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ABSTRACT: A molecular dynamics simulation study has been conducted in order to shed light on the
effect of molecular shape and structure on the rheological properties of linear and branched polymer
melts. Couette shear flow has been simulated using Lees-Edwards sliding bricks periodic boundary
conditions. Bulk properties of linear, star, H-shaped, and comb-shaped molecules have been calculated
for many isomers of C100H202 polyethylene melt in order to do a controlled study on the effects of molecular
architecture. Generally, branched polymers such as star, H, and comb-shaped molecules in non-Newtonian
regime exhibit larger shear viscosities at high shear rates than their linear counterparts with the same
molecular weight. However, the normal stress differences observed are higher for linear polymers. It is
shown that while the shape of a molecule affects its rheological response, two important parameters, the
effective length of the molecule and its degree of branching, ultimately dictate its response.

1. Introduction

The shape of molecules in liquids in general and
polymer melts in particular dictates their dynamical
behavior and rheological properties. Understanding
these structural effects is crucial in synthesizing new
polymers with desired properties. It is still very difficult
to determine the structure of these polymers by experi-
ments. Experimental techniques such as NMR are
useful in determining the number of branches. However,
in measuring the length of branches, NMR cannot
differentiate branches that have more than 6-10 at-
oms.1 Rheological responses of polymer melts have been
used to determine molecular weight distributions
(MWD).2 Using highly active catalysts, we can control
short- and long-chain branching.3 This produces poly-
mers with different rheological properties.4 In the past
the effect of molecular weight has been ignored in
comparing branched polymers with different degrees of
branching. Recent advances in synthesizing polymers
have made it possible to produce polymers with almost
the same molecular weight with different degrees of
branching. Using these techniques in experiments with
low-density polyethylene (LDPE) made by Wood-
Adams,5 an increased low-shear-rate viscosity was
observed as the degree of branching was increased,
while shear thinning began at lower shear rates. Com-
mercial LDPE is usually polydisperse, and the molec-
ular structure is irregular. For this reason developing
a molecular theory to give quantitative results is beyond
reach at present.6 However, a great deal of theoretical
work is being done on idealized branched polymers such
as star and H-shaped molecules to generate molecular
constitutive equations.7,8 A molecular simulation such
as the Monte Carlo method or molecular dynamics (MD)
is an alternative approach. The advantage of these
methods is that highly detailed architectures can be
simulated with controlled molecular weight and shape
of the molecules. However, the idealized molecules
examined by these methods are usually much shorter
than the real polymers. Usually, a limited number of
molecules are examined in the simulation because of
the large number of calculations required. Also, for

larger molecules the relaxation time is much longer and
beyond the available simulation time. So the molecular
weight of the simulated molecules is usually below the
entanglement molecular weight. Although the molecules
in these simulations are short, they can still capture
much of the behavior of real polymer melts. These model
molecules often reproduce nonlinear behavior and nor-
mal stress differences that are observed for polymer
melts. MD simulations have shown that liquids that
often appear Newtonian in experiments at low shear
rates show non-Newtonian behavior if they are sheared
at large enough shear rates, such as occur in MD
simulations. Shear thinning is now thought to be a
universal phenomenon at high enough shear rates. For
molecules with long relaxation times shear thinning
occurs at low shear rates, but for Newtonian fluids with
very low relaxation times it happens at much larger
shear rates. MD simulation can examine the properties
of the fluid at very much higher shear rates than those
possible to achieve in the laboratory. There are situa-
tions such as hard-disk lubrication and flow in nanochan-
nels where the fluid experiences extremely high shear
rates. So these simulations can also be used to capture
the effect of molecular shape on the rheological behavior
in such applications. And understanding of such struc-
tural effects no doubt can add to our knowledge and
gives help in devising theoretical models for longer
polymers.

Daivis and Evans9 observed higher viscosity for
branched alkanes in their shear simulation of linear and
star-shaped C13 alkanes. Kioupis and Maginn10,11 also
investigated through MD the effect of molecular archi-
tecture on high-pressure rheology of lubricant molecules
of C18 alkane. They investigated three types of mol-
ecules: one with the shape of a 3-arm star, one highly
branched, and one a linear molecule. They observed
differences in the viscosity index and viscosity depen-
dence on the pressure and temperature for different
structures. Khare et al.12 studied the rheological re-
sponse of three linear alkanes (C16-C22) and a branched
(C22) alkane. The only branched molecule that was
simulated in this work showed higher viscosity than its
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linear isomer. In our earlier simulations on confined
isomers of C30 alkenes,13 we investigated the effect of
degree of branching on short lubricant molecules.
Although the molecules were much shorter, the simula-
tion results were very similar to experiments with
LDPE5 and hyperbranched polymers.14 Our results
showed an increase in the high-shear-rate viscosity of
the confined film for branched molecules. We showed
that viscosity increased with degree of branching. It is
known that confined films behave differently compared
to the same fluid in bulk. A systematic study on the
effect of branching and shape is needed for bulk fluids.
In the simulations that we present here we study the
bulk properties of much longer molecules of C100 isomers
through MD simulation. The molecular weight of C100
melt is 1425, which is 1-2 orders of magnitude smaller
than that of commercial polyethylene. The number of
possible isomers for C100 is extremely large. However,
from our earlier simulations we speculate that the shape
of the molecule, number of branches, the length of the
backbone, and also the length of the branches are
important factors in designing the internal structure of
molecules. We will study the shape effect by simulating
star, H, and comb-shaped molecules. There are some
experimental and theoretical works on these molecules
that will be helpful in interpreting our results.

2. Simulation Details
We have conducted molecular dynamics simulations

to simulate steady Couette shear flow using SLLOD15,16

equations of motion and Lees-Edwards sliding brick
boundary condition17 for an NVT ensemble. The iso-
thermal condition is achieved by using a Gaussian
thermostat16 directly applied to the equations of motion
given by eq 1.

Here ex is the unit vector in x direction (flow direction);
r, p, m, γ̆, and F are position vector, peculiar momenta,
mass of each atom, shear rate, and the total force
applied by the other atoms in the system. Coefficient ú
is the Gaussian thermostat given by eq 2:

An atomic thermostat is used in these simulations as it
has been shown18 for shear rates below γ̆ e 2.5 in
reduced units (∼1.1 × 1012 s-1) the choice of thermostat
has no significant effect on the results of the calculation
of rheological properties.

2.1. Model Liquid. A united atom model is used to
model the alkane molecules. In this model, groups of
CH, CH2, and CH3 are treated as single interaction
sites. That is, carbon-hydrogen interactions are ignored
by adjusting the mass and other parameters to com-
pensate for them. We will refer to these groups as
“atoms” for simplicity. Intramolecular architecture in-
cluding bond stretching, angle bending, and torsional
potentials are included in the model. These potentials
are given respectively by the following equations.

The parameters for the intramolecular and also
intermolecular potentials are given in Table 1. The
equilibrium bond angle at a branch site of CH is slightly
smaller than that for other groups. Also, for the tor-
sional potential for X-CH2-CH2-Y (X and Y can be
any group of atoms) interactions, the original Ryckaert-
Bellemans19 model is used since it has been shown20

that the result does not change if the potential is
replaced by values used in Siepmann et al.’s model.21,22

For interactions that involve a branch site of tertiary
carbon different parameters are used as prescribed in
ref 21. The shifted Lennard-Jones (LJ) potential is given
by eq 6

It governs the interactions of the atoms belonging to
different molecules and also those of the atoms on the
same molecule that are not interacting via intramolecu-
lar potentials given by eqs 3-5. Here ε and σ denote LJ
energy and length parameters and rc is the cutoff
distance for potential calculations. A value of rc ) 0.44
nm is used in the simulations.

The parameters we have used have proven to produce
results in good agreement with experiments for liquid-

Table 1. Parameters for the Intramolecular and Intermolecular Interaction Potentials

(A) LJ potential
CH3, end group on the backbone ε/kB ) 114 K σ ) 0.393 nm
CH3, side group ε/kB ) 78 K σ ) 0.393 nm
CH2, all methylene groups ε/kB ) 47 K σ ) 0.393 nm
CH groups ε/kB ) 32 K σ ) 0.385 nm

(B) bending angle potential
at CH2 sites kθ ) 520 kJ/mol, θ0 ) 114°
at CH sites kθ ) 520 kJ/mol, θ0 ) 112°

(C) stretching potential k ) 51 600εσ-2, r0 ) 0.154 nm
(D) torsional potential

X-CH2-CH2-Y (kJ/mol) C0 ) 9.2789, C1 ) 12.1557, C2 ) 13.1201,
C3 ) -3.0597, C4 ) 26.2403, C5 ) -31.4950

X-CH-CH2-Y and X-CH-CH-Y (kJ/mol) C0 ) 3.4070, C1 ) 7.5003, C2 ) 1.6281, C3 ) -15.3732
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vapor coexistence curves for linear and branched al-
kanes.21,22 In this model, the Lennard-Jones energy
parameter for methyl groups at the end of backbones is
different from that for methyl groups at the end of
branches. Also, different LJ parameters are used for a
tertiary carbon CH group at the branch sites from those
of a CH2 group. These parameters for LJ interaction
potentials are also given in Table 1. For the interaction
of unlike groups Lorentz-Berthelot’s combining rules
are used so εij ) (εiεj)1/2 and σij ) (σi + σj)/2.

To eliminate the effect of molecular weight, we will
study isomers of C100 with different shapes and degrees
of branching. 3D snapshots and molecular structure of
these molecules are shown in Table 2. To avoid their
somewhat lengthy chemical names, we will refer these
molecules with some generic names as indicated in
Table 2. In this table the degree of branching (DB1) is
defined as the number of branches (i.e., number of
branching points) per 100 carbon atoms of the molecule.
The structure of the molecules and the positions of the
branching points are also shown in these tables.

These simulations have been conducted in isothermal
conditions where the fluid temperature is kept at 585
K, well above the melting point of a typical polymer melt
such as HDPE. For all the simulations here the average
density of the melt is 906 kg/m3. The simulation
box dimensions for all the simulations were 6.904 ×
5.178 × 5.178 nm in X, Y, and Z directions, respectively.
This is sufficiently large, since a test run with a system
3 times bigger produced similar results. To generate the
initial configuration, molecules were started on a simple
lattice structure in a random conformation. The system
then was melted and allowed time to equilibrate before
applying the shear. The shear was applied in the XZ
plane. Equations of motion were integrated by a leapfrog
version of the Verlet algorithm. The time step used in
the simulation was 4.709 fs for shear rates higher than
108.5 s-1 and 5.886 fs for shear rates lower than this
value. The calculated relaxation time at zero shear rate
for linear C100 simulated using similar parameters23 is
3.3 ns, and we expect to have relaxation times of the
same order here. The relaxation time for branched
molecules is smaller than that of the linear molecule
due to their smaller radius of gyration.10 So our simula-
tion duration (5-12 ns) is ∼1.5-4 times the maximum
expected relaxation time. An equilibrium run of 300 000
time steps was performed followed by another 700 000
time steps to collect the results at higher shear rates.
At lower shear rates we ran the simulations for 2 000 000
time steps. We performed the simulations by a domain
decomposition parallel algorithm25,26 on a cluster of
Pentium IV workstations by using PVM (parallel virtual
machine) message passing software that provided good
speed-up and efficiency.

3. Calculated Properties
3.1. Stress Tensor. Stress tensor components can be

calculated from the virial theorem by the Irving-
Kirkwood27 method. We have used an atomistic imple-
mentation of this method to calculate the stress tensor.
According to this method, the contribution of each atom
or particle to the stress tensor is in two parts, a kinetic
part and a configuration part. This can be written as

The first sum on the right-hand side of eq 7 is the kinetic
contribution where mi is the particle mass and x and y
are coordination system axes which for a Cartesian
system can be simply substituted by X, Y, or Z, and uix
and uiy are the peculiar velocity components of particle
i in x and y directions. The second sum represents the
configuration or potential contribution where rijx is the
x component of the distance vector between particles i
and j and Fijy is the y component of the force exerted on
particle i by particle j. N is the total number of atoms.

3.2. Shear Viscosity and Material Fuctions. The
shear viscosity is calculated from the following definition
from the shear stress (σxz) and shear rate

The first and second normal stress differences are
calculated from the normal stresses using the following
equations:

Total pressure is calculated from the normal stresses
by eq 10.

4. Rheological Properties
We have conducted simulations for four types of

molecules, namely linear, star, comb, and H-shaped
molecules. For star, comb, and H-shaped molecules we
varied the structural parameters such as the number
of arms and branches and also the length of the
branches to get an insight into the effect of each of those
parameters. These molecules are shown in Table 2a,b
together with their chemical structure, generic names,
and degrees of branching.

4.1. Effect of Shape. Four isomers of C100H202 with
linear, star, H, and comb shapes are simulated. These
molecules are Chain100, Star100B4, HL52B12, and
CombL52B4. The nominal backbone is used to map the
structure of the molecules as given in Table 2a,b. The
nominal backbone length of the H-shaped molecule
defined as the length of the backbone between two
branch points is 52. The length of each branch is 12
atoms for HL52B12. The comb-shaped molecule has a
nominal backbone length of 52, and the length of each
branch is 12 atoms. For Star100B4 there are two
branching points next to each other along a nominal
backbone of 50 atoms. So to a reasonable approximation
it represents a star molecule with four arms of 25 atoms
each. As a simple measure of the molecular size when
stretched out by a strong flow, we introduce the effective
length le, defined as the maximum distance (in terms
of number of carbon atoms) between any two ends.
Thus, the linear monomer Chain100 has le ) 100, the
star molecule Star100B4 has le ) 52, the H-shaped
molecule HL52B12 has le ) 76, and the comb molecule
Comb52B4 has le ) 64. This is shown for an H-shaped
molecule in Figure 2.

4.1.1. Shear Viscosity. The shear viscosity for shear
rates from 107.5 to 1012 s-1 using eq 8 is given in Figure
1 on a logarithmic scale. We can see that at higher shear
rates the viscosity is larger for branched molecules

σxy ) -
1

V〈∑
i

N

miuixuiy + ∑
i

N

∑
j>i
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rijxFijy〉 (7)
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σxz
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Table 2. 3D Snapshot, Chemical Structure, Generic Name, and Degree of Branching for the Molecules Simulated Herea
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compared with the linear molecule. For branched mol-
ecules the viscosity is up to twice as large as that of the

linear molecule. This is similar to that observed in
simulation of a branched alkane (2,5-dipropylhexadec-
ane).12 Daivis and co-workers9 simulated C13H28 alkane
and observed higher viscosity for 3-arm star, 5-butyl-
nonane compared to tridecane, its linear isomer. Shear
viscosity enhancement was observed for confined C30
alkane branched molecules13 and also for shorter
branched C18 alkanes.11 In our simulations all the
molecules have the same molecular weight so the results
only differ because of the shape effect. It is seen that
the shear viscosities of the star and H-shaped molecules
are similar, though slightly higher for the former. The

Table 2 (Continued)

a There is a linear molecule together with three star-type, three comb-shaped, and three H-shaped molecules. In the chemical structure
shown for the molecules the numbers show the position of the branches along the nominal backbone and also the end points of the
nominal backbone. Italic numbers next to the branches indicate their length (excluding the branch point).

Figure 1. Shear viscosity vs shear rate for four different
isomers of C100H202 with different shapes. Star molecule has 4
arms of 25 atoms each; HL52B12 and CombL52B12 also have
4 branches of 12 atoms each. Chain100 is a linear molecule.

Figure 2. An H-shaped molecule with a nominal backbone
of L and four branches of length B can be reshaped to a
molecule with effective length of L + 2B with two branches
of B.
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shear viscosity of the comb-shaped molecule is larger
again at the higher shear rates. However, at the lower
shear rates (108.5 s-1 and below), the statistical uncer-
tainty due to thermal motion is too large to evaluate
the results accurately; our simulation time is not long
enough to get good averages in this regime. At shear
rates above 108.5 s-1 the results seem more consistent.
For all the molecules shear thinning is observed. For
most of them, the onset of shear thinning appears to
occur at considerably lower shear rates than we were
able to examine here, that is, somewhat below 108.5 s-1.
For the smaller confined molecules (C30) that we studied
before,13 we were able to observe the onset of shear
thinning at about 109.2 s-1, with a Newtonian regime
at lower shear rates. For bead-spring molecular models
with Hookean springs, the onset of shear thinning
occurs at shear rate of order λ-1, where λ is the longest
relaxation time, and is proportional to the number of
beads. Thus, we would expect the onset of shear thin-
ning for C100 at about 108.7 s-1 in our case. On the basis
of the Rouse theory32 and the calculated relaxation time,
Moore et al.23 predicted the onset of shear thinning at
about 108.5 s-1 for linear C100 molecules. However, this
was not clear in the MD results that were provided in
that work. We also find somewhat lower values than
the Rouse model prediction in the present investigation,
although conditions here are not completely comparable.

We have fitted the viscosity data to a power law in
the region where the shear rate is higher than 108.5 s-1,
where the statistical errors are small. For all the
molecules the viscosity is proportional to a power of
shear rate: η ∝ γ̆-R where, however, the exponent R
seems to be a function of the type of molecule. Table 3
gives these exponents. Also listed in Table 3 are three
measures of the degree of branching: DB1, the number
of branch points per 100 atoms; DB2, the number of
branches per 100 atoms of the effective length (DB2 )
DB1 × 100/le); and DB3, the number of branches divided
by the square of this quantity (DB3 ) DB1 × (100/le)2).
DB2 and DB3 are thus greater for molecules with longer
branches and thus a shorter “effective backbone”. The
effect of shape on shear viscosity is well characterized
by DB1, since the star and H-shaped molecules (both
with DB1 ) 2) have very similar shear viscosity and the
linear molecule (DB1 ) 0) has lower viscosity, while the
comb molecule (DB1 ) 4) has higher shear viscosity at
high shear rates. This increase of shear viscosity at high
shear rates with the degree of branching, together with
slightly weaker shear thinning effect (smaller R), agrees
with experimental results with long-chain branching
molecules (at much higher N) (see below). Since the

point of onset of shear thinning in each case was not
accurately determined, we are unable to comment on
how it correlates with degree of branching.

In experiments with low-density polyethylene (LDPE)
made by Wood-Adams,5 the low-shear-rate viscosity
increased and shear thinning began at a higher shear
rate as the degree of branching was increased. In that
work a technique was employed to synthesize samples
with almost the same molecular weight with different
degrees of branching. Sendijarevic and McHugh14 have
performed experiments with high-molecular-weight hy-
perbranched polymers of polyesters and poly(ether-
imide) with various degrees of branching. Interestingly,
their findings are in agreement with our findings
showing the shear-thinning effect becomes weaker as
the degree of branching is increased. Despite the much
lower shear rates (1-100 s-1) used in the mentioned
experiments5,14 with long polymers, their results cor-
respond well with ours. In fact, the relaxation time for
the long, high molecular weight, and hyperbranched
molecules that they have tested is many orders higher
than the short molecules that we have examined here.
So the high shear rates we have used here are offset to
some extent by their long relaxation times.

4.1.2. Normal Stress Differences. The first normal
stress difference N1 is plotted in Figure 3 for the same
four cases as before. N1 is positive in all cases. As the
shear rate increases, there is significant enhancement
of N1, which follows a power law with shear rate of form
N1 ∝ γ̆â as shown by straight lines in the graph. The
exponent â, however, seems to be larger for branched
molecules as can be seen from Table 3. At shear rates
below 108.5, N1 seems to be larger for the linear molecule
than for the branched molecules. At higher shear rates
the H-shaped molecule has higher N1. The reason is that
as the shear rate increases, the H-shaped molecule
stretches under the flow and reaches its effective
backbone length of 76. It seems the effective length of
the molecule plays an important role here. For star-
shaped molecules the effective length does not change
under flow and remains the same (52 atoms). For
CombL52B4 the effective backbone length is 64 atoms.
From closer inspection of the results we find that N1 is
slightly larger for CombL52B4 molecule in comparison
to that of Star100B4. This should also explain the higher
first normal stress difference observed for HL52B12 in
comparison to Star100B4 and CombL52B12 molecules.
Backbone length, though, cannot explain why the H-
shaped molecule exhibits larger values for N1, as the
effective backbone length of H-shaped molecules are
shorter than that of Chain100. It seems this result is

Table 3. Shear Viscosity Is Tabulated from High to Low at Shear Rates of 1010.5 s-1 and 109.5 s-1 for All Moleculesa

molecule
η (mPa s)
γ̆ ) 1010.5

η (mPa s)
γ̆ ) 109.5

N1 (MPa)
γ̆ ) 109.5

Rg
2 (nm2)

γ̆ ) 109.5 le R â DB1 DB2 DB3

combL52B8 1.889 5.300 19.573 1.233 52 0.44 0.63 8 15.4 29.6
combL52B6 1.704 5.006 17.268 1.395 52 0.42 0.62 6 11.5 22.2
star100B6 1.527 4.225 14.045 0.944 36 0.41 0.81 4 11.1 30.9
combL52B4 1.457 4.151 20.308 1.841 64 0.43 0.60 4 6.3 9.8
star100B4 1.228 3.709 16.793 1.573 52 0.45 0.72 2 3.9 7.4
HL28B18 1.181 3.559 17.872 2.140 64 0.46 0.66 2 3.1 4.9
HL52B12 1.144 3.460 22.853 3.077 76 0.48 0.61 2 2.6 3.5
HL76B6 1.073 3.363 35.002 4.666 88 0.47 0.57 2 2.3 2.6
star100B3 1.042 3.165 17.054 2.233 66 0.46 0.67 1 1.5 2.3
chain100 0.785 2.583 20.225 5.567 100 0.49 0.54 0 0 0
a R and â are the exponent in power-law region for shear viscosity and first normal stress difference. The statistical error for the

viscosity values is 0.07-0.09 for shear of 109.5 s-1 and 0.01 or less for 1010.5 s-1. The mean-squared radius of gyration Rg
2 is calculated at

γ̆ ) 109.5 s-1. The degree of branching is given for each molecule based on three definitions. The effective backbone length le is the number
of carbon atoms along the longest distance between any two free ends of the molecule.
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somehow related to the shape of the molecule and
lengths of the branches. We will study this further for
other shape molecules in the coming sections.

We also calculated the second normal stress difference
N2, which was negative for all cases. The absolute value
of the ratio |N1/N2| is plotted against shear rate in
Figure 3. At shear rates below 1010 s-1 the statistical
errors are large since N2 is the difference of two small
quantities, and the peak in |N1/N2| is probably attribut-
able to this error. At higher shear rates there is a
plateau region with much smaller errors, and the ratio
here is 4-6, which is consistent with that observed in
experiments with polyethylene29 where it is found that
|N1/N2| ∼ 4. At this region |N1/N2| is the largest for the
linear molecule followed by the H-shaped molecule,
while the star and comb-shaped molecules have very
similar values for this ratio, with that for the comb-
shaped molecule being slightly higher. It seems that the
effective length of the molecule, as characterized by
le, is an important factor here. For the linear molecule
le ) 100, followed by the H-shaped molecule with
le ) 76, the comb-shaped molecule with le ) 64, and
finally the star with le ) 52. This is the same order as
that of |N1/N2|.

4.1.3. Pressure. Figure 4 shows the total pressure
for the same linear, star, H, and comb-shaped molecules
as before. The linear molecule initially exhibits a
pressure drop as the shear rate is increased, with a
minimum at a shear rate between 1010.5 and 1011 s-1,
and a rapid increase at higher rates. The drop in pres-
sure for the linear molecules is as much as 45 MPa or
about 5%. The branched molecules have about the same
pressure at low shear rates, but it has only a small drop
as shear rate increases, followed by the same rapid
increase as the linear molecule, starting at somewhat
lower shear rates.

Khare et al.12 also observed this pressure drop for
shorter linear alkanes of C28 and C16, although it was
absent for a branched C22 (DPHD). In their results the
pressure drop seemed to be greater for C28, suggesting
that it is dependent on the molecular length, specially
since the drop for our C100 molecules is even larger.

Daivis and Evans9 did not observe any pressure drop
in their simulation of a short C13 alkane. Moore et al.,23

simulating C100 chains at lower density and tempera-
tures, observed the same pressure drop as us at about
the same shear rates. They attributed this pressure drop
to a minimum in the LJ potential energy at about the
same shear rate. In all, comparing our results with
previous works, we conclude that the length of the
molecule is an important parameter governing the
pressure drop for linear molecules, while our results
together with those of Khare et al. suggest that for
molecules with branches this effect is much smaller,
even for long molecules.

4.2. Effect of Number of Branches. To examine the
effect of the number of branches on the rheology of each
shape, we did simulations with star-shaped molecules
with 3, 4, and 6 arms of approximately equal length and
with comb-shaped molecules with 4 branches each of
length 12, 6 branches of length 8, and 8 branches of
length 6. Thus, each comb has about the same effective
length. Note that the molecular model in our simulation
allows a maximum of 3 carbons to attach to each “atom”.
(Four is theoretically possible, but unlikely for large
molecules.) Thus, for stars with more than three arms
there must be more than one branch point, though these
points are placed next to each other so as to mimic an
ideal multiarmed star as closely as possible. See Table
2 for full details of the structure of all these molecules,
together with DB1, the degree of branching. The latter
varies from 1 for the 3-armed star to 8 for the 8-branch
comb.

4.2.1. Effect of Number of Branches on Shear
Viscosity. For the three star molecules, the results for
shear viscosity against shear rate are presented in
Figure 5. At higher shear rates where the statistical
uncertainties are small enough to draw conclusions, it
can be seen that the viscosity increases consistently as
the number of arms and thus the degree of branching
DB1 is increased. This result is consistent with the
results of experiments on star molecules of polyisoprene
polymer,28 although in that reference the molecular
weight of the molecules varied, while the molecular
weight of each arm remained the same. The exponent
when a power law is fitted to the shear thinning curves
is shown in Table 3. It can be seen that as the degree of
branching increases the exponent decreases, indicating
a weaker shear thinning.

Figure 3. First normal stress difference and normal stress
difference ratio against shear rate for four isomers of C100H202
molecules. The filled symbols are for N1, and open symbols
are for |N1/N2|. The error bars for |N1/N2| are not shown here
to enhance the clarity of the results. The errors are smaller
than the symbols for γ̆ > 1010 s-1. For γ̆ < 1010 the errors are
larger (∼0.6-7).

Figure 4. Total pressure against the shear rate for linear,
star, H, and comb-shaped isomers of C100H202.
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For the three comb-shaped molecules, the shear
viscosity is plotted against shear rate in Figure 6. Again,
the viscosity increases consistently with the number of
branches. The transition from Newtonian behavior to
shear thinning behavior appears to be occurring at
higher shear rates for combs than for stars, while no
significant variation in the power-law exponent R can
be seen as number of branches varies (see Table 3).

Looking at all these results together suggests it is the
degree of branching rather than effective length that
determine shear viscosity, at least at the higher shear
rates. The comb molecules all have le about the same
(52-64), and the molecular weight is the same, so the
increase in viscosity must be due to the variation in DB1.
For stars, the effective length decreases inversely
proportional to the degree of branching. However, the
viscosity still increases. At lower shear rates it appears
that the tendency is reversed for starssthe viscosity for
the star with 6 arms seems particularly low here. It is
not clear whether this means that effective length has
more effect than degree of branching at lower shear
rates or whether the larger statistical inaccuracies at
low shear rates are leading to errors.

4.2.2. Effect of Number of Branches on Normal
Stress Differences. The results for first normal stress

difference for the three star molecules with 3, 4, and 6
arms are plotted in Figure 7. At lower and intermediate
shear rates the first normal stress difference drops as
the number of arms increases. It appears likely that this
is connected to the decrease in effective backbone length
as the degree of branching increases. The results for
comb-shaped molecules with similar le, as shown in
Figure 8 are almost indistinguishable at intermediate
and high shear rates. This confirms that the effective
backbone length of the molecule (le), which governs how
far the molecule can be stretched out, is the dominant
factor in determining the normal stress difference and
that the degree of branching is much less important.

The ratio of first and second normal stress difference,
|N1/N2|, is given on the same figures. At lower shear
rates nothing much can be said because of statistical

Figure 5. Shear viscosity against the shear rate for star type
molecules with different numbers of arms. Stars with 3, 4, and
6 arms are plotted here.

Figure 6. Shear viscosity is plotted against the shear rate
for three comb-type molecules with different number of
branches (see Table 2).

Figure 7. First normal stress difference and normal stress
difference ratio against the shear rate for three different star
type molecules with 3, 4, and 6 arms. All molecules have the
same molecular weight. The filled symbols are for (N1), and
open symbols are for |N1/N2|. The error bars for |N1/N2| are
not shown here to enhance the clarity of the results. The errors
are smaller than the symbols for γ̆ > 1010 s-1. For γ̆ < 1010 the
errors are larger (∼0.6-1.3).

Figure 8. First normal stress difference and its ratio with
second normal stress difference vs shear rate for three comb-
shaped molecules. All the molecules have the same molecular
weight. The filled symbols are for N1, and open symbols are
for |N1/N2|. The error bars for |N1/N2| are not shown here to
enhance the clarity of the results. For γ̆ < 1010 the errors are
large (∼1-7). The errors are smaller than the symbols for
γ̆ > 1010 s-1.
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inaccuracies, but at higher shear rates of 1010 s-1

upward the ratio remains fairly constant at about 2.5-4
for both star and comb-shaped molecules. For the star
molecules, the ratio is higher when there is less branch-
ing and therefore a greater effective length. For the
comb-shaped molecules, with similar le but different
degrees of branching the three curves are almost identi-
cal at the higher shear rates. Thus, it appears that le is
again the dominant factor in determining the ratio of
normal stress differences.

4.3. Effect of the Length of Branches. To measure
the effect of branch length, we performed simulations
using three different H-shaped molecules of C100H202.
For these, the degree of branching remains the same
(DB1 ) 2 in each case) and the branch length varies
widely, taking values of 18, 12, and 6 in the three cases,
while to maintain the total number of atoms at 100, the
effective length varies inversely to this, taking values
of 64, 76, and 88, respectively.

4.3.1. Effect of the Length of Branches on the
Shear Viscosity. Shear viscosity is plotted against
shear rate in Figure 9. At shear rates higher than 108.5

s-1, all three curves are very close. Examining the
numerical values in Table 3, we see that the viscosity
increases as the length of branches increases. But the
effect is small, less than the effect of number of branches
we found for star and comb-shaped molecules. Non-
Newtonian shear thinning occurs, and as usual, it is not
possible to detect the point of transition from the
Newtonian regime due to the statistical inaccuracy of
the results at the lower shear rates.

In section 4.1.1, we defined three measures of degree
of branching: DB1, which (for molecules of the same
molecular weight) simply measures the number of
branch points; and DB2 and DB3, which measures
branch points per effective length and per effective
length squared. While DB1 is the same for all three
H-shaped molecules, DB2 increases as branch length
increases (but more slowly) and thus correlates quite
well with the shear viscosity. However, the viscosities
of the molecules with length of 12 and 18 differ only
slightly. Does this mean that beyond a certain branch
length, relative to molecular size, branch length does
not affect viscosity much? Compare with comb-shaped
molecules (section 4.2.1), where both number of branches

and branch length vary and where shear viscosities
differ by a much larger amount. We speculate that the
number of branches has a greater effect on viscosity
than their length and that the effect of branch length
becomes small once it becomes more than a few atoms.

4.3.2. Effect of the Length of Branches on First
Normal Stress Difference. Figure 10 shows N1 for the
three H-shaped molecules described in section 4.3. We
see that N1 is larger for the molecules with the shortest
branch length, namely 6, and that the normal stress
difference decreases as the length of branch increases.
Equivalently, normal stress difference increases as
effective length increases. Since le determines the
distance the molecule can be stretched out, it appears
that, as in the case of star molecules, le is the dominant
factor determining N1. Although we cannot rule out that
the length of each individual branch has a direct effect,
especially when it is stretched out by the shear, we think
the overall length is more important. The ratio of
normal stress differences, |N1/N2| is also plotted in
Figure 10. We see that, above a shear rate of about 109.5,
the curves form a plateau at values of about 3-7. The
molecules with shorter arms, corresponding to longer
le, have higher values of |N1/N2| in this region. This
agrees qualitatively with conclusions made previously,
that the ratio depends mainly on le rather than degree
of branching. However, from Figures 3 and 10 it is seen
that the ratio for the linear molecule, though large
(about 5), is noticeably smaller than that for the
H-shaped molecule with the shortest arms (6-7.5),
despite the fact that its value of le is larger (100 as
against 88). We are unable to account for this discrep-
ancy. To clarify the effect of the molecular length on the
normal stress differences, we simulated a shorter linear
molecule of C50 and plotted the first normal stress
difference and also normal stress difference ratio for this
molecule and linear C100 in Figure 11. We can clearly
see in this picture that both N1 and |N1/N2| are larger
for the longer molecule.

Figure 9. Shear viscosity for three H-shaped molecules with
different branch lengths. The effective length increases as the
branch length decreases.

Figure 10. First normal stress difference and its ratio with
the second normal stress difference against the shear rate for
three H-shaped molecules described in section 4.3. The filled
symbols are for N1, and open symbols are for |N1/N2|. Note the
effective length of the molecule decreases as the length of the
branches is increased. The error bars for |N1/N2| are not shown
here to enhance the clarity of the results. The errors are
smaller than the symbols for γ̆ > 1010 s-1. For γ̆ < 1010 the
errors are larger (∼2-7). The spike seen for |N1/N2| seems to
be due to large error in that area.
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5. Structural Properties
We have calculated the radius of gyration for the

molecules from the following expression:

where m and r are the mass and position of each atom
on the molecule and rcm is the center of mass of the
molecule. The results are depicted in Figure 12 for all
the molecules simulated in this work. We can see that
for the linear molecule the radius of gyration increases
as the shear rate is increased. For H-shaped molecules
the radius of gyration decreases as the lengths of the
arms are increased. (This is expected since the nominal
backbone is decreased.) For H-shaped molecules the
effect of shear on the radius of gyration decreases as
the nominal backbone length is decreased. For comb and
star molecules the influence of shear rate on the radius
of gyration is smaller. For a star with six arms Rg

2

almost remains unchanged at even high shear rates.
The Rouse theory32 for unentangled short chains pre-
dicts that Rg

2 is proportional to the rotational relaxation
times of the molecule and the relaxation time is pro-
portional to the viscosity. So the viscosity should scale
up with radius of gyration. We do not get the same
picture as the Rouse model would have predicted, and
it seems our results are more similar to the results of
Kioupis and Maginn10 for shorter C18 where the same
discrepancy was observed.

We have also calculated the order tensor9 S given as

where ui is the unit vector along the longest axis of
inertially equivalent ellipsoid for the molecule and I is
the unit tensor. The longest axis is the eigenvector
corresponding to the smallest eigenvalue of the inertia
tensor of the molecules. The order tensor is a traceless
tensor, and its largest eigenvalue is called the order
parameter λs. The order parameter can have any value
between 0 (disorder) and 1 (perfect orientation order).
It is usually used as a measure of the shear-induced
alignment of the molecules in shear flow. We have
plotted the order parameter against the shear rate for
all the molecules that we simulated here in Figure 13.
It is known that the alignment of the molecules in the
flow direction is responsible for the shear thinning
observed. From Figure 13 we can see that at lower shear
rates λs increases with the radius of gyration of the
molecule where linear and H-shaped molecules have the
lowest value for λs, followed by and star and comb-
shaped molecules. At higher shear rates λs converges
for all the molecules except for comb-shaped molecules,
although the same dependence on the radius of gyration
remains. Ordering of the molecules increases with shear
rate for all the molecules and then reaches a plateau at
higher shear rates. For linear and H-shaped molecules
this plateau is reached at lower shear rates, which
possibly explains the steeper rate of shear thinning
behavior for these cases. The star and, to a greater
degree, comb-shaped molecules reach the plateau at
higher shear rates. This could be an indication that
these molecules shear thin at larger shear rates al-

Figure 11. First normal stress difference (filled symbols) and
normal stress difference ratio (open symbols) for two linear
molecules of C50 (diamonds) and C100 (circles).

Figure 12. Mean-squared radius of gyration against the shear
rate for all the molecules simulated. All the error bars are
smaller than the symbols and are not shown here.
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∑
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Figure 13. Order parameter for all the molecules against the
shear rate. The error bars are smaller than the symbols and
are not shown for clarity.
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though this plateau is reached at higher shear rates
than those where shear thinning starts. In fact, for most
of the molecules the onset of the Newtonian regime
appears to occur at lower shear rates than we were able
to detect clearly.

It is always possible to find an ellipsoid that repre-
sents the molecule. This ellipsoid has a uniform density
with the same moment of inertia tensor as of the
molecule.9 We have plotted the mean-squared longest
semiaxis 〈L2〉 of this ellipsoid against the shear rate in
Figure 14. L2 changes with the shear rate similar to
radius of gyration. The longest semiaxis is a measure
of effective length of the molecule. This can be seen from
Figure 14 where the effective backbone length of the
molecules is also shown. It can be seen the effective
length increases so does the longest semiaxis. Also, the
radius of gyration is correlated with the effective length
in the same way. We have used the “effective length”
in our discussions because it can be more easily deter-
mined from the shape of the molecule by simply count-
ing the number of atoms along the longest possible
backbone of the molecule.

6. Discussion and Conclusions
We performed molecular dynamics simulations of

model polymer melts in shear to establish the effect of
important structural parameters on the rheological
properties. We simulated many isomers of C100H202
molecules in a bid to understand the effect of shape and
degree of branching on the results. We obtained the bulk
properties such as shear viscosity, first normal stress
difference, and normal stress difference ratio for these
model polymers. Simulations provided results only in
the non-Newtonian regime due to the large size of the
molecules. We found that the shape of the molecule has
important effects on the final properties of the polymer
melt. For linear molecules Rouse theory predicts that
the viscosity scales up with the radius of gyration. It
seems this is not true for the branched molecules in the
non-Newtonian regime that we simulated here. In fact,
the opposite is true here to some extent although it is
not consistent in all casessrefer to Table 3 where shear
viscosity and radius of gyration are listed for all the
molecules. It seems that in the case of branched
molecules other factors have more influence on the trend

in viscosity. We found that two important geometrical
parameters are the degree of branching and the effective
length of the molecule. The effective length of the
molecule is proportionate to both the radius of gyration
and the longest semiaxis of an inertially equivalent
ellipsoid. However, it offers a more convenient measure
of size of the molecule since it can be determined directly
from the molecular architecture. In our simulations we
found that in the non-Newtonian regime the branched
molecules generally exhibit larger shear viscosity than
that of their linear counterpart. Star molecules with
different number of arms were examined, and we found
that the shear viscosity increased with the number of
arms. Also, we found that for the comb-shaped mol-
ecules as the number of branches increased so did the
shear viscosity. This was a direct result of the increased
degree of branching, as molecular weight and nominal
backbone length were the same for all comb-shaped
molecules and the effective length was almost the same.
The increased shear viscosity observed here is consistent
with the experimental measurements.28,30 The question
is whether can we define a single parameter that to a
large degree qualitatively predicts the viscosity from
structural parameters. We introduced three definitions
for degree of branching DB1, DB2, and DB3 based on
the effective length of molecule and the number of
branches. To test which one of these parameters most
accurately predicts the viscosity, we have tabulated the
viscosity we calculated at shear rates of 109.5 s-1 and
1010.5 for all the molecules given in Table 2. The results
are listed in Table 3 from the highest to lowest viscosity
together with the values for DB1, DB2, and DB3. For
the shear viscosity trend prediction we can see that DB1
is reliable only when there is a distinctive difference
between the molecules in terms of number of branches.
For example, it cannot predict a higher shear viscosity
for Star100B6 and CombL52B4 which both have the
same value for DB1, and it cannot distinguish the
differences between the H-shaped molecules. It is DB2
that gives an accurate prediction of the shear viscosity
trend that match the data. DB3 also seems to predict
the trend well except for one miss on star6. We would
like to call DB2 the “shape factor” that can be used as a
universal parameter in defining the shear viscosity at
least below the entanglement length for branched
molecules in a non-Newtonian regime.

We found the shear thinning effect for all the mol-
ecules, although it was stronger for the linear-shaped
molecules. For star-shaped molecules at high shear
rates the shear thinning effect gets slightly weaker as
the number of arms is increased. However, for comb-
shaped molecules this is less obvious. For comb-shaped
molecules we can see a plateau forming at lower shear
rates, although it is hard to conclude that it is the
Newtonian regime, and it seems the transition to shear
thinning begins at lower shear rates. This can also be
inferred from the order parameter results where we see
that the tendency of the comb-shaped molecules to
become ordered under shear is less than what is
observed for the other molecules that we examined here.
The results imply comb-shaped molecules are less
susceptible to shear thinning. For the other molecules
we cannot observe the onset of shear thinning, and it
seems it begins at much lower shear rates. This is in
contrast to our own simulations with shorter molecules
of C30 in confined geometry. Also, experiments with low-
density polyethylene (LDPE)5 show increasing long-

Figure 14. Time-averaged squared longest semiaxis of an
inertially equivalent ellipsoid that represents the molecule.
The effective length of the molecule in given by le next to each
molecule.
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chain branching induces shear thinning at lower shear
rates, making the branched polymers more susceptible
to shear thinning. Simulations on shorter C18 alkanes10

also showed that star molecules show more resistance
to shear thinning than their linear counterpart. How-
ever, in this work, for a highly branched molecule
(similar to our comb molecules), the shear thinning
behavior was similar to that observed for the linear
molecule. In our simulations for star-shaped molecules
the slope of the shear thinning line (given by R in Table
3) is one of the smaller ones. However, we cannot
elaborate on the onset of shear thinning due to the lack
of data in the Newtonian regime.

In a broader view, the first normal stress difference
and normal stress difference ratio are also found to be
mostly dependent on the effective length of the mol-
ecules. However, there are differences in the calculated
N1 for the molecules with the same effective length.
Branching does not affect them much as long as they
have the same effective length. An attempt to correlate
N1 to radius of gyration yields no conclusive results
(refer to Table 3). However, we found that the shape of
the molecule has an effect on the normal stress differ-
ence. This was demonstrated by the higher values for
N1 we obtained for H-shaped molecules. It seems an
H-shaped molecule can conform its branches much
easier in the flow field. At lower shear rates it exhibits
lower normal stress differences and at higher shear
rates N1 will be more enhanced due to stretching of the
arms at the end so that it effectively forms a longer
molecule. However, for comb-shaped molecules changing
the number of branches and their length does not
change N1 much. This is in contrast to the results of
Wood-Adams,5 experiments with LDPE where a higher
first normal stress coefficient was correlated with in-
creasing degree of branching. Sendijarevic and McHugh14

conducted experiments with hyperbranched polymers
of polyesters and poly(ether-imide). They observed the
normal stress effect gets weaker with increasing degree
of branching, obtaining lower exponent values for
polymers with higher degrees of branching. We get the
opposite picture in our simulations where (with the
same type of molecule) generally â the exponent in the
power law behavior of N1 increases with increasing
degree of branching. For the H-shaped molecules ex-
amined here we found that the results fit well in our
analysis of the effect of degree of branching and effective
molecular length. We found that the length of the
branches does not affect the viscosity much, which is
similar to experimental observations in work with the
hyperbranched polyisobutylenes (PIB).31 The H-shaped
molecules we simulated here were simple, but we plan
to simulate H-shaped molecules with multiple arms at
the ends (a shorter replica of the so-called pom-pom
model). We note again that the molecules simulated

here are below the entanglement length, although we
still capture some similarities observed in the behavior
of these model molecules and real polymer melts.
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