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ABSTRACT: Brownian dynamics simulations of hyperbranched polymers with different degrees of
branching have been performed under the influence of simple shear flow. Hydrodynamic and excluded-
volume interactions have been taken into account explicitly. Shear-thinning effects have been observed
for all simulated degrees of branching. As the molecular weight of highly branched structures increases,
the zero shear rate intrinsic viscosity reaches a maximum and begins to fall similar to the intrinsic viscosity
behavior of perfectly branched dendrimers. In the absence of shear, static structure factors, S(k), for
hyperbranched polymers with the smallest number of monomers studied resemble those of a three-arm
star. As the number of monomers increases and as the degree of branching increases, the S(k) curves for
the hyperbranched polymers begin to illustrate features associated with S(k) curves for hard spheres.
Further insight into the shape and interior density of these structures is obtained through the ratio of
the radius of gyration, Rg, to the hydrodynamic radius, Rh. The ratio Rg/Rh is observed to approach unity
as the number of monomers and the degree of branching increase.

1. Introduction
Macromolecular architecture has received consider-

able interest as the search for polymeric materials with
new properties intensifies. Dendritic structures in par-
ticular have received much attention in recent years.
These are treelike structures usually built from AB2
monomers where each B group may react with one of
the A group of another monomer. Fully branched,
perfectly regular structures are referred to as dendrim-
ers while imperfectly branched or irregular structures
are referred to as hyperbranched polymers. One of the
interesting properties of dendrimers is that a maximum1

is observed in plots of intrinsic viscosity as a function
of molecular weight in contrast to linear polymers which
generally obey the Mark-Houwink equation

where K and a are constants for a given polymer/solvent/
temperature system.

Linear polymers thus exhibit a steady increase of
intrinsic viscosity with increasing molecular weight
while dendrimers offer the possibility of producing high
molecular weight materials with low viscosity. They
thus have potential applications in a number of areas
such as viscosity modifiers or paints. The strategy for
synthesizing dendrimers, however, includes several
protection and deprotection steps making the synthesis
time-consuming and expensive. A hyperbranched poly-
mer (HP) is typically synthesized in a much more
economical one-pot reaction, and the question therefore
arises as to the extent to which these materials exhibit
dendrimer-like properties.

In addition to their use as rheology modifiers, various
other potential applications of HPs exist, such as
thermoset resins,2 toughening agents,3 and nonlinear
optical polymers.4 Fundamental understanding of their
behavior is therefore of general interest. Unravelling the

structure-property relationships of hyperbranched ma-
terials is, however, doubly complex since the end result
of a typical one-pot reaction is a highly disperse mixture
of variable sized randomly branched molecules with
very different topologies. This complicates experiments
since the usefulness of characterization via conventional
size exclusion chromatography is compromised due to
the potentially similar hydrodynamic volumes of a
highly branched dendrimer and a linear chain of fewer
repeat units. Theoretical investigation is complicated,
however, by the fact that systems are typically branched
on a scale comparable with the Kuhn length, and hence
equivalent random links and Gaussian chains do not
exist. These experimental and theoretical complications
make computer simulation, with its associated ability
to control the simulated topology, a valuable way to
obtain further insight and, in particular, to understand
the geometry and rheology of hyperbranched materials.

Several experimental studies of hyperbranched stud-
ies have been reported, however, with varying degrees
of characterization. In the early 1990s, Kim and Web-
ster5 reported the synthesis of hyperbranched poly-
phenylenes. Adding a small amount of this polymer to
a polystyrene melt greatly reduced the melt viscosity.
Later, Turner et al.6,7 described the synthesis of all-
aromatic hyperbranched polyesters with phenol and
acetate end groups with a reported degree of branching
of about 50%. Combination of size exclusion chroma-
tography and differential viscometry indicated that the
Mark-Houwink exponent for these polymers was con-
siderably lower than that for the linear polystyrene
standard. A maximum was not observed in the intrinsic
viscosity as a function of molecular weight, however.
More recently, Hobson and Feast8 reported the synthe-
sis of poly(amidoamine) hyperbranched systems which
display a viscosity/molecular weight profile similar to
that exhibited by dendrimers in that a trend of decreas-
ing intrinsic viscosity with increasing molecular weight
was observed (though the molecular weight was deduced
and not directly measured). In general, there is general
agreement that hyperbranched polymers exhibit re-
duced viscosities compared with equivalent linear poly-
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mers, but the conditions for the existence of a maximum
in the plot of intrinsic viscosity as a function of molec-
ular weight are not clear.

One of the first simulations of HPs was performed
by Widmann and Davies9 using the simple bead-rod
model together with an RIS Metropolis Monte Carlo
procedure with intrinsic viscosities calculated from the
radius of gyration. Aerts10 simulated the intrinsic
viscosity for the hyperbranched aliphatic polyesters
described by Malmström et al.11 and Hult et al.12 using
the bead model of Lescanec and Muthukumar.13 Intrin-
sic viscosities were again calculated from the radius of
gyration and also by using the hydrodynamic tensor
approach. Both studies suggested that flexible HPs can
exhibit a maximum in their intrinsic viscosity as a
function of molecular weight. The maximum is, how-
ever, situated at a higher level of intrinsic viscosity and
shifted to higher molecular weights than that for the
equivalent dendrimer.

These simulations are open to criticism, however, in
that Widmann and Davies used a phantom chain model,
thus neglecting excluded-volume effects which are
exacerbated in these highly crowded hyperbranched
structures while Aerts employed a static building algo-
rithm with no Monte Carlo or dynamic configurational
relaxation. The deduction of the intrinsic viscosity from
the radius of gyration of branched structures is also
questionable.

This paper addresses these issues by employing
Brownian dynamics (BD) techniques with a shear flow
field to obtain the intrinsic viscosity (IV) data. This
method allows the IV of a very dilute solution to be
simulated over a broad range of shear rates. Hydro-
dynamic and excluded-volume interactions, which play
an important role for dendrimers,14 have been treated
explicitly. The model and details of the simulation
algorithms are presented in section 2. Our results are
presented in section 3, and the main conclusions are
summarized in section 4.

2. Details of the Model and Algorithms Used

A. Generation of Connectivity Tree and Char-
acterization of Hyperbranched Molecules. Mono-
mers within this paper are represented as beads where
each bead consists of an A and two B groups. The
number of monomer units, N, used within each simu-
lated structure equaled 22, 46, 94, 190, or 382. Hyper-
branched polymers are constructed from AB2 monomers
by creating the connectivity tree as described in ref 9.
(The connectivity tree defines the bonding structure
within a molecule.) Essentially, monomers are added
one at a time to a growing molecule. At each addition,
a B group from the growing molecule is randomly chosen
and reacted with the A group of the monomer to be
added. The starting monomer or “core” is a molecule
with three B groups and no A group.

Different structures are generated by assigning dif-
ferent reaction probabilities to the unreacted B groups.
Each unreacted B group whose neighbor on the same
unit is also unreacted is given a reaction probability P1.
Alternatively, if the neighboring bead is already reacted,
the unreacted bead is given a reaction probability P2.
The average topology of such hyperbranched molecules
is controlled by the single parameter k ) P2/P1. For
values of k < 1, polymers with little branching are built
and in the limit k f 0 linear polymers result. For k >
1, highly branched polymers are built which, in the limit

of k f ∞, are fully branched structures but not perfect
dendrimers since the terminal groups can belong to
different generations. (i.e., they are at different dis-
tances from the core.)

For each value of N, several simulations are per-
formed at different degrees of branching.The structures
are classified according to N and their degrees of
branching, DB. The degree of branching is defined15 as

where D is the number of monomers with both B groups
reacted (i.e., dendritic units) and L is the number of
monomers with one reacted B group and one un-
reacted B group (i.e., linear units). The DB so defined
varies from 0 for a linear chain to 1 for a perfect
dendrimer or a fully branched hyperbranched polymer.
This paper does not consider fully branched hyper-
branched polymers so a DB value of 1 will correspond
to the dendrimer with a focal core.

Previously, the DB was defined as the ratio of number
of dendritic plus terminal monomers (i.e., both B groups
unreacted) to the total number of monomers.16 This
definition, however, overestimates the DB of distribu-
tions of small molecules since unreacted monomers are
typically counted as terminal units and contribute to
the degree of branching. Also, the DB of linear polymers
consisting of N monomers is equal to 1/N with the
earlier definition and thus never zero. The definition of
DB given by eq 2 avoids both of these problems.

For this work, DB values within the range of 0.2-0.8
are used. (For expediency, the data for perfect dendrim-
ers, taken from a previous study,14 are used for a DB of
1.)

The DB does not fully describe the connectivity,
however, as is obvious from the fact that both perfect
dendrimers and the less regular hyperbranched poly-
mers can have a DB of 1. We therefore also use the
Wiener index,17 W, to characterize the different struc-
tures. This term was originated by Wiener during his
investigations into the relationship between the atom-
istic connectivity of paraffin isomers and their boiling
points. He defined this index as the cumulative distance
between all pairs of carbon atoms within these mol-
ecules measured in terms of the number of intervening
bonds between two atoms. This index also has been
shown to correlate well with many physical and chemi-
cal molecular properties including molar volume, refrac-
tive index, heat of vaporization, and viscosity.17

In this work, the connectivity tree is used to deter-
mine the Wiener index. For a given number of mono-
mers, W is always largest for the linear chain and
smallest for a perfect dendritic structure. Its utility is
demonstrated by the fact that, in the simulations of
Widmann and Davies,9 W exhibits a near perfect power-
law correlation with the simulated intrinsic viscosities
of molecules with the same molecular weight but
different topologies.

B. Initial Configuration and Brownian Dynam-
ics Algorithm. The Cartesian coordinates for the beads
in the initial configuration of a given hyperbranched
polymer are generated from its connectivity tree by a
procedure due to Murat and Grest.18 All bonded pairs
of beads are separated by a fixed bond length, l. The
distance between a newly added bead and all other
beads is constrained to be larger than some distance
rmin ) 0.64l. Bead overlaps are not allowed, and if a bead

DB ) 2D
2D + L

(2)
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cannot be inserted after a reasonable number of trials
(e.g., 500-600), the whole structure is discarded and
the procedure is started from the beginning with the
same connectivity tree.

The Ermak-McCammon19 algorithm is used for each
integration step

which has been used previously to simulate dumbbells
and polymer chains under shear flow.20 Here rbi

0 is the
position vector for bead i before a Brownian dynamics
step, ∆t, where the core is considered when i ) 0, and
kT is the Boltzmann factor. Dij

0 is the diffusion tensor,
and νbi

0 is the velocity of the solvent at the position of
bead i where for steady shear flow νi,x

0 ) yi
0 γ̆. The

solvent is represented as a structureless continuum with
chain-solvent collisions mimicked by a random force
ΦB i

0. The SHAKE algorithm21 with a relative tolerance
of 2 × 10-6 is used to maintain a fixed bond length. A
Lennard-Jones [LJ] potential is invoked between all
nonbonded beads i and j where the LJ σ parameter
equals 0.80l and the LJ ε parameter equals 0.30kT.22 A
cutoff distance of 2.5σ is also employed. No torsional or
valence angle potentials are used. Hydrodynamic inter-
actions (HI) are represented rigorously by means of the
Rotne-Prager-Yamakawa interaction tensor.23 The
strength of the HI effects is set by the parameter h* )
(3/π)1/2a/l ) (3/π)1/2ú/(6πηsl) where ηs represents the
solvent viscosity and a is the Stokes hydrodynamic
radius of a single bead. ú denotes the friction coefficient
of each bead. The data reported within this paper use
h* ) 0.25 corresponding to the hydrodynamic radius a
) 0.257l. This is the same value of h* used within our
simulations of dendrimers14 whose intrinsic viscosity
peaked at realistic generation values.

After generation of the initial configuration, the
hyperbranched polymer is allowed to equilibrate for
100 000-500 000 Brownian dynamics time steps de-
pending on its size and the magnitude of the shear rate.
The attainment of steady state is monitored through the
radius of gyration, Rg , and the components of the inertia
tensor, T. Production runs typically consisted of 500 000-
1 000 000 time steps, depending on the size of the
system and magnitude of the shear rate. Other details
of the simulation procedure are found within previous
publications.14,24

C. Processing of Results. i. Structure Factor. The
structure factor S(k) is calculated along the three
Cartesian axes in the absence of shear as

where the angular brackets denote averaging over all
stored conformations for a particular trajectory. Averag-
ing is made over the three projections, and finally the
quantity S(k) ) (S(kx) + S(ky) + S(kz))/3 is reported as
a function of the scattering vector which is varied over
the range 0 < k < 2π/l.

ii. Calculation of Viscosity. The dimensionless
intrinsic viscosity [η]* is calculated according to

where the shear viscosity, η, is defined through the
nondiagonal component of the shear stress tensor τ as

The characteristic time λ in (5) is given by úl2/12kT, and
n is the number density of molecules. In rheological
experiments, the intrinsic viscosity is related not to a
number density of polymer chains as used in eq 5 but
rather to the concentration of chain monomers. For this
reason, the normalized quantity [η̃]0 ) [η]0

//N is also
calculated where N is the total number of beads in the
HP and the subscript 0 denotes a zero shear rate.

iii. Hydrodynamic Radius. The mean-square trans-
lational displacement of the center of mass (COM) of
hyperbranched polymers has been calculated in the
absence of shear flow. They are linear functions of time
in all time regions covered by these simulations and are
not shown. The COM diffusion coefficient for each HP
is extracted from these data using the Einstein relation-
ship 〈∆r2(t)〉 ) 6Dcomt. For nondraining polymers, the
hydrodynamic radius, Rh, of the whole molecule is
determined by the Stokes relation,

where ηs is the viscosity of the solvent. The hydro-
dynamic radius for an effective sphere representing the
whole HP can also be calculated from its zero-shear
intrinsic viscosity as25

The Rh values computed from these different approaches
are very close to each other, the difference in all cases
being less than 10%.

3. Results and Discussion
The following sections investigate the dependence of

the simulated intrinsic viscosity, radius of gyration, and
structure factors of HPs on their molecular weight,
Wiener index, and the magnitude of the shear flow. The
influence of the HI on the simulated properties is also
reported. Dimensionless quantities are used and are
represented by an asterisk where length (l), energy (kT),
and translational friction ú ) 6πηsa are set to unity. It
follows that time is reduced by úl2/kT and shear rate
by kT/úl2. Dimensionless shear rates ranging from 0 to
10 are covered in this investigation. A dimensionless
time step between ∆t* ) 1 × 10-3 and 1 × 10-4 is used
which decreases with increasing shear rate. The mag-
nitude of the time step is chosen so that the maximum
displacement of a bead is less than about 10% of the
average bond length. Note that error bars for all plotted
data points are smaller than the size of the symbols used
within the figures unless otherwise indicated. Further-
more, lines are drawn between data points are aids to
the eye unless otherwise indicated.

A. Intrinsic Viscosity. Figure 1a illustrates the
shear thinning of the simulated intrinsic viscosity for
HPs with different DB and different molecular weight
N. At low shear rates, evidence of a Newtonian plateau
in the intrinsic viscosity is observed with the onset of
shear thinning occurring at smaller shear rates as the
size of the HP increases. For the N ) 382 DB ) 0.2,
0.4, and 0.6 systems, an extra data point is included

rbi ) rbi
0 + ∆t/kT∑

j

Dij
0‚FBj

0 + νbi
0‚∆t + ΦB i

0(∆t)

i ) 0, ..., N (3)

S(kR) ) 〈 1

N2 |∑
j)1

N

eikR rR
j|2〉 R ) x, y, z (4)

[η]* )
η - ηs

nkTλ
(5)

η ) -
τxy

γ̆
(6)

Dcom ) kT/6πηsRh (7)

[η̃]* ) 10π
3N

Rh
3* (8)
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for a shear rate of 0.0084 to help better define the
Newtonian plateau. To appreciate the rates required to
shear thin these structures, consider the dendrimer with
N ) 382 and DB ) 1.0. Data in Figure 1a show that for
this dendrimer the intrinsic viscosity begins to decrease
at γ̆cr

/ ≈ 0.02. A typical solvent viscosity of 1 cP, a bond
length l ) 1.54 Å, and a temperature T ∼ 300 K affords
a characteristic time on the order of 10-11 s and a critical
shear rate of 109 s-1. Figure 1b illustrates the N ) 190

(open symbols) and the N ) 382 (closed symbols) data
in greater detail, including error bars where they are
larger than symbol size. Additionally, the extrapolations
of the data used to extract the corresponding zero shear
viscosities are also shown as solid lines (N ) 190) and
dashed lines (N ) 382). The extrapolation process is
discussed in greater detail below.

The conformation of an HP under the influence of
shear flow is anisotropic. Snapshots of the HP with N
) 382, DB ) 0.2, and DB ) 0.8 are shown in Figure 2
for the magnitude of shear rate γ̆* ) 0.6. For small
degrees of branching, the HP is elongated in the
direction of shear (i.e., the X axis) and is squeezed in
the perpendicular direction (Figure 2a). At the same
time the projection on the XZ plane reveals a much less
compact and less elongated structure (Figure 2b). For
the HP with DB ) 0.8 at the same value of shear rate,
the elongation in the shear direction is smaller (Figure
2c) with the XY projections being less elongated than
the structure depicted in Figure 2a. The XZ projection
of the HP with DB ) 0.8 seen in Figure 2d is less
sprawled out relative to the structure observed in Figure
2b. These snapshots suggest higher shear rates are
needed to initiate shear thinning as the DB of the HPs
increases.

As mentioned previously, zero shear rate viscosities
[η̃]0 are deduced by extrapolating the low shear rate
data found in Figure 1a to zero shear rate. The resulting
[η̃]0 values are shown as a function of the molecular
weight, N, in Figure 3 and as a function of the Wiener
index, W, within Figure 4. The extrapolation is per-
formed using 3-6 of the lowest shear rate data points
for each hyperbranched polymer and the equation

where a0 and a1 are fitting parameters. a0 is related to
the zero shear rate viscosity, and a1 is related to the
product of the zero shear rate viscosity and the square
of a characteristic relaxation time for the hyperbranched
polymer. This form is justified since the intrinsic viscos-
ity does not depend on the direction of the shear and
the intrinsic viscosity decreases with increasing shear
rate (i.e., shear thinning). Many of the curves within
Figure 1 exhibit a Newtonian plateau which supports
the credibility of the extrapolated [η̃]0 values. The
presence of such a plateau is not as strongly observed
for the N ) 382 low DB systems which introduces more
error into their extrapolated [η̃]0 values.

The open symbols in Figure 3 indicate a steadily
increasing molecular weight dependence of [η̃]0 for linear
chains with HI and excluded-volume interactions as
reported by the authors in an earlier publication.24

Starting with N ∼ 60, the slope of this dependence is
almost 0.5 as predicted by the theory.26 For perfect
dendrimers, the maximum in the dependence of [η̃]0 vs
molecular weight can be expected when the average
volume of the polymer chain starts to increase slower
than its molecular weight. Visualization of the instant
conformations indeed reveals rather compact structures
for HPs with DB g 0.8 and N > 200, in contrast to the
sparse conformations of HPs with smaller degrees of
branching. Figure 3 indicates that all data for HPs lie
between the two extreme cases for the linear chain and
the perfect dendrimer. Even for DB ) 0.2, the N
dependence of [η̃]0 for the HP is very different from that
for the linear polymer. A maximum in the N dependence

Figure 1. (a) Shear rate dependence of intrinsic viscosity for
hyperbranched polymers of different molecular weight, N )
22, 46, 94, and 382, and different degrees of branching, from
DB ) 0.2 to DB ) 1 (dendrimer). The N ) 190 data are omitted
for clarity. At a given value of N, the arrow indicates the
direction of increasing degree of branching. Lines connecting
symbols are drawn as an add to the eye. For the N ) 382 DB
) 0.2, 0.4, and 0.6 systems, an extra data point is included
for a shear rate of 0.0084 to help better define the Newtonian
plateau. (b) A more detailed perspective of the shear rate
dependence of the intrinsic viscosity for the N ) 190 (open
symbols) and N ) 382 (closed symbols) systems. The extrapo-
lations using the lower shear rate data employed to extract
zero shear viscosities are also shown as solid lines (N ) 190)
and dashed lines (N ) 382).

[η̃]* ) a0 - a1γ̆*2 (9)
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of [η̃]0 for the HP with DB ) 0.8 is observed in Figure
3, which is not as intense as that observed for the data
associated with the dendrimer (i.e., DB ) 1.0). Data for
the HP with DB ) 0.6 are beginning to level off in the
area where the maxima in the DB ) 0.8 and DB ) 1.0
data occur, suggesting the possible existence of a peak

at higher values of N. Similar conclusions are not made
for the lower DB data in light of the larger than typical
error for the N ) 382 system.

The relationship between [η̃]0 and the Wiener index,
W, of the same HPs is shown in Figure 4. Simulated
results for dendrimers but without hydrodynamic in-
teractions are also shown by a dashed line connecting

Figure 2. Snapshots of conformations of HP with N ) 382
and different degrees of branching, DB ) 0.2 (a, b) and DB )
0.8 (c, d) under the influence of shear flow. Projections on the
XY (a, c) and XZ (b, d) planes are shown. Shear is directed
along the X axis, and the magnitude of the shear rate is γ̆* )
0.6.

Figure 3. Molecular weight dependence of the zero shear rate
intrinsic viscosity for HPs over a wide range of degrees of
branching from linear chains (open circles, results from ref
24) to dendrimers (asterisks, results from ref 14). The dashed
line of slope 0.5 represents the theoretical prediction for
Gaussian chain in a Θ solvent.

Figure 4. Zero shear rate intrinsic viscosity vs Wiener index
of HPs at different degrees of branching. The dot-dashed line
connects results with different DB values at a constant value
of N (i.e., constant molecular weight). Simulation results for
dendrimers without hydrodynamic interactions are shown by
inverted triangles connected by a dashed line. Monte Carlo
simulation results of ref 9 are shown by open symbols.
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inverted filled triangles. Results for the freely draining
HPs indicate a strong increase in intrinsic viscosity with
increasing Wiener index. Inclusion of HI changes the
results dramatically, leading to the pronounced maxima
at DB ) 0.8 and 1.0. At constant molecular weight
denoted by the dot-dashed lines, [η̃]0 ∼ Wa where a )
1.6, 1.4, 1.2, 1.1, and 1.1 when looking left to right at
the five sets of data with each set comprised of five
different filled symbols connected by dashed lines. This
affords an average slope of ∼1.3, which is less than the
value of 1.5-1.6 indicated within the work of Widmann
and Davies. 9 To enable further comparisons, results for
HPs from the Widmann and Davies work with DB )
0.6 and DB ) 1 are included within Figure 4 as unfilled
symbols. These HPs also exhibit maxima on their W
dependence of intrinsic viscosity but lie significantly
below the analogous plots from this study. This behavior
can be attributed to the use of excluded volume within
the current study but not within that of Widmann and
Davies. Furthermore, the peak in the simulated intrin-
sic viscosity is shifted to higher generations relative to
the data of Widmann and Davies. The observed intrinsic
viscosity peaks within the current work occur around
the fourth or fifth generation. This is the vicinity of an
estimated peak in the intrinsic viscosity of a dendrimer
based on its hydrodynamic volume increasing as the
third power of the generation number (g3) and the
molecular weight increasing as 2g. With intrinsic viscos-
ity ∼ hydrodynamic volume/mass ∼ g3/2g, a maximum
is found at gmax ) 3/ln 2 ∼ 4.3.

B. Structure Factor in the Absence of Shear.
Single molecule structure factors are displayed in
Kratky format in Figure 5a-c for HPs of different
molecular weights and degrees of branching. Curves for
molecules other than HPs and dendrimers are plotted
within these figures for comparative purposes. Curves
are included in each figure for a Gaussian coil with a
radius of gyration equal to the figure’s HP with DB )
0.2. Similarly, curves are included in each figure for a
hard sphere with a radius of gyration equal to the
figure’s dendrimer. The curves for the three-arm star
polymers with the same radius of gyration as for HPs
with DB ) 0.2 have been calculated in separate Brown-
ian dynamics simulations using the HB excluded-
volume interaction parameters and without hydro-
dynamic interactions. The simulated HPs have struc-
ture factors very different from that of an ideal Gaussian
coil and the three-arm stars except for the N ) 22 HP
whose DB ) 0.2 curve is very similar to that of the
three-arm star. Furthermore, Figure 5c reveals the
secondary Kratky peak in the region of 4 < kRg < 6
begins to appear in the N ) 94 dendrimer.

C. Hydrodynamic Radius. Further information
regarding the shape of the simulated HPs is obtained
through the ratio of the hydrodynamic radius, Rh, to the
radius of gyration, Rg. The ratio Rg/Rh varies from 0.73
to 0.80 for linear unperturbed polymers to ∼1.0 for
regular star polymers to 1.29 for hard spheres of
uniform density.27 This ratio is plotted in Figure 6 as a
function of the degree of branching of the HP in the
absence of shear flow where the hydrodynamic radius
is calculated as an average of eqs 7 and 8. The lines
join data with the same value of N and serve as an aid
to the eye. The figure reveals that the ratio tends to 1
with increase N and increasing DB. This is in good
agreement with the findings of Ishizu et al.27 on

Figure 5. Kratky plots of the static structure factors for HPs
of different molecular weight, N ) 22 (a), N ) 46 (b), and N )
94 (c) for different degrees of branching. Analytical results for
corresponding Gaussian coils and hard spheres and simulation
results for 3-arms star polymers with excluded-volume inter-
actions are also shown.
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hyperbranched polymers derived from copolymerization
of poly(4-methylstyrene)-block-polystyrene.

4. Conclusions
Computer simulations of hyperbranched polymers

with different degrees of branching under shear with
excluded-volume and hydrodynamic interactions have
been performed. HPs with smaller amounts of branching
(i.e., low values of DB) reveal sparse structures while
those with larger amounts of branching (i.e., high values
of DB) possess very compact structures. Under shear,
the structures become anisotropic being elongated in the
direction of shear and squeezed perpendicular to it. For
a fixed number of monomers units N, simulated HP
viscosities are larger than the analogous quantity for
the dendrimer, and all HPs exhibit shear thinning
similar to that of perfect dendrimers.14 However, the
magnitude of the critical shear rate at the onset of shear
thinning shifts to smaller values as compared to den-
drimers. The zero-shear intrinsic viscosity of HPs does
peak at a critical molecular weight, but the peak is less
pronounced relative to that observed for dendrimers.
Comparisons with other simulation efforts reveal that
as the molecular weight is varied at a fixed DB, the
explicit inclusion of hydrodynamic and excluded-volume
interactions affords high values of simulated viscosities
and shifts any maximum in the simulated intrinsic
viscosity to higher molecular weight. As DB and N are

increased, static structure factors reveal how the HP
shape begins to approach a constant density sphere, and
plots of Rg/Rh vs the degree of branching are in good
agreement with experimental findings.
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Figure 6. Dependence of the ratio Rg/Rh on the degree of
branching at various values of N. Lines connecting symbols
are drawn as a guide to the eye.

Macromolecules, Vol. 34, No. 11, 2001 Hyperbranched Polymers 3789


