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Molecular dynamics study of slip at the interface between immiscible polymers
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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 regioas 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 wigihwas independent of chain length. As
predicted by de Gennes and co-workefg, 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 B rich region, one finds that the typical length of loops scales
ass* =1/y. The interfacial width scales as twice the radius
Polymer blends have tremendous technological applicaef gyrationR, of a chain of lengtts*, giving a,=2b/\6x
tions, since blending allows one to create new materials witti7]. Hereb is the statistical segment length, and is related to
tunable properties. However, dissimilar polymers generallyR, and the root mean squared end-to-end distaticedy b
become immiscible as the number of mononteriscreases. =R;\/6/N=R./\N in the largeN limit.
The resulting phase separation creates many interfaces be- The bulk viscous response of polymers is also well estab-
tween regions of different composition. The static and dy-ished. Chains that are shorter than the entanglement length
namic properties of these interfaces have strong effects oR, exhibit Rouse dynamics. The bulk viscosity rises linearly
the material properties and processing of the blend. with chain length:zg=(b?N/v,, where{ is the monomer
A large body of theoretical work has been dedicated tofriction coefficient andy, is the monomer volumgl0]. de
understanding the properties of polymer interfa¢és7.  Gennes and co-workers have argued that the viscosity in the
Most of the analytic work is based on the Flory-Hugginsinterfacial regions, should be given by the Rouse formula,
model. The degree of immiscibility is characterized by thepyt with the typical loop lengtis* replacingN. The idea is
well-known interaction parametey [1], which corresponds  that only segments of this length need to move in order to
to the enthalpic cost for placing a monomer of one species ifelax stress in the interfacial region.sf is much less than
a homogeneous phase of the other species. Chains becoe or equivalently a, is much less thanR,, then 7,
immiscible whenN is large compared to ¥/ Many predic- = {b?s* | vy= {b% vox = {3a%2v,. Since this expression is
tions of this model have been tested by recent simulationgpgependent oN, while 7 rises linearly withN, there will
including the structural properties of equilibrium interfacespe an increasing amount of slip at the polymer interfac as
[8] and critical behaviof9]. increaseq5,7]. Slip becomes even more pronounced\if

In this paper we examine the nonequilibrium response ofecomes longer than the entanglement lefg$,7], but this
polymer interfaces to a tangential flow field. This allows US|yt is not considered here.

to test predictions about the interfacial viscosity and the de- ggyeas and Fredrickson have recently used the Fokker-
gree of slip at polymer/polymer interfacp$,5,7. We focus  pjanck equation to provide a more formal derivation of the
on the most studied case of a symmetric, binary blend whergsjation between interfacial width and interfacial viscosity
the two polymersA andB have the same length, density, and (7] They construct a constitutive equation for stress relax-
viscosity, but are immiscible. The chains are short enough t@jon near the interface between Rouse chains, and solve for
be in the Rouse limif10], and the linear response at loW he shear stress in response to a weak shear. The resulting

shear rates is calculated. _ viscosity varies with the distance from the interface as
The equilibrium properties of such polymer interfaces are

well studied. For a static interface locatedzat0, Helfand 7(2) R2 -1
and Tagami found that the volume fraction of spedesas =1+ 76616¢A(Z)¢B(Z) ) 2
the form[3] 7B a;

o22la where ¢, g(z) are the equilibrium concentration profiles

2)=1— e PR — 1 [Eq. (D)]. In the limit of smalla, the viscosity az=0 can be
(2) %e(2) e??a g 27 @ expanded to give

wherea, is the interfacial width. By comparing the enthalpic _ _ E 2 _ E 2ok

cost and entropy gain when a loop of lengtbf A enters the m=n(0) 4 tailvo 6 £b%s*/vo. ©)
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Thus Goveas and Fredrickson obtain the same scaling as de To make a symmetric blend of immiscible polymers we
Gennes and co-workers in this limit. However their prefactorfollow the work of Grest, Lacasse and co-worké¢t®,13.

is q_uite_small since Eq(3) gives the viscosity of a Rouse The LJ potential is truncated at=2'¢ so that monomer
chain with lengths* /6. interactions are strictly repulsive. Two monomers of the

To test the above predictions for the interfacial viscosity,same type interact witlas o= €gg= €. An extra repulsion is

one must work at low enough shear rates to avoid shegfqged between unlike monomesss= ega=e(1+ €*). In-
thinning. The interface must also be shasp;<N, so that  creasinge* increasesy, although the relation is nonlinear.
the effective chain length in the interface is not limitedMy  pagsyits are presented fa* between 0.37 and 3.2, and

In agdirt]ior‘."\' at;‘dsl* m“itd?de 'O”Qhe”"‘ﬁgh tr? exhibit G.a“ﬁs‘ chains of lengtiN=8, 16, 32, and 64. All but the shortest
lan behavior, but less thaN, so that the chains are in the  in¢ \vere immiscible over the entire range &f. The

Rouse limit. This leaves a relatively narrow range of longest chain length is slightly below the best estimate for

where scaling can be studied. = :
In order to maximize the scaling regime, we consider athe entanglement lengtiN.=74+9 of the bead-spring

standard model of polymer melt$1] that gives a large ratio model[15,16. . ' . . . . .
between the entanglement and persistence length. Spkecies _Th_e polymer is c_onflr_1ed in a simulation cell that is pert-
andB are identical, but an extra repulsive term between then®di€ in thex andy directions, and bounded by two walls in
makes them immiscibld12,13. To impose shear, solid the z direction. chh wall containd,,= 1600 atoms that are
bounding walls that are parallel to t#eB interface are dis- tethered to the sites of @,1,1 surface of a fcc lattice by
placed tangentially at constant relative velocity. The interharmonic springs of stiffnese=1320ec~2. The wall atoms
face width, chain statistics, and viscosity are measured as @ not interact with each other, and have identical interac-
function of distance from the interface. tions with the two types of monomer. These are described
When the added repulsion is small, the interface width isvith a LJ potential with an attractive tail,.=1.50, an in-
larger than the radius of gyratid®y of bulk polymers. In this  creased energy scatg,,= ewg= 1.7¢, and the same length
limit, 7~ ng and there is little slip at the interface. As the scales. These parameters were chosen to limit the amount
degree of repulsion increases, the interface becomes mudi slip at the wall§17-19.
sharper, and the viscosity of the interface becomes indepen- For the results presented below, the walls are separated by
dent of N. The viscosity is qualitatively consistent with | .=49.0r, and the periods alongandy arelL,=38.5¢ and
Goveas and Fredrickson’s expressipBgs.(2) and(3)] [7], | =33.4, respectively. There are 49 152 monomers giving
but the prefactor for, is closer to the value obtained by de 3" mean density op=1/v,~0.800 2 in the center of the

Gennes and co-workef§]. cell. There are well-studied density modulations near each

The paper is organized as follows. In the next section W&, | that are not of interest hefd7—20. We exclude the
review the interaction potentials and simulation tEChnlquesl'irst 50 near each wall from our analysis routines in order to

used in this work. R?SUItS and analyses are presgnted n Seagioid their influence. The remaining thickness of each type
[ll, and Sec. IV provides a summary and conclusions. . : .

of polymer is much larger than the end-to-end distances in
Table I. From the quoted values Bf; andR., we obtain a
value of the statistical segment lendikr 1.280 that is con-
We use Kremer and Grest's bead-spring model for linearsistent with previous work11,15.

Il. MODEL

chain moleculeg11]. Spherical monomers of mass are The initial condition is created from an equilibrated sys-
linked into chains of lengtiN by a nearest-neighbor interac- tem of identical chains at the simulation temperatkg&/ e
tion potential =1.1. Polymers whose centers of mass are in the bottom half

of the simulation box are labeletl and the remaining half
of the polymers are labele. The equations of motion are
(4)  thenintegrated using a fifth-order predictor-corrector method
[14], with a time stepSt=0.0075. The system is allowed to
equilibrate for 1125. After this time interval the interface
wherer; is the distance between monomérand j, R, width and othe_r parameters have _reached a steady _state.
=150, k=30e/02, ando and e set the length and energy Shear flow in the polymer melt is mdyceq by moving the
scales, respectively. The characteristic time scaleris [©OP wall ata constant speedy in the x direction. Constant
= oJm/e. Typical values ofe, o, and 7 for hydrocarbon temperature is malntalnec_i by addlng_ a Gaussian white noise
chains would be of order 30 meV, 0.5 nm, and 3 ps, respec,"-ind damping to_the equations of_mot|Eir1,17_|_. These_terms
tively [11,14. All monomers interact through a truncated are only gdded in thg andz directions to avoid affecting the
Lennard-JoneéLJ) potential flow profile. Onpe the system has reached steady state, the
local shear ratey(z)=dv,/dz is calculated as a function of
A€, g (ot P (olrj)®], rij<r. z This is done by dividing the system into slices of width
Ups(rip) = 0 ro=r ©) 0.095s parallel to thex-y plane and calculating the average
’ e velocity of the monomers within these slices over
where the interaction energylﬁ depends on the type;s and (9000—15 000)' A finite difference is then taken to giVe the
B of monomers andj. local y, and the results are smoothed by taking a running

1
— —kR2In[1—(r:i /Ry)?], rii<R
Unn(rij): 2 RoInl ( ij 0] ij 0
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TABLE I. Sizes of the interface and polymer. The rangezof

over which the concentration & monomers changes from 75% to 0.8

25% or 90% to 10% is denoted hy(75) orw(90), respectively.

The ratio of these values is consistent with Ef. and they were 06!l

used to calculate, . Uncertainties in these widths are less than 5% ’nT

except where otherwise indicated. The values of the radius of gy- = 04

ration Ry and the end-to-end distané&, for polymers of length ’

N=8 to 64 are included for comparison. 02

Interface width Chain size

N €* w(75)/c  w(90)/loc alo Ry/o0  Reelo 0.(_)10 ” 0 = 'é 10

64 4.71 11.87 z/c
037 23 4.5 4.1 FIG. 1. Monomeric density oN=32 chains as a function of
0.6 18 3.6 3.3 heightz for the indicated values of* . The curves for monomers of
12 17 3.2 3.0 type A (B) approach 0.8 at smalflarge z. The interface becomes
32 14 2.7 2.5 significantly sharper ag* increases. Only the region near the in-

32 2.96 7.20 terface is shown.
037 28 5.3 5.0
06 21 4.1 3.8 where the quoted statistical error bars are comparable to
08 22 4.2 3.9 variations withe*.
1.2 1.9 3.7 3.4
2.2 1.6 3.0 2.7
3.2 14 26 24 Ill. RESULTS

16 2.01 4.98 A. Interface width and chain end statistics
037 3.0:02 65:02 58802 A key parameter in analytic theories of interfacial viscos-
06 2.8 5.5 o1 ity is the width of the interface between immiscible polymers
0.8 22 4.6 4.1 [5,7]. To determine this quantity we calculated the density
12 19 3.6 3.3 pag(z) of each species of monomer in slices of width
32 16 31 2.9 0.095r parallel to thex-y plane. The resulting density pro-

8 1.30 3.14  files for chains of lengttN= 32 are plotted in Fig. 1 for three
08 40 92 7.4£0.4 values of the immiscibility parametee*. The interface
12 25 5.4 4.7 clearly becomes narrower &% increases.
32 16 3.0 2.8 To quantify this trend we determinesl(75) andw(90),

the ranges ok over which the concentration & changed
average over ten slices. The local viscosity of the fluid isOM 75% t0 25% or 90% to 10%, respectively. These values
then obtained from the relation are listed in Table I. If the analytic expression for the density

profile in Eq. (1) is correct, thenw(75)=0.54%,, and

P,, w(90)=1.09%, should be almost exactly twice as large. Our
7(z)= - (6) measured values of are consistent with this factor of 2, and
1(2) were used to determine the valuesagfin Table I. Note that

where the shear stre&, is independent of once the sys- capillary waves can increase the intrinsic width given by
tem is in steady stat21]. Flory-Huggins theory13,23. This has been considered in

In this paper we are interested in the Newtonian regime ofiétail by Lacasse, Grest and Levireg] for the model used
flow, before the onset of shear thinning. Since the onset opere. The effect decreases with surface tension and thus with

shear thinning moves to lower shear rates as chain lengtfi - It is @ small effect for the parameters considered here,
increase$22], lower wall velocities must be used for larger and is smallest in the regime where the interfacial viscosity

N. However, increasing)l also lowers the shear rate at fixed saturategsee below _ . _
wall velocity, because the amount of slip at the walls in- Theoretical conclusions about the interfacial viscosity
creaseq19]. For the results presented below we usg [5,7] depend on the interface width becoming independent of
—0.50/7 with N=8 and 16, andy=0.10/7 with N=32 chain length once the radius of gyration becomes large com-

and 64. This produces the following shear rates in the bulPared toa,. The results in Table | show tha becomes

fluid regions(away from all interfaces relatively independent dfl even wherR,/a, is only of order
1/2. For example, at* =3.2 the interface width changes
0.0092+0.0002, N=8 only from 2.8 to 2.40 while Ry changes from 13to 4.7
v, | 0.0082+0.0002, N=16 We will see that the interfacial viscosity is more sensitive to
0 = (7)  the value ofN than isa, .

9z 0.0013-0.0001, N=32 It has been argued by Helfand, Bhattacharjee, and Fre-
0.00093-0.00007, N=64, drickson[24] that polymer ends lie preferentially at the in-
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FIG. 2. The relative abundance of chain ef{g) as a function FIG. 3. Average velocity as a function of heighfor an upper
of heightz for the indicatede* andN. The tendency for chain ends wall velocity of 0.5/7. The average was over slices of width
to lie at the interface increases with bath andN. Only the region  0.250 parallel to thex-y plane. The polymers had lengih= 16 and
near the interface is shown. €* =3.2. The slight change in slope in the center implies a lower
viscosity near the interface.
terface. This effect can be understood by focusing oan
polymer at the interface. If a middle segment of thehain  velocity difference as the interface. Another common mea-
is on theB rich side of the interface, then both adjacént sure of slip is the extrapolation lengt, 7] which is just half
monomers on the chain also have a high probability of interof S,
acting withB monomers. However, an end segment of Ahe In most calculations the slip length and velocity are as-
chain has only one neighbor that must interact vidttnono-  sumed to be zero. This is appropriate as long as the slip
mers. Thus chain ends should have a lower free energy in tHength is much smaller than the dimensions of the system
interfacial region. being modeled. Table Il gives values 8ffor the systems
The relative abundandg(z) of chain ends can be mea- considered here. Note th@tises with both the immiscibility
sured by taking the ratio of the local concentration of chainparametee* andN. These trends reflect changes in the rela-
ends to the average concentratioN 2Figure 2 illustrates tive viscosity of the bulk and interface as discussed below.
how this quantity depends oN and €*. In all cases, the The largest value obtained is a little abovesl@hich cor-
relative abundance approaches unity far from the interfacaesponds to roughly 5 nm. This is much less than the dimen-
There is a peak at the center of the interface that grows as sions of typical pipes and nozzles, but slip lengths of this
or N increases. To either side of the interface there are smathagnitude are relevant to the operation of nanodevices. In
decreases in the abundance of the chain ends. Presumaldlgidition, increasingN into the entangled regime would lead
this is because chain ends are attracted to the center of the very rapid increases i8[4,5,7].
interface and the monomers adjacent to them are more likely The presence of a mixture of different species adds an
to be at nearby values af The increase in abundance of extra complexity to the boundary condition at an interface. In
chain ends near the interface can be expected to reduce thecent work, Koplik and Banavd25] have considered the
local viscosity, because it reduces the degree to which chains
on opposite sides of the interface are intertwined. TABLE 1. Interfacial slip lengthS, as a function ofe* and
chain lengthN.

B. Flow profiles and boundary conditions

N €* Slo

Figure 3 shows the average velocity profile for chains of
lengthN=16 at e* =3.2. Here thex component of the ve- 64 0.37 4805
locity v, was averaged over all monomers in slices of width 0.6 8.5:0.9
0.25r parallel to thex-y plane for an interval of 9375 A 1.2 9.0:0.5
small increase in the slop&,/dz can be seen at the inter- 3.2 12.305
face (z=0). This implies a decrease in the viscosity of the 32 0.37 1.880.08
interface relative to that of the bulk, since the shear stress 0.8 2.05-0.13
P,, is independent of in steady stat¢21]. 1.2 3.45-0.2

Macroscopic treatments of fluid flow typically include the 3.2 4.75-0.50
effect of interfaces as boundary conditions on continuum 16 0.37 0.680.11
equations. In Fig. 3 the velocity profiles from the bélkand 0.8 0.78+0.07
bulk B regions would extrapolate to different velocities at the 1.2 1.23-0.2
interface. This velocity difference is called the slip velocity 3.2 1.67-0.05
Av. In the low velocity limit,Av is proportional to the bulk 8 08 0.15-0.05
shear rate. One can define a shear-rate-independent slip 1.2 0.30+0.05
length S=Au/'yB. This corresponds to the extra width of 3.2 0.48-0.09

bulk fluid that would be needed to accommodate the same
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FIG. 5. Viscosity as a function of heiglatfor the N=32 poly-
mers as a function of* . The viscosity of the bulk regions on either
FIG. 4. Average velocity for each species as a functioz fofr  sjde of the interface is the same, and independeat oThe drop in
the indicated values of*. Open(closed symbols indicate species viscosity at the interface is greater & increases.

A (B) and only the interfacial region is shown. There is a clear

difference between the velocities of the two species that increases . . .
ase* increases. in the velocity of monomers of the two types in the region

near the wall that is analogous to the jump seen in Fig. 4.

appropriate flow boundary condition for a fluid mixture near C. Interfacial viscosity

a solid surface. They concluded that the velocities of the . .
. . Figure 5 shows the variation oj(z) [Eqg. (6)] with z for
different fluid components should be equal to each other nea,\rlchz and different values of tr?é( ir)nr[nigci(bi)li]ty parameter.

the surface. One might thus_ expect that the velocities of th%ar from the interface the local viscosity is equal to the bulk
two components near a fluid-fluid interface should also be

eaual. However. we find that this is not the case value ng. This is the same for the two polymers because
qual. ’ ' they have identical masses and interactions. There is a sharp

duy
Jz

Av
Y8

avcle:rlggl;;i Lcl)vsehrotvr\:z frlr(])g\:]g:r?é'rlgso]?te)t;':?]egp?éi;kaigt’hisr?%a;ﬁfdrop in viscos!ty at the interfacg that deepenfs as the .fluids
Note that the profiles for the two species remain quite differ-B.ecome more |mm|SC|pIe. This (.j'p reflects the INCrease In the
ent over the entire range where the concentrations are hi %Iope of _the flow prpflle(e.g., Fig. 3 in the_lnterfamal re-

L . . .. =gion. Its integral is directly related to the slip length through
enough to measure both velocities with reasonable statistics.
Within statistical errors, the slope of each profile is equal to dz
the bulk shear rate. However, the curves are separated by a s:f dz ﬂ_l} = f —
z-independent shift that grows with the immiscibility param- 7(2) VB
etere*. This jump in velocity corresponds to the slip veloc-
ity Av discussed above.

A difference between the velocities of different species afncreasinge® increases the magnitude of both the dip in
the same height may seem counterintuitive. However Athe Viscosity and the slip length. Thus the trends in Table II
and B monomers in the interfacial regions are attached tdParallel those in the figures we now discuss.
chains that lie predominantly on opposite sides of the inter- One of the key predictions of de Gennes and co-workers
face. Their average velocity must equal the center of mas$] and of Goveas and Fredrickspn] is that the interfacial
velocity of their chain and thus they will tend to move at Viscosity should become independentfwhen the inter-
different velocities. It is well known that shear of bulk poly- face width is small compared &, . Figure 6 shows viscos-
mers leads to a sort of end-over-end rolling of the moleculesty profiles for different chain lengths &) €* =1.2 and(b)
Segments that are at low velocities fall behind the center o* =3.2. The bulk viscosities are proportional to chain
mass. This creates an increased drag that pulls them back igngth, indicating that the chains can be described by the
into regions of higher velocity. Thus at any given height theRouse modefl10]. As predicted5,7], the interfacial velocity
mean velocity of segments from chains whose centers dpecomes independent &f for sufficiently largeN. As €*
mass are at regions of higher velocity is higher than that ofncreases, the interface width decreases and the interfacial
those whose center of mass is moving more slowly. A simi-viscosity saturates at smaller valueshbfin Fig. 6, the vis-
lar rolling must occur at the interfaces in our simulations,cosities forN=32 coincide ate*=1.2 and values foN
although it will be modified due to the change in chain sta-=16 coincide ate* =3.2.
tistics. One may also expect that it will occur in the situation ~ Figure 7 shows the inverse interfacial viscosity evaluated
considered by Koplik and Banavg#5], when the fluids con-  at the center of the interface for ealshas a function ofe* .
sist of chain molecules rather than Lennard-Jones spheres.Results forN=8 remain above the other curves for afl,
one of the species is preferentially attracted to a solid wallput the other curves converge a$ increases. Using the
those chains will tend to have centers of mass that lie closeralues from Table | we see that the interface width must be
to the wall. One can expect that this will create a differencdess than about 1B, for the interfacial viscosity to saturate.

021801-5



SANDRA BARSKY AND MARK O. ROBBINS PHYSICAL REVIEW E63 021801

al A
C A ]
,12: . A ]
S \2 :OIZIE| ﬁ A A:
& e [ YO o o |
~ N 1
S1r aAis 7
r o032 i
L O 64 n
0 ||||I||||I|||||||
0 1 2 3
e*

FIG. 8. Variation withe* in the ratio between the interfacial
width andRyg(7,) the radius of gyration of polymers whose bulk
viscosity equalsy, . Error bars are comparable to the symbol size.

n@

interface width. To test this we calculate®gyg(7,)
=[vom/6£]*2 the radius of gyration corresponding to a
polymer whose bulk viscosity is equal #g, using the value
0 ) ] . of {=(0.38+0.03)m/7 we determined from bulk regions.
-20 -10 0 10 20 Figure 8 shows the ratia, /Ryg(7,) as a function ofe* for

z/c N=16, 32, and 64. As expected from the analytic predic-
i . . : tions, the ratio approaches a constant value in the limit of
FIG. 6. Viscosity as a function of heightat (3) €* =1.2 and(b) large €*. Moreover, the limiting value of about 1.6 is con-

e* =3.2. As expected for Rouse polymers, the bulk viscosity of the . . . ) -
chains scales linearly witiN. In part (a), the viscosity of theN sistent with the ratio betweem andR, at which the inverse

=32 andN=64 polymers is the same at the interface, indicatingvISCOSIty becam_e |ndepende_nt of Chf"“n I_ength_ n .Flg'. 7. Thus
that at the interface there is only one length scale common to thedaur results Con_flrm that _the interfacial V'SC_OS'W is given by
two polymer lengths. In pab) the viscosity forN=16,32,64 con- the bulk viscosity of chains whose Iength is equal to that of
verges at the interface, which indicates that the interfacial lengtifne@ segments that enter the interfacial region. They further
scale is the same for these three polymer lengths. The statisticANPly that these segments have a radius of gyration of about
fluctuations in the data decrease as the inverse square root of tide/1.6.
total strain in a given region. Thus they are smallest in the interfa-

cial region where the shear rate is highest and largest for the longest
chains.

R a2~ S I S SR S

IV. SUMMARY AND CONCLUSIONS

In this paper we have presented molecular dynamics
This suggests that the radius of gyration of the segments thgtmulations of phase separated immiscible polymers. The
enter the interface is given /1.5 in the largeN limit. strength of the immiscibility of the polymers}, was varied

The work of de Gennes and co-work&s and of Goveas from slightly immiscible to well into the immiscible phase.
and Fredricksor{7] predicts that the interfacial viscosity The interfacial width(Table )) decreased with increasing im-
should saturate at a value corresponding to the bulk viscositpiscibility. As predicted by Helfand, Bhattacharjee, and Fre-
of Rouse chains whose radius of gyration is of order thedrickson[24], the tendency for chain ends to lie at the inter-
face increased with the degree of immiscibilifyig. 2).

The linear viscous response of the interface to a perpen-
dicular velocity gradient was examined as a function of chain
length and immiscibility. Plots of the average velocity as a
function ofz show an increased slope in the interfacial region
(Fig. 3). This implies that a slip boundary condition must be
used in continuum theories of sheared polymer blends. The
degree of slip was quantified by calculating the slip lerfgth
o 32 (Table 1) which represents the excess width of bulk polymer
0 84 needed to accommodate the same amount of slip as the in-
ot v v by b terface. Slip has little effect on calculated flow profiles when
L 2 3 Sis small compared to the system size. For the parameters

e considered here, the largest valuesSoére a little greater

FIG. 7. Inverse interfacial viscosity #/ as a function of* for ~ than 1@r. Thus slip would be irrelevant in macroscopic
the indicatedN. The N=64 andN=32 polymers have the same flows, but might be important in nanodevices. Much larger
value of 5, for €*=0.6. Values forN=16 merge with results for Vvalues ofSwould be found for entangled polymers.
longer chains whee* =2.2. Error bars are comparable to the sym- ~ We found that the average velocities of the two species
bol size. were different in the interfacial regiofFig. 4). This was

x
x x
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N
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attributed to the fact that the centers of massAodnd B ration is about 1.8, (Fig. 8). This suggests that the interfa-
polymers lay on different sides of the interface and moved atial viscosity is very nearly equal to that of bulk polymers
different mean velocities. Recent simulations of sphericalith lengths*. The only discrepancy with earlier theories is
molecules near solid walls indicated that the two species althat Goveas and Fredrickson had predicted a substantially
ways had the same velocifg5]. It would be interesting to  smaller prefactor in the relation betweghand 7, . It would
see if this condition breaks down for longer chain moleculesbe interesting to explore the origin of this discrepancy in
The ratio of the bulk to interfacial viscosity and the de- future analytic work.
gree of slip both increased with increasifgand €*. de
Gennes and co-workef§] and Goveas and Fredrickspn]|
had noted that whea, is sufficiently small compared tB,
the lengths* of the polymer segments that enter the interfa- Discussions with G. Fredrickson, J. Goveas, and M.-D.
cial region is independent dfl. They then argued that the Lacasse were helpful, and we thank them. We also thank J.
interfacial viscosity should scale with the bulk viscosity of Hutter for comments on the manuscript. Support from the
polymers of lengtts* . Our results are completely consistent Semiconductor Research Corporation, the Department of En-
with this picture. The value of the interfacial viscosity satu-ergy, and National Science Foundation Grant Nos. DMR-
rated when the radius of gyration of the chains exceede@634131 and DMR-0083286 is gratefully acknowledged. We
about 1.5, (Fig. 5. Moreover, the saturated value corre- are also grateful to Intel Corporation for donating worksta-
sponded to the bulk viscosity of chains whose radius of gytions that were used in this study.
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