7, defined
as the fractional distance along the A backbone at which
the B graft occurs. They postulated the relationship ¢
= f(z)(1a/18)Y2 for a MG copolymer and determined the
morphological boundaries within which their H-shaped
and s-shaped copolymers were located on the phase
diagram. Our MG copolymers are characterized by an
even more complex architecture; nonetheless, following
Milner®8 and Gido et al.,®® we have performed a similar
analysis, and a brief recap of our salient findings is as
follows. For our MG copolymers, the combs, the centi-
pede, and the barbwire, we define a building block by a
virtual cut of the PI backbone halfway between the
branch points. That enables us to consider our samples
as being composed of sets of simple starlike constitu-
ents: ISI for the combs, 1S, for the centipede, and 1S4l
for the barbwire. Here “I” represents the Pl segment,
“S” represents the PS segment, and the numerical
subscript depicts the number of PS segments emanating
from a branch point. For MG copolymers with two
branch points a cut in the middle of the Pl backbone
between the branch points produces two asymmetric
constituents with t = 0.35. For MG copolymers with the
number of branch points in excess of two, we first cut
off one-half of the PI spacer at each end and then follow
by subsequent cuts in the middle between the branch
points. That yields constituents with symmetric struc-
ture and 7 = 0.5. On the basis of the segmental volumes
(132 and 176 A3 for P1 and PS, respectively®®) and the
statistical chain lengths (6.8 and 6.9 A for Pl and PS,
respectively’), we calculated the value of (lp)/lps)Y/?
equal to 0.89. The relationship € = f(z)(1a/ls)Y2 represents
linear block copolymers [e = (Ia/lg)2] for z = 0 or 1 and
a simple symmetric graft [e = 2(Ia/lg)¥?] for z = 0.5. In
between those limits the value of € is not a priori known
but should be a continuous function. Following Gido et
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Table 3. Predicted Morphology of MG Copolymers Based
on Milner’s Phase Diagram

€ = f(o)(Ia/

no. of branch

materials  ¢ps points T 1g)1/2 morphology
combl-a 65.4 3.7 05 1.78 lamella
combl-b 67.2 2.6 05 1.78 lamella
combl-c 67.8 2.0 0.35 1.39-1.78 lamella
comb2-a 184 3.5 05 1.78 sphere
comb2-b 19.0 2.7 05 1.78 sphere
comb2-c 19.0 2.1 0.35 1.39-1.78  sphere
centipede-a 24.9 6.6 05 112 cylinder
centipede-b 24.7 4.4 05 112 cylinder
centipede-c  24.5 2.2 05 112 cylinder
barbwire-a 38.3 3.0 05 225 lamella
barbwire-b  37.9 2.3 05 225 lamella
barbwire-c  38.2 1.9 05 225 lamella

al.%¢ and using the allowable range of f(z) values, the
calculated value of € and the known volume fraction of
one block, ¢i, we were able to suggest the possible
morphologies of our MG copolymers using the predic-
tions of Milner’s theory. We note that in the calculations
for combs we use (Ip/lps)*? while for centipedes and
barbwires we use (Ip)/lps)~2in order to ensure that ¢ >
1. The predicted morphologies for our MG copolymers—
combs, centipedes, and barbwires—are listed in Table
3. In Gido’s study,®® 7 architecture copolymer with 0.21
volume fraction of PS yields morphology composed of
spherical PS microdomains in a Pl matrix. We arrive
at the same conclusion for our combs (reduced to &
architecture when branch points are 2) with 0.19 volume
fraction of PS and the number of branch points from 2
to 3.7. For the larger PS volume fraction of 0.67, we
predict that the combs should have lamellar morphol-
ogy. Beyer et al.8 also studied the centipede architec-
ture with 4.4—9.2 branch points and the volume fraction
of PS of 0.21. The predicted cylindrical morphology was
observed by TEM, and the domain shape was conserved,
although the long-range order was found to decrease
with increasing molecular weight or the number of
branch points. A TEM study of our samples would be
desirable in the future to further aid the interpretations
of the dynamics observed here.

In the context of the present study, however, the key
question is whether the morphology affects the dynam-
ics at all. The segmental process, with its short time
scale and length scale, is not affected by morphology,
and that is borne out by our results for a gamut of MG
copolymers of varying molecular weight, volume fraction
of the blocks, and molecular architecture. The (longer
scale) dielectric normal mode process should be, in
principle, more sensitive to its morphological milieu. But
the precise nature of the effect of the interplay between
the molecular architecture and the morphology of self-
assembled microdomains on the dielectric normal mode
dynamics is complex and remains incompletely under-
stood. Some insight is obtained from this work; however,
a complete answer to that query requires a study on a
wider series of MG copolymers with systematically
varying block volume fraction and molecular architec-
ture. Finally, the terminal dynamics evaluated from
rheological measurements depend on morphology; stud-
ies along those lines have been reported for linear BCs’*
but not for MG copolymers. These are interesting
subjects for future research.

Conclusions

In this article we have described the effect of molec-
ular weight and molecular architecture of three types
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of multigraft (MG) copolymers, namely combs, centi-
pedes, and barbwires, on their dynamics. Regularly
spaced MG copolymers were prepared from Pl and PS
precursors by anionic polymerization.

PI precursor is a typical type A polymer, characterized
by both segmental and normal mode relaxations. Both
processes are thermodielectrically simple, and the tem-
perature dependence of their relaxation times is of the
Vogel—Fulcher—Tammann (VFT) type. The dielectric
normal mode relaxation time, 7y, was found to obey the
relationship 7y proportional to M#9.

MG copolymers were characterized by well-separated
microdomains; the DSC Ty of each microdomain was
practically identical to that of the corresponding neat
component. The two relaxation processes observed in
the PI precursors, namely segmental and normal mode,
were also readily distinguishable in the dielectric spec-
tra of all MG copolymers. The segmental process did
not change as a function of molecular weight or molec-
ular architecture, suggesting that the time scale and
the length scale of segmental motions in the PI blocks
in the copolymer do not differ from those in the precur-
sor. But the normal mode process in MG copolymers
slows down and shifts to lower frequency (i.e., 7n
increases) in comparison to that in the PI precursor.
Two possible mechanisms that would cause an increase
in Ty were suggested. One explanation was offered on
the basis of the reduced mobility of PS microdomains,
which is particularly important below the Tgps. The
thermally quenched PS microdomains contract (densify)
and the tethered PI chains are effectively stretched out,
resulting in an increase in the end-to-end displacement
vector and the relaxation time, because ty is propor-
tional to [F2[¥2. The implication is that the Pl spacer in
a MG copolymer experiences its own distinct “effective”
2042, different from that in the PI precursor: conse-
quently, the normal mode process in combs, centipedes,
and barbwires scales with the “effective” molecular
weight of the Pl spacer and not the overall molecular
weight of the MG copolymer. This effect diminishes with
increasing temperature because the mobility of the PS
microdomains increases, as evidenced by the observed
convergence of the relaxation times for the MG copoly-
mer and the PI precursor. An alternative mechanism
for the increase in 7y could be attributed to an increase
in the cross-correlations between the Pl chains in a MG
copolymer. A similar finding has been recently reported
in polymer networks where one reactive component was
a type A chain.58

The effect of molecular architecture on the dynamics
was quantified in terms of Ay, the difference between
the normal mode relaxation time for each MG copoly-
mer, tneips), and its Pl precursor, tner. Thus, Aty =
neeips) — Tneer)- T he following principal observations are
made within the experimental range of temperature and
frequency used in this study: (1) Aty is always positive,
i.e., Tneips) > ey (2) At increases with decreasing
temperature; (3) the rate of change of Aty with tem-
perature is the same for all MG copolymers; and (4) the
magnitude of Ary varies as a function of molecular
architecture. The results generated in this work identify
the total molecular weight of the PS grafts emanating
from a single branch point as the principal factor that
affects the MG copolymer dynamics.
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