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ABSTRACT: Brownian dynamics simulations have been performed on a variety of mixed linear-branched
molecules. The rheological properties of three different constant molecular weight systems, with varying
ratios of linear segments to branch points, are reported. The transition from perfectly branched behavior
(low viscosity) to linear-chain-like behavior (high viscosity) is found to occur at a mole fraction of linear

segments of 0.8.

Introduction

Along with molecular weight and molecular weight
distribution, chain architecture has long been known
to play an important role in the control of rheological
and material properties of polymeric materials. This
awareness has led to a renewed interest in recent years
in the development of routes for synthesizing molecules
with controlled branching and molecular weight. These
activities culminated in the recent development of
metallocene-synthesized polyolefins’2 and the so-called
dendritic materials, the latter encompassing perfect
dendrimers®~® on the one extreme and hyperbranched
polymers,” or HBP'’s, on the other. Because of their
precise functionality and end group multiplicity, perfect
dendrimers are characterized by several attractive
properties such as high solubility and low viscosities
with respect to conventional linear chain polymers of
comparable molecular weights. This has led to their
potential use as rheological modifiers and coatings.
However, the systematic step by step synthesis of
perfect dendrimers is expensive, and large-scale indus-
trial synthesis is not considered viable. Moreover, due
to the lack of chain entanglements, these systems
exhibit fairly simple Newtonian viscosity behavior in
their rheology.8

Our own research has focused on HBP’s. These are
randomly branched structures that, similar to dendrim-
ers, emanate from a central core or focal points with
multiple end groups. Hyperbranched polymers are
synthesized by a single step polycondensation between
AB; (f = 2) monomers containing one reactive group (A)
and “f” reactive groups (B) of another type. While these
molecules do not have the well-defined monodisperse
topology of perfect dendrimers, they are much more
rapidly and economically synthesized, yet by control of
their degrees of branching, they can be made to exhibit
properties intermediate between perfect dendrimers and
conventional linear molecules. Recently, a series of AB/
AB; polyetherimide copolymers have been synthesized
and characterized in our laboratory.® The molecular
weights of these samples have been maintained rela-
tively constant, while incremental architectural changes
have been achieved by varying the ratio of AB to AB;
monomer units. The primary finding has been that a
transition from dendrimer-like properties (low viscosity)
to linear-chainlike properties(high viscosity coupled
with nonlinear viscoelastic effects) occurs when the mole
fraction of linear segment (AB) units in the starting
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monomer mixture exceeds 0.75. This result has been
observed for both dilute and concentrated solutions!®in
NMP (N-methylpyrrolidinone).

Over the years, kinetic theories of polymeric solutions
have provided considerable insight into the rheological
and conformational behavior of polymeric molecules
under flow. Most theories have idealized polymer mol-
ecules as mechanical models consisting of “beads” con-
nected by “rods” or “springs”. Recently we proposed a
bead—spring model for perfect dendrimers and inves-
tigated their rheology under both shear!! and exten-
sional flows'? using nonequilibrium Brownian dynamics
(NEBD) simulations. Model predictions were in good
gualitative and semiquantitative agreement with ex-
perimentally observed behavior. Lyulin et al.13 have also
investigated the simple shear dynamics of perfect den-
drimers utilizing a less coarse-grained model. The
objective of this paper is to provide insight into the
molecular rheology of hyperbranched polymers with the
help of kinetic theory models. Since the focus is on the
effects of changes in the molecular architecture on the
rheology, the effects of excluded volume and hydrody-
namic interactions are not considered. While a study
on the relative influence of excluded volume effects on
the rheology of branched chains is still lacking, for linear
chains, solvent quality has been shown to have only a
minor influence on the shear viscosity at all shear rates,
as well as the extensional viscosity at high extension
rates.’* However, the solvent quality is known to
significantly affect the quiescent mean squared radius
of gyration. An excellent study on the effects of solvent
quality on the quiescent conformational states of perfect
dendrimers can be found in the paper by Murat and
Grest!® who showed that, under poor solvent conditions,
the radial monomer density distribution shifts toward
the core of the dendrimer.

We considered the effects of hydrodynamic interac-
tions (HI) in our previous study of the rheology of perfect
dendrimers!? and found that its inclusion does not
significantly influence the overall qualitative trends in
either the shear thinning behavior, the intrinsic viscos-
ity—molecular weight dependence, or the extensional
flow response. Moreover, it also results in increases in
the zero shear viscosities, which are less than 10%.

The two primary issues investigated in this study are
(a) the effect of linear spacers on the rheology of the
perfectly branched architecture and (b) the effect of the
mole fraction of linear segments on the rheology of a
series of constant molecular weight hyperbranched
systems.
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Theory and Methods

The two basic building blocks of the model we have
developed are rigid trumbbell units and “Fraenkel”
spring units (Figure 1). The trumbbells consist of three
identical beads which occupy the vertexes of an equi-
lateral triangle and each of which is a distance L from
the center of the trumbbell. The springs are of equilib-
rium length lp and the spring force is governed by a
harmonic stretching potential US given by

1
u® = 2 kel - 10)* (1)
where @' is the stretching constant, kg is Boltzmann’s
constant, I; is the end-to-end vector of the ith link, and
T is the temperature. All our calculations are performed
for L = lp. The trumbbells are representative of branch
points, and the springs represent the linear segments.
Since each bead may correspond to an arbitrary number
of actual monomer units, those in the trumbbell con-
figuration may be thought of as being an average
representation of some fraction of the total number of
dendritic units in the chain. Likewise, those bead units
connected linearly may be thought of as representing
an average of some fraction of the total number of linear
units in the molecule. Except for the end units, each
bead serves as a joint which permits adjacent trumbbell
and spring units to undergo rotational and bending
motions unhindered by rotational or bending potentials.
Bead—bead, trumbbell—trumbbell, spring—spring, bead—
spring, bead—trumbbell, and trumbbell—spring interac-
tions are neglected in our calculations; i.e., the molecule
is made up of “phantom” units which can pass through
each other.

The methodology of Bird and co-workers?6 is followed
for the kinetic theory analysis. The internal configura-
tion of a molecule is specified through a set of 3(Nspr +
N¢r) independent generalized coordinates, where Ngpr
and N are the number of spring and trumbbell units,
respectively. Each spring unit has three degrees of
freedom, and the associated generalized coordinates are
chosen to be the scalar spring length, I;, and the polar
angles 6; and ¢, 0 < 6; < 7, 0 < ¢; < 2. Each trumbbell
unit also has three degrees of freedom, and the associ-
ated generalized coordinates are chosen to be the three
Euler angles, a;, fi,and y;, 0 < 0 <27, 0 < i < 7w, 0 =<
yi < 27. The Euler angles of the “core” trumbbell unit
at the center of the molecule are chosen as the first three
generalized coordinates, Qi, Q2. and Qs.

An embedded coordinate system x'—y'—z' is chosen,
whose origin coincides with the center of the core
trumbbell. The core trumbbell unit lies in the y'—7'
plane, with one bead along the —z' axis and the other
two beads making angles of + and —60° with the +2'
axis, respectively. The position vectors of the remaining
beads are transformed to the embedded coordinate
system through the transformation matrixes

Cos 6;cos ¢; —sin ¢; cos ¢;sin 6,
C = [sin ¢;cos 6; cos ¢; sin ¢;sin 6, )
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Trumbbell Spring

Figure 1. The two basic building blocks of the model: the
trumbbell unit and the Fraenkel spring unit.

The transformation from the embedded system to the
lab coordinate system is made by utilizing the Q-matrix
of the central trumbbell unit.

The probability of finding the molecule in a given
configuration is governed by the distribution function,
Y(Q1, Q2, Q3, ... Q3vg,+Ny)). The forces acting on a given
bead of the molecule are due to hydrodynamic drag,
spring stretching, and Brownian motion. Force balance
equations for each bead are written and the following
simplifying assumptions are made: (i) the hydrody-
namic drag on the beads is given by Stoke’s law, (ii) the
flow is homogeneous, (iii) the acceleration (inertial)
terms are neglected in the equation of motion, (iv) the
fluid is incompressible, and (v) the velocity distribution
is Maxwellian. This yields the diffusion equation (Smolu-
chowski equation) for the probability distribution func-
tion

P 0 - Cv ~
a_f = —Z Z 3_Qt Gtu WZ _(K:vavu) -

a a
g L —(%)w @

where the Q; are the generalized coordinates defined
above, R; are the position vectors of the beads referred
to the center of resistance, Gj; are the contravariant
metric tensor components, g is the determinant of the
covariant metric tensor, and bj; are the basis vectors
referred to the center of mass. m; are the bead masses
and ¢ are the bead resistances to motion. Since all beads
are identical, m; and ¢; have constant values of m and
¢ respectively. The mathematical definitions of the
various quantities can be found elsewhere.11.16 ¢ is the
sum of all the intramolecular potentials (just US, in this
case). K is the transpose of the velocity-gradient tensor
and is defined as follows

0y O
K=10 0 0] forsimple shear flow
00O
€0 0
=10 (=", O for uniaxial extensional flow
00 (—*,)e

(%)

#, Ri, Gij, g, bij and v are all functions of the generalized

—sin 6, cos 0, ;
! 0 ! coordinates, Q;.
and
COS @; COS f3;cos y; — sin o;Sin y;  sin o cos f;cos y; + cos q; Sin y;  —sin 3;¢os y;
Q = | —C0s o; €os f; Cos y; — sin @; Cos y; —sin a; CosP; sin y; + cos a; cos y; sin fB;sin y; ()
cos a;sin f; sin a;sin f; cos f3;
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To convert the diffusion equation to its equivalent
stochastic differential equation, it is first rewritten in
the following form

w_ _9 10 0.
LD (A x) + L Lo vl )
where
X =(Q4, Q, Q3 ... Q3(Nspr+Ntr) (7
D = 2kTG (8)
N & "
A= zGtuz —(KR,b,,)) — zGtu 8_ +
u v my u Qu

kT o .
S — GV O
u ,\/aaQu

The equivalent “Langevin” form, more technically known
as the stochastic differential equation(SDE) reads

dx = A dt+ B-dw (20)

where dw represents a vector of independent Wiener
processes and B-BT = D. This equation is forward
integrated using an Eulerian scheme

X(t + At) = x(t) + AW)At + B()-Aw(®)  (11)

The elements of Aw represent random displacements
with mean zero and variance proportional to the time-
step size, At. The time-stepping procedure generates a
single realization or “trajectory” and the ensemble
averages of various properties (such as stress and radius
of gyration) are evaluated.

Initial spring lengths are generated using a Monte
Carlo acceptance-rejection procedure,”-18 which utilizes
the equilibrium stretching potential energy. Since there
are no bending or torsional potentials, the initial angles
are generated through random number sampling be-
tween 0 and 2z for ¢, o and fSi, and between 0 and &
for 6; and Si. All the equations are nondimensionalized
according to the following parameters: (i) stretching
constant a = a’'lg?, (ii) time t* = tkgT/Clo?, (iii) shear rate
y* = 7Cle?lkgT, and (iv) extension rate e* = Zlo?/kgT.
The dimensionless stretching constant is chosen to be
1000 in all our simulations. The simulation protocol for
the completely linear chain is described in detail else-
where.18

A dimensionless time step of 1 x 1074 is found to be
optimal and is used in all our simulations. For each time
step, an ensemble of 500 to 2000 molecules is used to
generate the running averages and variances. Steady-
state results are obtained by performing a simulation
consisting of a trajectory of 1 x 10° time steps, discard-
ing the initial transient, and performing an average
on the remaining time steps. Error bars are obtained
from the averaging process and are found to be smaller
than the symbols used to represent the data in all
cases.

Kramer's expression?® is used to evaluate the polymer
contribution to the stress tensor. where bjj are the basis
vectors referred to the center of resistance and n is the
number of molecules.
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All other quantities are as described before. The viscos-
ity », the normal stress coefficients W;, and the exten-
sional viscosity ne are given by their standard defini-
tions. The intrinsic viscosity is obtained by scaling the
viscosity by nMyns/Na, where My, is the molecular
weight, 7s is the solvent viscosity and Na is the Avogadro
number.

The radius of gyration tensor, [0 for any given
conformation of the molecule, is given by

1 N
2
lj-gD:N zEﬂri—

i=1

r-cm)(ri - r-cm)lz| (13)

where ri denotes the location of the ith bead, r.m denotes
the center of mass of the molecule, and N is the total
number of beads. The scalar radius of gyration, [Rq2[)
which is a measure of the average distribution of the
molecular mass in the three coordinate directions, is
given by the trace of the radius of gyration tensor.

Results and Discussion

To develop a base case for the effects of branching on
the rheological response, four “generations” of compact
perfectly branched structures were first simulated. The
first two generations are shown in Figure 2. The first
generation consists of three trumbbell units surrounding
the core trumbbell unit, and each subsequent generation
has an additional layer of trumbbells. Generations one
to four contain 4, 10, 22, and 46 trumbbell units
respectively, which correspond to molecular weights (or
more correctly, the total number of beads) of 12, 30, 66,
and 138. Figure 3 illustrates the shear thinning behav-
ior of the simulated polymer contribution to the total
viscosity. A Newtonian plateau is observed at the lower
shear rates, and the onset of shear thinning occurs at
lower shear rates for the higher generation molecules.
The larger molecules are also characterized by a larger
asymptotic slope of the viscosity with shear rate,
increasing from —0.39 for generation 1 to —0.44 for the
generation 3 molecule. These observations are consis-
tent with earlier model studies of perfect dendrim-
ers,'113 where the higher generation molecules corre-
sponded to longer relaxation times. The shear rate
dependence of the first normal stress coefficients for the
four molecules is plotted in Figure 4, and an asymptotic
slope of —1.33 is observed for all cases. The shear
thinning behavior of the viscosity and first normal stress
coefficient appear to be independent of branching, since
a similar behavior is found for the Kramer's freely
jointed bead—rod chain.’® It must be noted that our
previous studies have shown that including the restric-
tion of bond bending motions through a bending poten-
tial can significantly alter molecular deformability and
shear thinning behavior.118 However, our interest in
the present simulations is to investigate the relative
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Generation 1 Generation 2

Figure 2. The compact perfectly branched generation 1 and

2 structures.
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Figure 3. Shear thinning behavior of the viscosity for the
four generations of perfectly branched structures.
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Figure 4. Shear thinning behavior of the first normal stress
difference for the four generations of perfectly branched
structures.

effects of chain branching through the inclusion of
arbitrary numbers of linear units in the chain archi-
tecture.

Figure 5 shows the dependence of the zero-shear
radius of gyration, Ry on the molecular weight for the
four generations of molecules. Ry is evaluated as
Rqo’™? and an M°2! dependence is observed at the
higher generations. Lescanec and Muthukumar? have
utilized a kinetic growth algorithm to study the static
scaling behavior of perfect dendrimers and have ob-
served an M%22 dependence. Murat and Grest'® and
Lyulin et al.'® have accounted for the effects of solvent
quality through a Lennard-Jones potential and have
observed dependencies of M%32 and M%31 respectively.
Since we do not consider any excluded volume effects
and utilize a random-walk type chain generation scheme,
it is to be expected that our coefficient is closer to that
predicted by the Muthukumar model.
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Figure 5. Dependence of zero-shear radius of gyration on the
molecular weight. A power law coefficient of 0.21 is obtained,
similar to the Muthukumar?® model.
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Figure 6. (a) Symmetric addition of linear spacer units in
the generation 1 structure. (b) Effect of linear spacers on the
zero-shear viscosity and first normal stress difference of the
generation 1 molecule.

As afirst step toward simulating the effects of varying
ratios of linear units to branch points, the number of
spring units between the trumbbells was symmetrically
increased in the above compact structures. The addition
of “linear” spacers is schematically described in Figure
6a, for the generation 1 molecule. The number of spacers
was increased from 1 to 10 for the generation 1 and 2
molecules and from 1 to 5 for the generation 3 molecule.
The effect of increasing the number of linear units on
the zero-shear viscosity and first normal stress coef-
ficient of the generation 1 system is shown in Figure
6b. Similar trends were observed for the generation 2
and 3 systems. Kinetic theory studies of the linear Rouse
and Kramer’s chains have shown that the zero shear
viscosity has a quadratic dependence on the number of
links, while the first normal stress coefficient is a much
stronger function of the number of links, the leading
term being to the fourth power.?* Likewise, we find that
the first normal stress coefficient is more sensitive to
the addition of spring units even in the branched
systems. Increasing the number of spacers is also found
to result in a reduction of the critical shear rate for the
onset of shear thinning and an increase in the magni-
tudes of the asymptotic shear thinning slopes (not
shown). The slopes are found to increase from 0.39 to
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Figure 7. Effect of linear spacers on the dependence of
intrinsic viscosity on the generation number.

0.44 for generation 1, from 0.42 to 0.55 for generation
2, and from 0.44 to 0.53 for generation 3. Increasing the
number of spacers not only results in a rise in the
magnitude of the zero-shear intrinsic viscosity but also
results in a stronger dependence on the generation
number as evidenced in Figure 7. This behavior is
consistent with the simulation results of Lyulin et al.13

While the addition of spacers does increase the
fraction of linear segments in the molecules, it also
causes an increase in the molecular weight. To isolate
the effects of molecular architecture on the rheology, it
is necessary to separate out the molecular weight
contribution. We have attempted to do this by perform-
ing simulations on a series of constant molecular weight
structures with varying ratios of linear segments to
branch points, spanning the extremes of the perfectly
branched structure and the completely linear chain.
Three sets of constant molecular weight systems, con-
taining 30, 66, and 138 beads, respectively, were con-
sidered. A facet of our model is that, even in the most
compact, perfectly branched configuration, one still has
linear spring units which connect the trumbbells. In
fact, the total number of springs in the above structures
is exactly one less than the number of trumbbells.
Except for the core trumbbell, each trumbbell has an
associated connecting spring. The trumbbell and spring
unit together are considered a single branching unit,
which yields the following definition for x, the average
number (or mole) fraction of additional linear units in
the chain,

Nspr Ny +1
SR U -

For the perfectly branched structure, x = 0, and for a
linear chain, x = 1.

Figure 8 shows the zero shear viscosity as a function
of the mole fraction of additional linear segments for
each of the three constant-bead systems. Perhaps the
most important message of this paper comes from the
observation that, for all three molecular weights, the
transition from the low viscosity of the perfectly branched
structure to the high viscosity of the linear chain occurs
at a critical value of x. We further quantify this
“transition” by looking at the x value when the viscosity
rises by 20% of the difference between the viscosities
at the two extremes. These viscosities are represented
by the dashed lines in Figure 8, parts a—c. We find that
in all cases the transition takes place at a mole fraction
of linear segments around 0.8.

The 66-bead structures shown in Figure 9, parts a
and b, both consist of 14 trumbbell units. They have
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Figure 8. (a) Dependence of zero shear viscosity on the mole
fraction of linear segments for the 30 bead system.The dashed
line corresponds to a rise in viscosity that is 20% of the
difference in viscosities of the x = 0 and x = 1 molecules. (b)
Dependence of zero shear viscosity on the mole fraction of
linear segments for the 66 bead system. (c) Dependence of zero
shear viscosity on the mole fraction of linear segments for the
138 bead system.

identical molecular weights and the same mole fraction
of linear segments of x = 0.632, but they differ in
architecture. This phenomenon is known as “geometric
isomerism”. Flory?? has calculated that for a branched
polymer with a degree of polymerization of “n” and a
B-group functionality of “f”, the number of possible
isomeric configurations is

nf!

(nf —n+ 1)In! (15)

For a molecule made up of just 10 monomer units of
AB:; type, the number of possible configurations is 1.68
x 10% Clearly, it is intractable to account for every
single possible isomer. However, valuable rheological
information is obtained by looking at the few symmetric
structures representative of a given ratio of linear
segments to branch points. The structure in Figure 9b
is found to exhibit a lower zero-shear viscosity than the
one in Figure 9a. When the spring units are distributed
toward the outside of the molecule as in Figure 9b, a
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Figure 9. 66-bead molecules exhibiting “geometric isomer-
ism”. Both structures (a) and (b) contain identical numbers of
spring and trumbbell units.

more compact structure with lower viscosity is obtained.
As can be seen from Figure 8, parts a and b, two other
sets of geometric isomers are encountered at x = 0.818
for the 30-bead system and x = 0.783 for the 66-bead
system. In all cases, the lowest viscosities are observed
for the structures where the linear segments are dis-
tributed among a greater number of branch points.

The sharp rise in zero-shear viscosity at x = 0.8 has
been observed experimentally by Markoski et al.,° for a
series of AB/AB, polyetherimide(PEI) copolymers of
roughly identical molecular weights. Recently, Aerts?3
has utilized a Monte Carlo scheme, which accounts for
variable reactivity of the second functional group, to
generate AB/AB, copolymer structures of different
ratios. However, a rigorous kinetic theory analysis is
not performed and the intrinsic viscosity is calculated
from the generated radius of gyration through the
formula

7] = (%T) x RIM,, (16)

The completely linear structure has a viscosity that is
roughly 4 times that of the x = 0 structure for the 66
bead system, the experimentally studied dilute solution
(0.1 g/mL) PEI system® and Aerts’ 249 bead system.
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Figure 10. Scaled viscosity data of the 66 bead system plotted
with the 249 bead system of Aerts?® and the dilute solution
(0.1 g/mL) experimental data of Markoski et al.®
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Figure 11. (a) Dependence of radius of gyration on the mole
fraction of linear segments for the 66 bead system, plotted with
the dynamic light scattering results of Sendijarevic et al.° (b)
Power law relationship between zero shear viscosity and
radius of gyration for the 66 bead system.

These viscosities scaled by their respective x = 0 values
are plotted in Figure 10. A very close agreement is found
between the transition trends of the three systems, with
all the data points following a master curve.

The zero-shear radius of gyration values for the 66
bead system are plotted alongside the dynamic light
scattering results of Sendijarevic et al. in Figure 1la.
The radius of gyration is found to undergo a transition
similar to that of the zero-shear viscosity, with a sharp
transition beyond x = 0.8. This is consistent with the
well-known fact that more compact structures cor-
respond to lower viscosities. As seen in Figure 11b, a
power law relationship, with a coefficient of 2.42, is
found to hold for the 66 bead system. The experimental
Ry undergoes a steeper transition with x and the
experimental viscosity is found to follow a weaker Ry
dependence. The viscosity is found to scale as Ry>76 and
Rg1®5 for the 30 and 138 bead systems respectively (not
shown). Kinetic theory studies of the Rouse chain have
shown that for a large number of beads, the intrinsic
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R?=0.976

60
.

Figure 12. Zero shear viscosity vs average number of linear
segments between branch points, for the 66 bead system.

viscosity scales as Rg*M, where M is the molecular
weight. The inclusion of hydrodynamic interactions
yields the Zimm chain, and the intrinsic viscosity is
found to scale as Ry®/M. Several theories?? lead to the
idea of an R¢®/M scaling, and this is the most widely
used relationship for linear chain polymers. While the
same expression has been used to calculate intrinsic
viscosities of hyperbranched polymers,® our more rigor-
ous kinetic theory calculations indicate that such a
simple relationship may not be accurate for the branched
systems.

The experimental study of Markoski et al.® also
demonstrated that the “average number of linear seg-
ments between branch points”, |, determined from the
copolymerization relations given by Frey et al.,?* cor-
related linearly with the zero-shear viscosity. | repre-
sents the arithmetic average of the number of links
between branch-points and between branch-points and
end-points. For example, in the structure shown in
Figure 9a, there are 12 stretches where there are three
links between trumbbell units and there is one stretch
with just one link between the trumbbells. Hence, the
arithmetic average number of linear segments between
branch points is (12 x 3 + 1 x 1)/13 = 2.846. As seen
in Figure 12, the simulated zero shear viscosities also
correlate linearly with | in these systems.

The extensional flow results are shown in Figure 13,
parts a and b. At a low dimensionless extension rate of
€* = 0.01, the extensional viscosity is found to be
roughly 3 times the zero shear viscosity for all three
molecular weight systems. This is analogous to the
behavior of Rouse/Zimm linear chain systems which are
known to follow Trouton’s rule at the lower extension
rates. At a dimensionless extension rate of 10, much
higher magnitudes of extensional viscosity are observed.
In the linear systems, the extensional viscosity is known
to scale as the fully extended end-to-end chain length
at the higher elongation rates.1® Since the molecules
with a greater fraction of linear segments are more open
and capable of unraveling, we find a marked increase
in the extensional viscosity with x.

Conclusions

In this paper, we have performed Brownian dynamics
simulations of several mixed linear-dendritic molecules
utilizing a free-draining bead—spring—trumbbell model.
The first normal stress difference is found to be more
sensitive to the addition of spacers in the perfectly
branched architecture. Our study of constant molecular
weight hyperbranched systems with varying mole frac-
tions of linear segments has led us to conclude that the
transition from branched polymerlike properties to
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Figure 13. (a) Elongational viscosity scaled by the zero shear
viscosity at a dimensionless extension rate of 0.01. (b) Elon-
gational viscosity scaled by the zero shear viscosity at a
dimensionless extension rate of 10.

linear-chain-like properties occurs only beyond a mole
fraction of around 0.8, in line with the experimental
observations of Markoski et al.° Even the introduction
of a very small number of branch points in a linear
polymer can result in a significant reduction in size and
viscosity. Our results are also in very close agreement
with the experimentally observed behavior of the AB/
AB, polyetherimide copolymers.10
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