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Molecular dynamics study of slip at the interface between immiscible polymers

Sandra Barsky and Mark O. Robbins
Department of Physics and Astronomy, Johns Hopkins University, Baltimore, Maryland 21218

~Received 18 October 2000; published 24 January 2001!

Nonequilibrium molecular dynamics simulations were used to study the structural properties and viscous
response of interfaces in binary blends of symmetric polymers. The polymers were made immiscible by
increasing the repulsion between unlike species. As the repulsion increased, the interface narrowed, and the
fraction of chain ends in the interfacial region increased. The viscosity in the interfacial regionh I was lower
than the bulk viscosity, leading to an effective slip boundary condition at the interface. As the degree of
immiscibility increased, the interfacial viscosity decreased, and the slip length increased. When the radius of
gyration of the chains was much larger than the interfacial width,h I was independent of chain length. As
predicted by de Gennes and co-workers,h I corresponds to the bulk viscosity of chains whose radius of
gyration is proportional to the width of the interfacial region.
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I. INTRODUCTION

Polymer blends have tremendous technological appl
tions, since blending allows one to create new materials w
tunable properties. However, dissimilar polymers gener
become immiscible as the number of monomersN increases.
The resulting phase separation creates many interfaces
tween regions of different composition. The static and d
namic properties of these interfaces have strong effects
the material properties and processing of the blend.

A large body of theoretical work has been dedicated
understanding the properties of polymer interfaces@1–7#.
Most of the analytic work is based on the Flory-Huggi
model. The degree of immiscibility is characterized by t
well-known interaction parameterx @1#, which corresponds
to the enthalpic cost for placing a monomer of one specie
a homogeneous phase of the other species. Chains be
immiscible whenN is large compared to 1/x. Many predic-
tions of this model have been tested by recent simulatio
including the structural properties of equilibrium interfac
@8# and critical behavior@9#.

In this paper we examine the nonequilibrium response
polymer interfaces to a tangential flow field. This allows
to test predictions about the interfacial viscosity and the
gree of slip at polymer/polymer interfaces@4,5,7#. We focus
on the most studied case of a symmetric, binary blend wh
the two polymersA andB have the same length, density, a
viscosity, but are immiscible. The chains are short enoug
be in the Rouse limit@10#, and the linear response at lo
shear rates is calculated.

The equilibrium properties of such polymer interfaces
well studied. For a static interface located atz50, Helfand
and Tagami found that the volume fraction of speciesA has
the form @3#

fA~z!512fB~z!5
e2z/aI

e2z/aI1e22z/aI
, ~1!

whereaI is the interfacial width. By comparing the enthalp
cost and entropy gain when a loop of lengths of A enters the
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B rich region, one finds that the typical length of loops sca
ass* 51/x. The interfacial width scales as twice the radi
of gyrationRg of a chain of lengths* , giving aI52b/A6x
@7#. Hereb is the statistical segment length, and is related
Rg and the root mean squared end-to-end distanceRee by b
5RgA6/N5Ree/AN in the largeN limit.

The bulk viscous response of polymers is also well est
lished. Chains that are shorter than the entanglement le
Ne exhibit Rouse dynamics. The bulk viscosity rises linea
with chain length:hB5zb2N/n0, wherez is the monomer
friction coefficient andn0 is the monomer volume@10#. de
Gennes and co-workers have argued that the viscosity in
interfacial regionh I should be given by the Rouse formul
but with the typical loop lengths* replacingN. The idea is
that only segments of this length need to move in order
relax stress in the interfacial region. Ifs* is much less than
N, or equivalently aI is much less thanRg , then h I

5zb2s* /n05zb2/n0x5z3aI
2/2n0. Since this expression is

independent ofN, while hB rises linearly withN, there will
be an increasing amount of slip at the polymer interface aN
increases@5,7#. Slip becomes even more pronounced ifN
becomes longer than the entanglement length@4,5,7#, but this
limit is not considered here.

Goveas and Fredrickson have recently used the Fok
Planck equation to provide a more formal derivation of t
relation between interfacial width and interfacial viscos
@7#. They construct a constitutive equation for stress rel
ation near the interface between Rouse chains, and solv
the shear stress in response to a weak shear. The resu
viscosity varies with the distance from the interface as

h~z!

hB
5F11

Ree
2

aI
2 16fA~z!fB~z!G21

, ~2!

where fA,B(z) are the equilibrium concentration profile
@Eq. ~1!#. In the limit of smallaI the viscosity atz50 can be
expanded to give

h I[h~0!5
1

4
zaI

2/n05
1

6
zb2s* /n0 . ~3!
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SANDRA BARSKY AND MARK O. ROBBINS PHYSICAL REVIEW E63 021801
Thus Goveas and Fredrickson obtain the same scaling a
Gennes and co-workers in this limit. However their prefac
is quite small since Eq.~3! gives the viscosity of a Rous
chain with lengths* /6.

To test the above predictions for the interfacial viscos
one must work at low enough shear rates to avoid sh
thinning. The interface must also be sharp,s* !N, so that
the effective chain length in the interface is not limited byN.
In addition,N ands* must be long enough to exhibit Gaus
ian behavior, but less thanNe so that the chains are in th
Rouse limit. This leaves a relatively narrow range ofN
where scaling can be studied.

In order to maximize the scaling regime, we conside
standard model of polymer melts@11# that gives a large ratio
between the entanglement and persistence length. SpecA
andB are identical, but an extra repulsive term between th
makes them immiscible@12,13#. To impose shear, solid
bounding walls that are parallel to theA-B interface are dis-
placed tangentially at constant relative velocity. The int
face width, chain statistics, and viscosity are measured
function of distance from the interface.

When the added repulsion is small, the interface width
larger than the radius of gyrationRg of bulk polymers. In this
limit, h I'hB and there is little slip at the interface. As th
degree of repulsion increases, the interface becomes m
sharper, and the viscosity of the interface becomes inde
dent of N. The viscosity is qualitatively consistent wit
Goveas and Fredrickson’s expressions@Eqs.~2! and~3!# @7#,
but the prefactor forh I is closer to the value obtained by d
Gennes and co-workers@5#.

The paper is organized as follows. In the next section
review the interaction potentials and simulation techniq
used in this work. Results and analyses are presented in
III, and Sec. IV provides a summary and conclusions.

II. MODEL

We use Kremer and Grest’s bead-spring model for line
chain molecules@11#. Spherical monomers of massm are
linked into chains of lengthN by a nearest-neighbor interac
tion potential

Unn~r i j !5H 2
1

2
kR0

2 ln@12~r i j /R0!2#, r i j ,R0

`, r i j >R0 ,

~4!

where r i j is the distance between monomersi and j, R0
51.5s, k530e/s2, ands and e set the length and energ
scales, respectively. The characteristic time scale ist
5sAm/e. Typical values ofe, s, and t for hydrocarbon
chains would be of order 30 meV, 0.5 nm, and 3 ps, resp
tively @11,14#. All monomers interact through a truncate
Lennard-Jones~LJ! potential

ULJ~r i j !5H 4eab@~s/r i j !
122~s/r i j !

6#, r i j ,r c

0, r i j >r c .
~5!

where the interaction energyeab depends on the typesa and
b of monomersi and j.
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To make a symmetric blend of immiscible polymers w
follow the work of Grest, Lacasse and co-workers@12,13#.
The LJ potential is truncated atr c521/6 so that monomer
interactions are strictly repulsive. Two monomers of t
same type interact witheAA5eBB5e. An extra repulsion is
added between unlike monomerseAB5eBA5e(11e* ). In-
creasinge* increasesx, although the relation is nonlinea
Results are presented fore* between 0.37 and 3.2, an
chains of lengthN58, 16, 32, and 64. All but the shortes
chains were immiscible over the entire range ofe* . The
longest chain length is slightly below the best estimate
the entanglement lengthNe57469 of the bead-spring
model @15,16#.

The polymer is confined in a simulation cell that is pe
odic in thex andy directions, and bounded by two walls i
thez direction. Each wall containsNW51600 atoms that are
tethered to the sites of a~1,1,1! surface of a fcc lattice by
harmonic springs of stiffnessk51320es22. The wall atoms
do not interact with each other, and have identical inter
tions with the two types of monomer. These are describ
with a LJ potential with an attractive tailr c51.5s, an in-
creased energy scaleeWA5eWB51.7e, and the same length
scales. These parameters were chosen to limit the amo
of slip at the walls@17–19#.

For the results presented below, the walls are separate
Lz549.0s, and the periods alongx andy areLx538.5s and
Ly533.4s, respectively. There are 49 152 monomers givi
a mean density ofr[1/n0'0.80s23 in the center of the
cell. There are well-studied density modulations near e
wall that are not of interest here@17–20#. We exclude the
first 5s near each wall from our analysis routines in order
avoid their influence. The remaining thickness of each ty
of polymer is much larger than the end-to-end distances
Table I. From the quoted values ofRg andRee we obtain a
value of the statistical segment lengthb51.28s that is con-
sistent with previous work@11,15#.

The initial condition is created from an equilibrated sy
tem of identical chains at the simulation temperaturekBT/e
51.1. Polymers whose centers of mass are in the bottom
of the simulation box are labeledA, and the remaining half
of the polymers are labeledB. The equations of motion are
then integrated using a fifth-order predictor-corrector meth
@14#, with a time stepdt50.0075t. The system is allowed to
equilibrate for 1125t. After this time interval the interface
width and other parameters have reached a steady state

Shear flow in the polymer melt is induced by moving t
top wall at a constant speedvW in the x direction. Constant
temperature is maintained by adding a Gaussian white n
and damping to the equations of motion@11,17#. These terms
are only added in they andz directions to avoid affecting the
flow profile. Once the system has reached steady state
local shear rateġ(z)[]vx /]z is calculated as a function o
z. This is done by dividing the system into slices of wid
0.095s parallel to thex-y plane and calculating the averag
velocity of the monomers within these slices ov
(9000–15 000)t. A finite difference is then taken to give th
local ġ, and the results are smoothed by taking a runn
1-2
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MOLECULAR DYNAMICS STUDY OF SLIP AT THE . . . PHYSICAL REVIEW E 63 021801
average over ten slices. The local viscosity of the fluid
then obtained from the relation

h~z!5
Pxz

ġ~z!
~6!

where the shear stressPxz is independent ofz once the sys-
tem is in steady state@21#.

In this paper we are interested in the Newtonian regime
flow, before the onset of shear thinning. Since the onse
shear thinning moves to lower shear rates as chain le
increases@22#, lower wall velocities must be used for large
N. However, increasingN also lowers the shear rate at fixe
wall velocity, because the amount of slip at the walls
creases@19#. For the results presented below we usevW
50.5s/t with N58 and 16, andvW50.1s/t with N532
and 64. This produces the following shear rates in the b
fluid regions~away from all interfaces!:

ġB5
]vx

]z
55

0.009260.0002, N58

0.008260.0002, N516

0.001360.0001, N532

0.000 9360.000 07, N564,

~7!

TABLE I. Sizes of the interface and polymer. The range oz
over which the concentration ofA monomers changes from 75% t
25% or 90% to 10% is denoted byw(75) or w(90), respectively.
The ratio of these values is consistent with Eq.~1! and they were
used to calculateaI . Uncertainties in these widths are less than 5
except where otherwise indicated. The values of the radius of
ration Rg and the end-to-end distanceRee for polymers of length
N58 to 64 are included for comparison.

Interface width Chain size
N e* w(75)/s w(90)/s aI /s Rg /s Ree/s

64 4.71 11.87
0.37 2.3 4.5 4.1
0.6 1.8 3.6 3.3
1.2 1.7 3.2 3.0
3.2 1.4 2.7 2.5

32 2.96 7.20
0.37 2.8 5.3 5.0
0.6 2.1 4.1 3.8
0.8 2.2 4.2 3.9
1.2 1.9 3.7 3.4
2.2 1.6 3.0 2.7
3.2 1.4 2.6 2.4

16 2.01 4.98
0.37 3.060.2 6.560.2 5.860.2
0.6 2.8 5.5 5.1
0.8 2.2 4.6 4.1
1.2 1.9 3.6 3.3
3.2 1.6 3.1 2.9

8 1.30 3.14
0.8 4.0 962 7.460.4
1.2 2.5 5.4 4.7
3.2 1.6 3.0 2.8
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where the quoted statistical error bars are comparable
variations withe* .

III. RESULTS

A. Interface width and chain end statistics

A key parameter in analytic theories of interfacial visco
ity is the width of the interface between immiscible polyme
@5,7#. To determine this quantity we calculated the dens
rA,B(z) of each species of monomer in slices of wid
0.095s parallel to thex-y plane. The resulting density pro
files for chains of lengthN532 are plotted in Fig. 1 for three
values of the immiscibility parametere* . The interface
clearly becomes narrower ase* increases.

To quantify this trend we determinedw(75) andw(90),
the ranges ofz over which the concentration ofA changed
from 75% to 25% or 90% to 10%, respectively. These valu
are listed in Table I. If the analytic expression for the dens
profile in Eq. ~1! is correct, thenw(75)50.549aI , and
w(90)51.099aI should be almost exactly twice as large. O
measured values ofw are consistent with this factor of 2, an
were used to determine the values ofaI in Table I. Note that
capillary waves can increase the intrinsic width given
Flory-Huggins theory@13,23#. This has been considered i
detail by Lacasse, Grest and Levine@13# for the model used
here. The effect decreases with surface tension and thus
e* . It is a small effect for the parameters considered he
and is smallest in the regime where the interfacial viscos
saturates~see below!.

Theoretical conclusions about the interfacial viscos
@5,7# depend on the interface width becoming independen
chain length once the radius of gyration becomes large c
pared toaI . The results in Table I show thataI becomes
relatively independent ofN even whenRg /aI is only of order
1/2. For example, ate* 53.2 the interface width change
only from 2.8s to 2.4s while Rg changes from 1.3s to 4.7s.
We will see that the interfacial viscosity is more sensitive
the value ofN than isaI .

It has been argued by Helfand, Bhattacharjee, and F
drickson@24# that polymer ends lie preferentially at the in

y-

FIG. 1. Monomeric density ofN532 chains as a function o
heightz for the indicated values ofe* . The curves for monomers o
type A ~B! approach 0.8 at small~large! z. The interface becomes
significantly sharper ase* increases. Only the region near the i
terface is shown.
1-3
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SANDRA BARSKY AND MARK O. ROBBINS PHYSICAL REVIEW E63 021801
terface. This effect can be understood by focusing on aA
polymer at the interface. If a middle segment of theA chain
is on theB rich side of the interface, then both adjacentA
monomers on the chain also have a high probability of in
acting withB monomers. However, an end segment of theA
chain has only one neighbor that must interact withB mono-
mers. Thus chain ends should have a lower free energy in
interfacial region.

The relative abundanceR(z) of chain ends can be mea
sured by taking the ratio of the local concentration of ch
ends to the average concentration 2/N. Figure 2 illustrates
how this quantity depends onN and e* . In all cases, the
relative abundance approaches unity far from the interfa
There is a peak at the center of the interface that grows ae*
or N increases. To either side of the interface there are sm
decreases in the abundance of the chain ends. Presum
this is because chain ends are attracted to the center o
interface and the monomers adjacent to them are more li
to be at nearby values ofz. The increase in abundance
chain ends near the interface can be expected to reduc
local viscosity, because it reduces the degree to which ch
on opposite sides of the interface are intertwined.

B. Flow profiles and boundary conditions

Figure 3 shows the average velocity profile for chains
length N516 at e* 53.2. Here thex component of the ve-
locity vx was averaged over all monomers in slices of wid
0.25s parallel to thex-y plane for an interval of 9375t. A
small increase in the slope]vx /]z can be seen at the inte
face (z50). This implies a decrease in the viscosity of t
interface relative to that of the bulk, since the shear str
Pxz is independent ofz in steady state@21#.

Macroscopic treatments of fluid flow typically include th
effect of interfaces as boundary conditions on continu
equations. In Fig. 3 the velocity profiles from the bulkA and
bulk B regions would extrapolate to different velocities at t
interface. This velocity difference is called the slip veloc
Dv. In the low velocity limit,Dv is proportional to the bulk
shear rate. One can define a shear-rate-independent
length S5Dv/ġB . This corresponds to the extra width o
bulk fluid that would be needed to accommodate the sa

FIG. 2. The relative abundance of chain endsR(z) as a function
of heightz for the indicatede* andN. The tendency for chain end
to lie at the interface increases with bothe* andN. Only the region
near the interface is shown.
02180
r-

he

n

e.

all
bly

the
ly

the
ns

f

ss

lip

e

velocity difference as the interface. Another common m
sure of slip is the extrapolation length@5,7# which is just half
of S.

In most calculations the slip length and velocity are a
sumed to be zero. This is appropriate as long as the
length is much smaller than the dimensions of the sys
being modeled. Table II gives values ofS for the systems
considered here. Note thatS rises with both the immiscibility
parametere* andN. These trends reflect changes in the re
tive viscosity of the bulk and interface as discussed belo
The largest value obtained is a little above 10s which cor-
responds to roughly 5 nm. This is much less than the dim
sions of typical pipes and nozzles, but slip lengths of t
magnitude are relevant to the operation of nanodevices
addition, increasingN into the entangled regime would lea
to very rapid increases inS @4,5,7#.

The presence of a mixture of different species adds
extra complexity to the boundary condition at an interface
recent work, Koplik and Banavar@25# have considered the

FIG. 3. Average velocity as a function of heightz for an upper
wall velocity of 0.5s/t. The average was over slices of widt
0.25s parallel to thex-y plane. The polymers had lengthN516 and
e* 53.2. The slight change in slope in the center implies a low
viscosity near the interface.

TABLE II. Interfacial slip lengthS, as a function ofe* and
chain lengthN.

N e* S/s

64 0.37 4.860.5
0.6 8.560.9
1.2 9.060.5
3.2 12.160.5

32 0.37 1.8860.08
0.8 2.0560.13
1.2 3.4560.2
3.2 4.7560.50

16 0.37 0.6860.11
0.8 0.7860.07
1.2 1.2360.2
3.2 1.6760.05

8 0.8 0.1560.05
1.2 0.3060.05
3.2 0.4860.09
1-4
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MOLECULAR DYNAMICS STUDY OF SLIP AT THE . . . PHYSICAL REVIEW E 63 021801
appropriate flow boundary condition for a fluid mixture ne
a solid surface. They concluded that the velocities of
different fluid components should be equal to each other n
the surface. One might thus expect that the velocities of
two components near a fluid-fluid interface should also
equal. However, we find that this is not the case.

Figure 4 shows flow profiles obtained by taking separ
averages over the monomers of each species within a s
Note that the profiles for the two species remain quite diff
ent over the entire range where the concentrations are
enough to measure both velocities with reasonable statis
Within statistical errors, the slope of each profile is equa
the bulk shear rate. However, the curves are separated
z-independent shift that grows with the immiscibility param
etere* . This jump in velocity corresponds to the slip velo
ity Dv discussed above.

A difference between the velocities of different species
the same height may seem counterintuitive. However, thA
and B monomers in the interfacial regions are attached
chains that lie predominantly on opposite sides of the in
face. Their average velocity must equal the center of m
velocity of their chain and thus they will tend to move
different velocities. It is well known that shear of bulk poly
mers leads to a sort of end-over-end rolling of the molecu
Segments that are at low velocities fall behind the cente
mass. This creates an increased drag that pulls them bac
into regions of higher velocity. Thus at any given height t
mean velocity of segments from chains whose centers
mass are at regions of higher velocity is higher than tha
those whose center of mass is moving more slowly. A si
lar rolling must occur at the interfaces in our simulation
although it will be modified due to the change in chain s
tistics. One may also expect that it will occur in the situati
considered by Koplik and Banavar@25#, when the fluids con-
sist of chain molecules rather than Lennard-Jones sphere
one of the species is preferentially attracted to a solid w
those chains will tend to have centers of mass that lie clo
to the wall. One can expect that this will create a differen

FIG. 4. Average velocity for each species as a function ofz for
the indicated values ofe* . Open~closed! symbols indicate specie
A ~B! and only the interfacial region is shown. There is a cle
difference between the velocities of the two species that incre
ase* increases.
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in the velocity of monomers of the two types in the regi
near the wall that is analogous to the jump seen in Fig. 4

C. Interfacial viscosity

Figure 5 shows the variation ofh(z) @Eq. ~6!# with z for
N532 and different values of the immiscibility paramete
Far from the interface the local viscosity is equal to the b
value hB . This is the same for the two polymers becau
they have identical masses and interactions. There is a s
drop in viscosity at the interface that deepens as the flu
become more immiscible. This dip reflects the increase in
slope of the flow profile~e.g., Fig. 3! in the interfacial re-
gion. Its integral is directly related to the slip length throu

S5E dzF hB

h~z!
21G5E dz

ġB
F]vx

]z
2ġBG5

Dv

ġB

. ~8!

Increasinge* increases the magnitude of both the dip
viscosity and the slip length. Thus the trends in Table
parallel those in the figures we now discuss.

One of the key predictions of de Gennes and co-work
@5# and of Goveas and Fredrickson@7# is that the interfacial
viscosity should become independent ofN when the inter-
face width is small compared toRg . Figure 6 shows viscos
ity profiles for different chain lengths at~a! e* 51.2 and~b!
e* 53.2. The bulk viscosities are proportional to cha
length, indicating that the chains can be described by
Rouse model@10#. As predicted@5,7#, the interfacial velocity
becomes independent ofN for sufficiently largeN. As e*
increases, the interface width decreases and the interfa
viscosity saturates at smaller values ofN. In Fig. 6, the vis-
cosities for N>32 coincide ate* 51.2 and values forN
>16 coincide ate* 53.2.

Figure 7 shows the inverse interfacial viscosity evalua
at the center of the interface for eachN as a function ofe* .
Results forN58 remain above the other curves for alle* ,
but the other curves converge ase* increases. Using the
values from Table I we see that the interface width must
less than about 1.5Rg for the interfacial viscosity to saturate

r
es

FIG. 5. Viscosity as a function of heightz for the N532 poly-
mers as a function ofe* . The viscosity of the bulk regions on eithe
side of the interface is the same, and independent ofe* . The drop in
viscosity at the interface is greater ase* increases.
1-5
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SANDRA BARSKY AND MARK O. ROBBINS PHYSICAL REVIEW E63 021801
This suggests that the radius of gyration of the segments
enter the interface is given byaI /1.5 in the largeN limit.

The work of de Gennes and co-workers@5# and of Goveas
and Fredrickson@7# predicts that the interfacial viscosit
should saturate at a value corresponding to the bulk visco
of Rouse chains whose radius of gyration is of order

FIG. 6. Viscosity as a function of heightz at ~a! e* 51.2 and~b!
e* 53.2. As expected for Rouse polymers, the bulk viscosity of
chains scales linearly withN. In part ~a!, the viscosity of theN
532 andN564 polymers is the same at the interface, indicat
that at the interface there is only one length scale common to t
two polymer lengths. In part~b! the viscosity forN516,32,64 con-
verges at the interface, which indicates that the interfacial len
scale is the same for these three polymer lengths. The statis
fluctuations in the data decrease as the inverse square root o
total strain in a given region. Thus they are smallest in the inte
cial region where the shear rate is highest and largest for the lon
chains.

FIG. 7. Inverse interfacial viscosity 1/h I as a function ofe* for
the indicatedN. The N564 andN532 polymers have the sam
value of h I for e* >0.6. Values forN516 merge with results for
longer chains whene* >2.2. Error bars are comparable to the sy
bol size.
02180
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interface width. To test this we calculatedRgB(h I)
5@n0h I /6z#1/2, the radius of gyration corresponding to
polymer whose bulk viscosity is equal toh I , using the value
of z5(0.3860.03)m/t we determined from bulk regions
Figure 8 shows the ratioaI /RgB(h I) as a function ofe* for
N516, 32, and 64. As expected from the analytic pred
tions, the ratio approaches a constant value in the limit
large e* . Moreover, the limiting value of about 1.6 is con
sistent with the ratio betweenaI andRg at which the inverse
viscosity became independent of chain length in Fig. 7. T
our results confirm that the interfacial viscosity is given
the bulk viscosity of chains whose length is equal to that
the segments that enter the interfacial region. They furt
imply that these segments have a radius of gyration of ab
aI /1.6.

IV. SUMMARY AND CONCLUSIONS

In this paper we have presented molecular dynam
simulations of phase separated immiscible polymers. T
strength of the immiscibility of the polymers,e* , was varied
from slightly immiscible to well into the immiscible phase
The interfacial width~Table I! decreased with increasing im
miscibility. As predicted by Helfand, Bhattacharjee, and F
drickson@24#, the tendency for chain ends to lie at the inte
face increased with the degree of immiscibility~Fig. 2!.

The linear viscous response of the interface to a perp
dicular velocity gradient was examined as a function of ch
length and immiscibility. Plots of the average velocity as
function ofzshow an increased slope in the interfacial regi
~Fig. 3!. This implies that a slip boundary condition must b
used in continuum theories of sheared polymer blends.
degree of slip was quantified by calculating the slip lengthS
~Table II! which represents the excess width of bulk polym
needed to accommodate the same amount of slip as th
terface. Slip has little effect on calculated flow profiles wh
S is small compared to the system size. For the parame
considered here, the largest values ofS are a little greater
than 10s. Thus slip would be irrelevant in macroscop
flows, but might be important in nanodevices. Much larg
values ofS would be found for entangled polymers.

We found that the average velocities of the two spec
were different in the interfacial region~Fig. 4!. This was

e

se

th
al

the
-

est

FIG. 8. Variation withe* in the ratio between the interfacia
width andRgB(h I) the radius of gyration of polymers whose bu
viscosity equalsh I . Error bars are comparable to the symbol siz
1-6
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attributed to the fact that the centers of mass ofA and B
polymers lay on different sides of the interface and moved
different mean velocities. Recent simulations of spheri
molecules near solid walls indicated that the two species
ways had the same velocity@25#. It would be interesting to
see if this condition breaks down for longer chain molecul

The ratio of the bulk to interfacial viscosity and the d
gree of slip both increased with increasingN and e* . de
Gennes and co-workers@5# and Goveas and Fredrickson@7#
had noted that whenaI is sufficiently small compared toRg
the lengths* of the polymer segments that enter the inter
cial region is independent ofN. They then argued that th
interfacial viscosity should scale with the bulk viscosity
polymers of lengths* . Our results are completely consiste
with this picture. The value of the interfacial viscosity sat
rated when the radius of gyration of the chains excee
about 1.5aI ~Fig. 5!. Moreover, the saturated value corr
sponded to the bulk viscosity of chains whose radius of
im

s

J

et

s

02180
t
l
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-
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-

ration is about 1.6aI ~Fig. 8!. This suggests that the interfa
cial viscosity is very nearly equal to that of bulk polyme
with lengths* . The only discrepancy with earlier theories
that Goveas and Fredrickson had predicted a substant
smaller prefactor in the relation betweens* andh I . It would
be interesting to explore the origin of this discrepancy
future analytic work.
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