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Entanglements in Inhomogeneous Polymeric Phases
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ABSTRACT: We examine the concept of entanglements and the associated entanglement lengths in
polymer interfaces. Explicitly, we consider the influence of the compositional inhomogeneity and the
manner in which it influences the entanglement lengths. We address this issue by adapting the packing
model of entanglements proposed by Kavassalis and Noolandi. The effects of the compositional
inhomogeneity are incorporated through a combination of Monte Carlo simulations and self-consistent-
field theory computations. Our results mainly focus on the inhomogeneous variations of entanglements
in the interfacial region of polymer blends. In this context, we elaborate upon the connections between
our results and the experimentally measurable macroscopic properties like the slip, rheology, and the

toughness of polymer—polymer interfaces.

I. Introduction

High molecular weight polymer melts and concen-
trated solutions of polymers are characterized by the
presence of a variety of topological interactions between
the chains. Such interactions include physical crossings,
knottings, and loopings and, in some cases, can even
result from local energetic interactions like hydrogen
bonding. Such features prove extremely complex to
model accurately, and consequently it is a common
approach to replace such interactions generically by
fictitious constraining junctions termed as “entangle-
ments” acting on different points of a chain.! Indeed,
this physical picture formed the basis of the immensely
successful Doi and Edwards (DE) reptation model for
the dynamics of polymer melts.?3 In their model, the
topological constraints were assumed to restrict the
motion of long chains to essentially one dimension, viz.,
along a tube of confining entanglements. With this
underlying basis, the DE theory replaced the conforma-
tion of the real chain by a connected sequence of
“entanglement blobs” of size N, termed as the entangle-
ment length of the polymer (in this article, we use the
terms “entanglement length” and “entanglement mo-
lecular weight” in an interchangeable manner) and was
envisioned to characterize the radius of the confinement
tube. These blobs were then assumed to move in the
tube by a diffusional mechanism which involved the
creation and destruction of material at the ends of the
tube. This approach allowed Doi and Edwards to make
predictions for the self-diffusivity as well as the linear
and nonlinear rheological properties of entangled poly-
mer melts. Several of these predictions have been
subsequently validated through experiments and have
lent support to the underlying framework of “junction”
model of topological constraints.*

Several recent experiments have highlighted a pivotal
role for the value of the entanglement length N in
determining the rheological characteristics as well as a
variety of other mechanical properties like the craze
draw ratio, failure mechanisms, and toughness of the
polymers. In the original Doi—Edwards model, N was
envisioned as a phenomenological parameter which
represented an effective length of the polymer strand
between two entanglement junctions. By adopting this
picture, DE could only propose that the entanglement

10.1021/ma020930y CCC: $22.00

length N was independent of the chain length and was
purely a property of the entangled chain alone. Indeed,
many early comparisons of the DE model relied upon
treating N. as a fitting parameter obtainable from the
storage modulus of the material.®> However, more re-
cently, a surge of interest has arisen to develop models
that can delineate the relationship between the en-
tanglement length N and the conformational charac-
teristics of the polymer chains (or, more specifically, the
characteristic ratio C., of the polymer chain).5>~1* Among
these ideas (cf. ref 12 for a recent review of different
models proposed for N¢), models invoking packing
considerations have proven to be quite successful in
relating N to the molecular features of the macromo-
lecular chains.5~81113 For instance, the most popular
version of this approach'®1® relates N, to the volume
occupied by the polymer by postulating that the ratio
of the volume of space pervaded by a chain of length Ne
to its hard-core volume to be a universal constant (of
the order 10). Since the volume occupied by a subseg-
ment of a given specific polymer can be quantified from
atomistic molecular simulations, an inversion of such a
relationship serves as an unambiguous link between Ne
and the conformational features of different polymeric
materials. By extensive comparisons to the experimen-
tal literature, Fetters and co-workers!314 have demon-
strated that this model can correlate the entanglement
molecular weights of a wide variety of polymeric mate-
rials. Presently, Doi—Edwards theory in conjunction
with the packing models serve as one of the most
accurate approaches to link the molecular details of a
polymer melt to its macroscopic response and properties
(alternative viewpoints of entanglements have also been
proposed; cf. for instance refs 12 and 15).

Many recent applications of polymers have however
involved multicomponent mixtures of polymers and/or
multiblock copolymers.1617 For instance, blends of poly-
meric materials have long served as a popular means
to achieve a desirable combination of properties in
applications. More recently, the morphological self-
assembly patterns exhibited by block copolymers have
attracted considerable interest due to the possibility of
achieving well-defined long-range order with continu-
ously tunable length scales. The widespread utilization
of such materials has raised a number of fundamental
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guestions pertaining to the validity and the extension
of the concept of entanglements to such systems.8 Such
issues arise mainly from the fact that most applications
utilizing such multicomponent materials involve a
heterogeneous, inhomogeneous distribution of the dif-
ferent components and hence are also characterized by
distinctly different chain conformations compared to a
homogeneous melt. For instance, a number of theoreti-
cal and experimental studies have demonstrated that
the incompatibility and incompressibility conditions
force the statistics of the chain conformations near
polymer interfaces (both polymer—polymer and polymer—
solid interfaces) to differ markedly from that in the
bulk.19=22 Similarly, block copolymer chains have been
demonstrated to adopt stretched non-Gaussian confor-
mations in the microphase separated mesophases.?® It
is however not evident whether the entanglement length
N of the chains in such inhomogeneous regions are any
different from those in the bulk and if so on how to
define and/or determine it. On the other hand, a
knowledge of this “inhomogeneous” N. has been claimed
to be relevant to a number of macroscopic rheological
as well as mechanical properties of these multicompo-
nent systems.8 Since such issues dominate the process-
ing of these materials, a systematic examination of the
concept of entanglements and entanglement lengths in
inhomogeneous systems is expected to have significant
ramifications in applications involving multicomponent
polymers.

To our knowledge, only few previous studies have
examined the question of entanglements and the en-
tanglement length of inhomogeneous systems and the
explicit relationship, if any, to that of homogeneous
polymeric materials. Brown and Russell'® were one of
the first authors to highlight the importance of modified
conformations of chains near a polymer—solid interface.
They provided qualitative arguments suggesting that
the compression of the chains near the interface can
profoundly influence the entanglement length by an
increase of up to 4 times its bulk value. Further, they
claimed that such an increase might in turn help
rationalize a variety of unresolved experimental obser-
vations relating to the mechanical properties of such
polymeric systems. Murat and co-workers?* utilized
molecular dynamics simulations to examine the self-
diffusion of block copolymers in lamellar phases. They
noticed a significantly high (lateral) mobility of the block
copolymer chain, over and above that observed in a
homogeneous melt, and concluded that the chains in the
lamellar phases exhibit an enhancement in the value
of the entanglement length compared to those in a
homogeneous melt. (Equivalently, they claimed that the
number of entanglements was lower in the inhomoge-
neous phase.) In contrast, Pan and Schaffer?> undertook
a kinetic Monte Carlo simulation of self-diffusion in
block copolymers and used an indirect approach to
deduce that the accompanying inhomogeneity and the
anisotropic chain conformations had no perceptible
influence on the entanglement lengths of the chains in
lamellar phases. While the arguments of Brown and
Russell pertained specifically to polymer interfaces, it
proves an easy task to extend their reasoning to diblock
copolymers to compare with the above simulations.
Indeed, such an objective can be realized by drawing
an analogy between the conformations of the chains in
a lamellar block copolymer and those in homogeneous
melts of stiff chains.?® Several experiments have dem-
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onstrated that the latter system possesses lower en-
tanglement molecular weights than the corresponding
flexible systems. These results have been rationalized
as arising due to the increased “exposure” of the stiff
chains to the other chains which allow for an enhance-
ment in the topological constraints faced by the chains.
Chains in a lamellar block copolymer are stretched, and
therefore one might also expect that the entanglement
length of such chains be lower than the value corre-
sponding to that of a homogeneous melt—a result which
contradicts with the simulation studies discussed above.

In the present research, we present a systematic
examination of the concept of entanglements (both inter-
and intraspecies) in multicomponent polymeric systems
with an emphasis on the role of inhomogeneity and its
guantitative influence. We believe that the shortcomings
of the above theoretical studies and the contradictory
results can be traced to the utilization of a dynamical
approach to determine the entanglement length Ng,
which is fundamentally a topologically determined
equilibrium quantity. Inspired by the successes of the
packing models for a wide range of situations,113.14 we
propose that the essential idea behind the concept of
an entanglement is universal and independent of the
presence of inhomogeneities. However, we claim that
an appropriate adjustment to the actual measure of this
entanglement, N, can arise due to changes in the
statistics of the chain conformations accompanying such
inhomogeneous situations. It is of course not obvious
whether indeed the “static” inhomogeneous entangle-
ment length will serve the same role in dynamics of
inhomogeneous systems as played by the conventional
homogeneous Ne. Such a question can be resolved only
by developing an appropriate dynamical theory of in-
homogeneous concentrated polymeric systems,?” which
is still a direction of active research in many groups
including ours. However, even in the absence of such a
theory, we believe that it is of utility to delineate the
manner in which the inhomogeneity and the changes
in the chain statistics influence the behavior of this
static entanglement length. Such results might provide
useful information to interpret experiments pertaining
to the strength and cohesion of the interfaces and the
high-strain properties of the materials as well as aid in
the development of theoretical models which can provide
a satisfactory description of the dynamics in such
systems.

In this research we undertake to calculate the en-
tanglement lengths in inhomogeneous systems by adapt-
ing the packing models for entanglements. As men-
tioned earlier, a variety of different (and some-
what equivalent) models have been proposed within
these packing approaches. In this research we utilize
the specific framework proposed by Kavassalis and
Noolandi (KN)6~8 which lends itself to a relatively
straightforward implementation by Monte Carlo tech-
niques. Our choice of the KN model is also motivated
by some of the physical implications embedded therein,
which, as we discuss later in the text, permits us to
calculate quantities such as interpenetrating entangle-
ments. However, we also demonstrate that the qualita-
tive features of the results we obtain transcend the
framework we employ and are equivalent to those
obtained by employing other packing models. In this
article we focus mainly upon our results obtained in the
contexts of polymer—polymer interfaces. In addition to
delineating the effects of inhomogeneity, we also provide
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some qualitative arguments to deduce the implications
of our results for the contexts of experimental and
theoretical studies of the mechanical properties of such
systems.

The outline of the rest of article is as follows: In the
next section we outline the salient features accompany-
ing the KN model of entanglements we have chosen. In
section 111, we describe in brief the elements of self-
consistent-field theory and the manner in which such a
theory enables one to compute the quantities present
in the entanglement model. Section IV details the main
features of the simulation techniques we employ in
solving the self-consistent-field equations and in per-
forming the Monte Carlo statistics. In section V, we
outline our results obtained for polymer blends. Our
presentation focuses on two quantities: the entangle-
ment length in inhomogeneous situations and the
degree of interpenetration between different polymeric
components. In section V11, we argue that the latter can
serve as a measure to quantify the slip as well as the
toughness of polymer interfaces. Our main motivation
in presenting these results (which is mostly on a
speculative level) is to provide experimental means to
test the concepts and the results presented in this
article. In section VII1, we summarize our findings with
an outlook for future work.

11. Kavassalis—Noolandi Concept of
Entanglements

In this research we utilize the definition of an
entanglement as proposed by Kavassalis and Noolandi
(KN) to delineate the behavior of the entanglement
lengths in inhomogeneous polymeric systems. Our
choice was dictated by the fact that the KN definition
relates the concept of “entanglements” to the qualitative
picture of “constraints” (see below) and thereby allows
one to determine for instance the degree of entangle-
ments arising between different components in a mul-
ticomponent mixture. In contrast, such computations
cannot be afforded straightforwardly by some of the
other successful packing models for entanglements.
However, to demonstrate the equivalence of the differ-
ent approaches, in section VI we provide an explicit
comparison of the results obtained from the KN defini-
tion of entanglements with those obtained by employing
the packing factor approach proposed by Fetters and
co-workers.1? In this section, we describe in brief the
essential idea behind the Kavassalis and Noolandi
definition of entanglements. A reader interested in an
elaboration of the details (including applications to
polymer solutions) is advised to refer to the original
articles.578

The seminal works of Kavassalis and Noolandi (KN)
replaced the concept of a chain length (denoted N in the
following) independent entanglement length N by a
chain length dependent new parameter termed as the
coordination number. The latter, denoted as N, was
meant to characterize (in an averaged manner) the
number of effective constraints imposed by the poly-
meric matrix on a subsegment of a test chain. Explicitly,
if we consider an elemental volume V; enclosing N
segments of a test chain (cf. Figure 1), the coordination
number N(N;) is then defined as

_ 1N
N(N:a) = z Snontails(rn)rn (1)
Nem:l
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Figure 1. (a) A pictorial depiction of an entangled melt. The
highlighted chain represents the test chain for which the
number of constraints are computed. (b) A representation of
the elemental volume V. containing N segments of the test
chain. S(m) embodies the statistics of the size of the loops
(denoted as A) and free ends (denoted as B) of other chain
segments present in this volume.

In the above equation, the quantity Spontaiis(m) denotes
the average number of other nontail polymer segments
(cf. Figure 1) with a length of exactly m units in the
elemental volume V. This quantity can be viewed as a
measure of the number of effective constraints of length
m (a free end is not construed as an effective constraint)
imposed by the other chains on the test chain. As stated
in the form embodied in eq 1, the coordination number
N represents a quantity that is completely specified by
the statistics of the chain conformations (which deter-
mine Snontaits(M)) and N and is unrelated to the en-
tanglement length N.. However, KN utilized this pa-
rameter in an ingenious manner by postulating that the
coordination number N defining the entanglement
length N is a universal quantity (denoted N*) indepen-
dent of the specific nature and the conformational
features of the polymer. Given this universal value for
N*, an inversion of eq 1 thereby provides an unambigu-
ous definition for the entanglement length for specific
polymeric systems. Kavassalis and Noolandi provided
an extensive survey of the experimental literature to
support their claim that indeed N(N,) can be treated
as a universal constant for different polymeric systems.
Furthermore, they also demonstrated that this assump-
tion allowed one to predict the concentration scaling of
the entanglement lengths in polymer solutions which
were in reasonable agreement with the experimental
results.

In this research, we postulate that the above propos-
als of KN are universal and hence are equally applicable
to inhomogeneous situations. With this underlying
premise, we utilize the definition of the coordination
number N and its relationship with N to determine the
manner in which the changes in the conformational
characteristics which accompany inhomogeneous sys-
tems impacts upon the value of N.. However, a rigorous
implementation of the KN definition proves to be an
onerous task due to the inversion of eq 1 entailed in
such an approach. To circumvent this difficulty, we
adopt a different strategy whereby we compute for
inhomogeneous situations the number of effective con-
straints (N) experienced by a subchain with a length
equal to that of the entanglement length of a homoge-
neous melt. If indeed the entanglement lengths in an
inhomogeneous phase were identical to that in a homo-
geneous phase, one would correspondingly expect that
the number of constraints N be unchanged. On the other
hand, a decrease (increase) in the number of constraints
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would indicate an increase (decrease) in the effective
entanglement lengths. This approach, albeit indirect,
allows us to document in an efficient and quantitative
manner the interplay between the entanglements and
the chain conformational statistics. Furthermore, it is
useful to reiterate the physical picture wherein the
entanglement length is but a mere fictitious representa-
tion of the constraints faced by a chain. Consequently,
we believe that a quantification of the “number of
constraints” as embodied by the coordination number
N is more representative of the physical situation than
the quantitative value of the entanglement length.

In the next section we outline the details of self-
consistent-field theory which allows the enumeration of
S(m) for inhomogeneous polymeric systems.

I11. Self-Consistent-Field Theory

To adapt the KN definition of entanglements to the
situation involving multicomponent polymer mixtures,
one needs an approach to determine the conformational
statistics (as embodied in Spontaiis(M)) of the system of
interacting polymer chains. We adopt the polymer self-
consistent-field theory (SCFT) to enumerate the con-
formational features of the system of interacting poly-
mer chains. Since many recent articles have reviewed
in detail the concepts embodied in SCFT,28730 in the
following we restrict the discussion to a brief overview
of the approach. In a nutshell, polymer SCFT enumer-
ates the statistical features of the interacting system
of polymer chains by considering an equivalent system
of noninteracting chains in the presence of pseudo-
chemical potential fields.3132 Such a procedure is en-
abled by employing field—theoretic techniques, which
can be used to demonstrate that that the thermody-
namics of the system of noninteracting chains serves
as a mean-field approximation to the thermodynamics
of the system of interacting chains.2® SCFT further
specifies that these chemical potential fields are to be
determined in a self-consistent manner so as to impose
the inhomogeneous densities of the appropriate compo-
nents. For instance, in the case of A + B polymer blends
and AB diblock copolymers, the interactions are re-
placed by two spatially inhomogeneous chemical poten-
tial fields, denoted typically as W, (r) and W_(r), which
serve to impose the incompressibility criterion and the
difference in the local densities of the A and B compo-
nents. Explicitly, W_(r) and W4(r) are postulated to be
the solution of

W_(r) = 2xN[@a(r) — ¢5(r)] (2)
and
Pa(r) + dg(r) =1 (3

[note that (3) represents an implicit equation for W..(r)%7]
wherein y denotes the usual Flory—Huggins parameter
describing the strength of A—B monomer interactions,
and the fields ¢a(r) and ¢g(r) represent the nondimen-
sionalized density fields of the A and B components. The
above equations are converted to a self-consistent condi-
tion by requiring that the density fields ¢a(r) and ¢g(r)
be obtained from the statistics of the noninteracting
chains in the external fields W.(r) and W_(r). The main
simplification which ensures the success of this method
arises from the fact that the statistics of a polymer
molecule in an external field is completely specified by
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solving a diffusion equation for its distribution func-
tions.3132 For instance, for a polymer chain under the
action of an external field U(r), if q(r,s) denotes the
probability that a section of chain of contour length s
and containing a free end has its “connected end” at r,
then it can be shown that q(r,s) satisfies

d
N=Va-umars; aro=1 @
Further, the density field ¢(r) of the polymer can be
expressed in terms of q(r,s) as

$(r) = ¢[0ds q(r,s) q(r,N-s) (5)

where ¢’is a constant arising from the nondimension-
alization of the equations. Similar diffusion equations
and relationships can be derived in the case of diblock
copolymeric systems and polymer blends (cf. ref 29 for
more details) to furnish the self-consistent equations for
the W_(r) and W(r).

A number of approaches have been proposed to solve
the self-consistent equations for the potential fields and
to thereby determine the compositional profiles char-
acterizing the inhomogeneity.3334 In this work, we adopt
the approach put forth by Drolet and Fredrickson3*
which employs a simple dynamical prescription which
relaxes to the solution of the self-consistent equations.
This approach has been used with success in a wide
variety of situations involving multicomponent block
copolymers,3* blends of block copolymers with ho-
mopolymers, thin films of polymers,3® block copolymer—
nanoparticle blends, etc.%6 As an illustration of this
approach in the context of the present research, Figure
2a,b depicts the composition profiles in a segregated
polymer blend and a lamellar diblock copolymer ob-
tained by using this technique.

1V. Simulation Approach

We adopt a lattice model of the polymer to enumerate
the statistics of the constraints experienced by a chain.
In this article, our considerations are restricted to
polymer melts, and therefore the effects arising from
excluded-volume interactions are ignored. In such a
situation, an enumeration of the polymer configurations
in a homogeneous melt can be effected by a mapping
onto the statistics of unbiased self-intersecting random
walks on a lattice. To accomplish this objective, we
employ a three-dimensional cubic lattice with a lattice
spacing corresponding to the Kuhn segment length of
the polymer. Polymer conformations are then generated
by “growing” the chains through random walks on this
lattice. The main advantage of such a technique is the
ease with which this procedure can be generalized to
account for the presence of inhomogeneous phases.
Explicitly, in such situations, the previously computed
self-consistent potentials act on the polymer, and the
statistics of the chain conformations are now described
by a mapping onto biased (arising from the self-
consistent potentials) self-intersecting random walks.

Preliminary to an exposition of the simulation ap-
proach we adopt, we describe the methodology utilized
by KN to compute the coordination number in the
context of a homogeneous melt of noninteracting poly-
mer chains.f~8 In the present research, this quantity
also serves as a reference to base our comparisons of
the effects arising from compositional inhomogeneities.
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To enable a computation of N for homogeneous melts,
we consider a cubic volume of size V. (i.e., with sides
V13) centered at a position r. The volume V. represents
the average volume pervaded by a chain segment of size
Ne and is chosen on the basis of an independent
simulation which grows random walks with N steps
starting from r. (For a homogeneous melt, the location
of the position r is redundant. However, we retain the
reference to this positional coordinate since it enables
an easier description of the modifications entailed by
the inhomogeneous situation.) The latter enables one
to discern the mean-squared displacement of such
random walks which is then utilized to deduce the
sides of the cubic volume. In view of the lattice approach
we have adopted, the sides of cubic volume were cho-
sen to be the closest possible integer multiple of a
Kuhn segment length of the polymer. To enumerate
Shontaits(M), @ monomer is chosen randomly within the
chain and is then placed in a random location within
this cube. Subsequently, the polymer conformations are
grown randomly in both directions (i.e., toward the first
and the last unit of the polymer) until the random walk
either escapes from the cubic volume or terminates due
to reaching the free end. In the event that the random
walk is not a part of the free end, we count the number
of segments of the walk present within the volume and
update Srontails(M) accordingly. This procedure is re-
peated for different choices of the monomers as well as
at different randomly chosen locations within the cube
(our simulations typically involved statistics collected
using 107 such walks), at the end of which a rescaled
S(m) is determined by normalizing the first moment of
the number of walks to the total number of lattice points
enclosed by the cube. A knowledge of the distribution
Shontaits(M) in conjunction with eq 1 then allows us to
compute the coordination number N.

Two main features distinguish the situations of inter-
est in this article from that discussed above: (i) Because
of the inhomogeneous composition profiles, the statistics
of the random walks are biased by the potential field
and hence are no longer spatially isotropic. For instance,
the role of the interface of a polymer blend can be
likened to that of a reflecting surface which prevents
the excursions of chains from one phase into the other
(such an analogy being valid only in the limit of strong
incompatibility). Consequently, the statistics of the
chains near the interface of a polymer blend are
expected to be anisotropic in the direction normal to the
interface. Such features manifest in the computation of
the size of the elemental volume V. containing Ne
monomers of the chain. Explicitly, in inhomogeneous
phases such as polymer blends, the elemental volume
V. is in general an anisotropic and a spatially dependent
guantity. (ii) The monomers can no longer be chosen at
random to be placed inside the elemental volume.
Instead, the monomers now possess a distribution of
probabilities specifying their likelihood of being found
at a position r. For instance, the probability of finding
the link of a block copolymer is highest at the bound-
aries of the lamella and diminishes as one moves inside
the lamella. As an indirect consequence of this feature,
the statistics of the free ends also possess an inhomo-
geneous distribution (in contrast to a homogeneous
melt).

We account for the above features by modifying the
simulation approach adopted by KN. At the outset, we
enumerate the statistics of random walks of N seg-
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ments which are centered at r. This is accomplished by
placing a randomly chosen monomer s at the position r
and then growing a chain of N segments. However, in
contrast to the previously described situation, the
random walks are now biased by the self-consistent
potential whose value at a specific location is deter-
mined by both the identity of the monomer (i.e., the
species to which it refers) at that location and its spatial
coordinate. In addition, the statistics of the biased
random walks are also assigned weights to account for
the inhomogeneous distribution of the monomers. Ex-
plicitly, a random walk which starts with the monomer
s at the position r and ends with the monomer s + Ne
at the position r' is assigned a weight:

w = q(r.,s) q'(r',s+N,) (6)

In the above equation, q(r,s) carries the same interpre-
tation as the quantity defined by eq 4 and represents
the probability that a section of chain of contour length
s and containing a specified free end has its “connected
end” at r. The quantity qf(r,s) denotes the conjugate
distribution function which describes an analogous
probability distribution with respect to the other free
end of the chain. The numerical values of both these
guantities are specified by diffusion equations similar
to eq 4 and can be calculated once the self-consistent
potential fields are specified (cf. ref 29 for details). By
repeating the above procedure by starting with different
randomly chosen monomers, we deduce the sides of the
elemental volume V. (which is in general an ortho-
gonal parallelepiped). Thereafter, the enumeration of
Shontaits(M) proceeds in a manner similar to the case of
a homogeneous melt. At a location r, the elemental
volume is chosen on the basis of the previously enumer-
ated statistics of the random walks starting at that
location. Polymer conformations are then grown starting
from random points inside this cube through biased
random walks toward the first and the last units of the
chain. In line with the approach adopted above, a
random walk which starts with the monomer s at the
position r' is assigned a weight,

p=aq(r.s)q'(rs) (7)

Such an enumeration procedure allows us to determine
Shontaitls(M) and therefore the coordination number N(r)
which, in view of the inhomogeneity, is an explicit
function of the positional coordinate r.

In the following sections, we discuss the results
obtained by applying the above-described procedure to
the specific cases of symmetric polymer blends. As
mentioned earlier in the text, our simulations are
effected by fixing the entanglement length N. to probe
the changes in the coordination number N (which tracks
the number of constraints experienced by a chain) which
arise as a result of the changes in the conformational
characteristics in inhomogeneous phases. In the present
article, we focus on the universal nature of N and are
mainly interested in the qualitative features arising
from the compositional inhomogeneities. Consequently,
we choose an artificial N and employ it as a baseline
value to discern the effects of compositional inhomoge-
neities. The results described in the following sections
were all obtained using a value of N = 27. The effects
arising from varying the entanglement length N, albeit
interesting, prove computationally expensive. Conse-
guently, we eschew these considerations in this pre-
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Figure 2. Density profiles calculated utilizing Fredrickson—
Drolet numerical scheme for the solution of SCFT equations.
(a) A symmetric A + B polymer blend with yag = 1.1 x 1072,
xN = 8.0. (b) A symmetric AB diblock copolymer with yN =
15.

liminary report. Furthermore, the results outlined are
restricted to a single chain length, N = 1000. Variations
in N do cause minor variations in the number of
constraints experienced by a chain. However, we have
verified that the qualitative features of our results are
unchanged by such variations. For the above set of
parameters, the coordination number of a bulk melt is
N = 7.78. Note that our choice of N (and Ng) is chosen
primarily to ensure efficient simulations.

V. Entanglement Lengths near the Interface

As noted in the preceding section, the statistics of
random walks in inhomogeneous multicomponent poly-
meric systems are explicitly dependent on both the
identity of the monomer and its position. Consequently,
identical sized segments of A and B chains which are
centered at the same position could in general have
completely different statistics and sizes. Therefore, in
the case of a polymer blend, one can define two distinct
sets of coordination numbers: Na(r;N¢), which repre-
sents the coordination number of an A chain of length
Ne which is centered at the position r, and Ng(r;Neg),
representing the coordination number of a B chain of
length N, centered at the position r. Further, given the
values of these two coordination numbers, one can
define an “average” coordination number as

N(r) = ¢a(r) Na(rNG) + ¢g(r) Ng(rN) — (8)

where ¢a(r) and ¢g(r) denote the volume fractions of the
A and B species at the position r. We would like to stress
that the above definition of an averaged coordination
number does possess a certain degree of arbitrariness
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Figure 3. Variation of the nondimensionalized coordination
number N (explicitly, N = N(y)/N(¥=0)) as a function of the
distance from the interface z. The latter is nondimensionalized
by the interface width &. The points are the simulation results,
and the curves are drawn as a guide to the eye. Polymer
mixtures with different degrees of incompatibility are dis-
played. (a) Weak incompatibility: y = 3.5 x 1073. (b) Inter-
mediate level of incompatibility: y = 7 x 1073. (c) Strongly
incompatible mixtures: y = 1 x 1072

and that other equally reasonable “mixing rules” can
be proposed. However, we chose the above definition
since it conforms closest to the KN picture wherein the
coordination number is viewed as a quantification of the
number of constraints experienced by a chain. Further-
more, we have also verified by explicit simulations that
alternative definitions of the averaged coordination
number do not impact upon the qualitative features of
the results we present in this section.

In the following, we present results that explicitly
demonstrate the changes in the coordination number
(and hence the entanglement length) which arise as a
result of the changes in the conformational character-
istics of the polymer chains. To render the phys-
ical implications transparent, we have utilized nondi-
mensionalized quantities, wherein the coordination
number N is normalized by its value corresponding to

a homogeneous polymer melt and is denoted as N. We
choose the Z axis to correspond to the direction normal
to the interface and fix the origin of the coordinate
system at z = 0. In this reference frame, the results from
self-consistent-field theory indicate a phase-separated
polymer blend mixture with the majority A phase
constituting the left side of the interface (z < 0) and the
B phase the right side of the interface (z > 0). We have
also nondimensionalized the spatial coordinate z in each
situation by the corresponding interfacial thickness &.
The values of the latter quantity (&) are determined by
fitting the density profile determined through our SCFT
computations to the theoretically predicted profiles.3”

Figure 3 displays the variation of the nondimension-

alized coordination number N as a function of the
distance from the interface z. From the results depicted,
three characteristic zones can be identified:

(i) Bulk Zone. This region occurs at positions far from
the interface, wherein the coordination number N
acquires a value identical to that corresponding to a
homogeneous melt. The presence of such a zone can be
rationalized by the fact that in polymer blends the effect
of the inhomogeneity arising from the phase-separated
morphology impacts only upon the conformations of
those chains which are present near and in the inter-
facial zone. In contrast, the regions far from the
interface (as quantified by z/£ > 1) are characterized
by chain conformations which are similar to that in a
homogeneous melt of A or a B polymers. Consequently,
the entanglement length and the coordination number
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Figure 4. Variation of the minimum values of ngndimen-

sionalized coordination number N, denoted as N*, as a
function of the degree of incompatibility between the polymers.
Also shown is the best linear fit to the data represented by

N* = 0.975 — 43.49y.

of a polymer in this region are also unchanged from its
value in a homogeneous melt.

(i) Interfacial Zone. This region corresponds to the
zone adjoining the interface (approximately, in the
range —/, < z/& < '/,) wherein the coordination number
displays a reduction compared to its value in a homo-
geneous melt. Such an effect can be explained on the
basis of the conformations of the chain in the interfacial
zone. As alluded to earlier, the interface of a strongly
incompatible polymer blend can be likened to that of a
reflecting solid wall (along with a small degree of
attraction, which serves to maintain the incompress-
ibility constraint).?2 Consequently, the chains near the
interface are in a state of compression which manifests
in a reduction in the volume pervaded by a chain
compared to its value in a homogeneous melt. As might
be expected, a compressed chain exposes less of itself
to the other chains and therefore experiences a reduc-
tion in the number of constraints. In turn, such an effect
manifests in the reduced values of coordination number
displayed in the interfacial zone.

Figure 3 also depicts the explicit effects of the degree
of incompatibility upon the reduction in the coordination
number at the interfacial zone. It is evident that the
degree of reduction of the coordination number increases
with an increase in the degree of incompatibility or the
segregation of the polymers. Indeed, the situation
corresponding to weak incompatibility (y = 3.5 x 1073)
exhibits only a 16% reduction in the coordination
number in contrast to an almost 45% decrease seen in
the case of strongly incompatible mixtures (y = 1 x
1072). The qualitative arguments expounded in the
preceding paragraph allow us to rationalize these effects
as an explicit manifestation of the reduced degree of
compression (and changes in the conformational char-
acteristics) that accompany a weakly incompatible
polymer melt. In Figure 4 we depict the results of a more
systematic exploration of this effect by displaying the
variation of the minimum values of the coordination
numbers as a function of the degree of incompatibility
between the two components. It is indeed seen that the
degree of incompatibility exercises a profound influence
on the reduction in of the coordination number. Explic-
itly, an increase in the incompatibility leads to a
decrease in the coordination numbers and hence an
increase in the entanglement lengths at the interface.
Furthermore, the inset to Figure 4 demonstrates that
the variations of the coordination number in this limited
range of incompatibility can be fitted to a linear fit of

the form N* = 0.975 — 43.49y. As is intuitively evi-
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dent, the limit of y = O corresponds to a compatible,
symmetric mixture wherein we expect the coordina-
tion numbers (and the entanglement lengths) to be
unmodified from its bulk, homogeneous values (i.e.,

N* = 1). On the other hand, for y = 0.0224 wherein N*
= (O can be considered as the limit wherein the polymers
become incompatible.’® Note however that our results
are explicitly dependent on the value of Ne chosen for
the simulations and are not universal.

Previous researchers!®38 have speculated that the
changes in the conformations that accompany a polymer
chain near the interface of a polymer blend can lead to
a corresponding increase in the entanglement length in
such situations. To our knowledge, the results embodied
in Figures 3 and 4 constitute the first systematic and
guantitative evidence for this effect. However, it is of
more interest to probe the manner in which the effects
on the coordination number N manifests itself on the
entanglement length Ne. In principle, such an objective
can be realized by taking recourse to and inverting the
relationship existing between N and N, as embodied by
eq 1 and the universality postulate of KN. However, the
lattice model we have chosen for our model renders this
procedure ineffectual and inaccurate by constraining the
changes in the entanglement lengths to discrete values
corresponding to changes in the size of the segmental
volume. A more accurate approach invoking a con-
tinuum model with a spherical or ellipsoidal elemental
volume might possibly capture the continuous changes
in the entanglement lengths. In the absence of such a
model, we provide some qualitative scaling-based argu-
ments to suggest the magnitude of the variations
entailed in the entanglement length: Our arguments
specifically focus on the statistics of the conformations
of the chains and their relationship to the number of
segments. In a homogeneous melt, a strand of a flexible
polymer chain containing Ne segments occupies an
elemental volume V. ~ N¢¥2. To a good degree of
approximation (see also section VI), the number of
constraints experienced by a section of the chain can
be expected scale with this volume, and hence N ~ N¢%2,
Consequently, if some region of the melt has a lower
coordination number, denoted as N', then the entangle-
ment length corresponding to this region scales as N
~ Ng(N/N")?3. On the basis of our simulations, we have
verified that this scaling law is indeed reasonably
obeyed in the context of homogeneous melts. However,
the situation considered in this article pertains to
inhomogeneous situations and specifically to effects
arising from the non-Gaussian statistics of the polymer
chains. In fact, we have argued that the reduction in
the coordination numbers is mainly a manifestation of
the compression of the chains near the polymer blend
interface. In such situations, it is more reasonable to
expect Ve ~ N, where 8 < 1/,. Indeed, on the basis of
the consideration of the potential experienced by the
chain (depicted in Figure 5), one might expect that short
enough segments of the chain near the interface (the
position denoted as Z; and the chain denoted as C; in
the figure) will be confined to the potential well, and
therefore the situation at hand might correspond more
closer to the limit § < /5. With this modified scaling
form for the elemental volume, we obtain N, ~ Ne(N/
N')¥Y@+8) This suggests that the decreases in the coor-
dination numbers displayed by Figure 4 can profoundly
influence the entanglement length of the polymer chains
near the interface. Moreover, our qualitative scaling
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Figure 5. A depiction of the inhomogeneous self-consistent
potential fields acting on the A monomers (denoted as Wa(z))
and B monomers (denoted as Wg(z)) for the situation wherein
the majority A phase is to the left of the interface (z < 0). The

symbols Z3, Z3, C1, Cy, and C; are discussed in the text.

arguments suggest that these effects can be as signifi-
cant so as to lead to almost a doubling of the entangle-
ment length (in the limit g = 0).

(iii) Intermediate Zone. While the presence of a bulk
and an interfacial zone were anticipated by previous
researchers, the existence of a third, intermediate zone
has not been suggested prior to this research. This
region, which exists between the interfacial and bulk
zone, is characterized by an increase in the coordination
number or, in other words, a decrease in the entangle-
ment length! The existence and the features of this zone
can be rationalized as arising from two sources, the
characteristics of both of which are captured by the self-
consistent potential field (which manifests directly in
the chain conformations). Figure 5 displays the SCFT-
based potential field corresponding to a strongly incom-
patible polymer situation. It is seen that the potential
field displays a steep barrier followed by a nonzero,
albeit weak, potential well. The former characteristic
is a manifestation of the incompatibility of the polymers
and serves as the reflecting surface alluded to in our
discussion of the interfacial zone. The presence of the
potential well results from the incompressibility con-
straint which strives to maintain a constant density
throughout the system. If we focus on the particular
point denoted as Zj in the figure, it is evident that the
gradients of the potential fields acting at Z; tends to
stretch both A and B chains (denoted as Cz and C,
respectively) toward the interface. The former arises as
a result of repulsion from the B phase, while the latter
arises as a result of the attraction toward the potential
well. We believe that this stretching of the chains
(leading to an increase in the effective volume of the
chain, whence suggesting 8 > 1/,) manifests in the
increase in the coordination number. Indeed, as one
might expect, the effect of this stretching diminishes as
the polymers become more compatible and in fact
vanishes in the situations accompanying weakly incom-
patible polymers (y = 3.5 x 1073). Another limit wherein
this zone is expected to vanish corresponds to the
situation involving polymers with long entanglement
lengths—in which case the statistics of segments of the
chain can be dominated by the compressing effects of
the interfacial zone.

In summary, the above discussion delineates in a
guantitative and systematic manner the variations in
the coordination number and the entanglement lengths
as a function of the distance from the interface. Our
results highlight the profound influence exerted by the
changes in the chain conformations (which accompany
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inhomogeneous situations) upon the number of con-
straints experienced by a chain. Further, our results
also suggest an important role for the degree of incom-
patibility between the polymers in determining the
magnitudes of this influence. Indeed, we have demon-
strated by a combination of both numerical results and
scaling arguments that the limit of strong incompat-
ibility could result in effects leading up to a doubling of
the entanglement length near the interface. In the
following section, we discuss the ramifications of the
above results upon experiments measuring the mechan-
ical and rheological properties of the polymers.

VI. Comparison to Other Packing Models

The research presented in the previous section em-
ployed the specific packing model of Kavassalis and
Noolandi to account for the inhomogeneities in entangle-
ments. However, as we mentioned in the Introduction,
a variety of alternative approaches have also been
proposed to relate the packing and the conformations
of the chains to the entanglement length N¢.5%1 Our
primary motivation in adopting the KN model was to
exploit the physical picture embodied therein, enabling
one to compute quantities such as the degree of inter-
penetration (see next section). In contrast, most of the
other packing models quantify the entanglement length
purely based on the volume pervaded by the chain and
hence do not afford a straightforward computation of
entanglement related interpenetrations. It is however
of interest to probe the manner in which the average
entanglement length as derived utilizing the KN frame-
work relates to that computed using other packing
models. Indeed, a successful correlation between the
results from different approaches would serve to estab-
lish their equivalency and thereby also add support to
the utility of such packing models for situations involv-
ing inhomogeneous compositions.

To achieve the above objective, we have utilized the
Fetters's model of entanglements in conjunction with
our simulation approach.111314 |n Fetters’s approach,
the entanglement length N is quantified in terms of a
phenomenological entity termed as the packing param-
eter. This parameter (denoted as p) is defined as the
ratio of the volume pervaded by the chain to the hard
core volume of the chain. Similar to the approach
adopted by KN, an implicit relationship between p and
the entanglement length N is proposed by postulating
that the value of the packing parameter corresponding
to a chain strand of entanglement length is a universal
constant (of the order 10) and independent of the specific
details of the polymer chain involved. Figure 6 displays
an explicit comparison between the entanglement lengths
as derived from the KN model and the Fetters’s packing
approach. In lieu of determining the entanglement
lengths, we have chosen to display the results in terms
of the variations of a normalized packing parameter
p and a normalized coordination number N. It is
evident from the results depicted that both the quan-
titative values as well as inhomogeneity influenced
spatial variations display identical behavior in both
these parameters. On the basis of the obvious similari-
ties between the KN approach and the Fetters’s model,
one might have indeed speculated that the packing
parameter and the coordination numbers embody the
same physical concepts, albeit in different quantitative
forms. Indeed, such a relationship can be rendered
explicit if the total number of constraints experienced
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Figure 6. Variations of the nondimensionalized coordination
number N and the packing factor p across the interfacial
region (y = 8 x 107%). Both quantities are nondimensionalized
by their values in the homogeneous melt.

by a chain can be proved to scale as the volume
pervaded by the chain. While we are not aware of any
theoretical approaches that have probed such a rela-
tionship, our results presented in Figure 6 demonstrate
the validity of this empirical proposal even for situations
involving inhomogeneous compositions. In sum, the
results presented in this section suggest that our
discussions in the preceding sections are independent
of the specific framework we had adopted to compute
the inhomogeneous entanglements.

VII. Interpenetrating Entanglements at
Interfaces

Over the past decade, several experimental and
theoretical researchers have advanced phenomenologi-
cal models correlating the total number of interfacial
entanglements as well as the interfacial entanglement
length to mechanical properties.3®~4! For instance, the
failure mechanisms of a polymer—polymer interface has
been successfully described by a generalized phase
diagram with interfacial stress and the density of
interfacial entanglements as the governing variables.*?
Further, models have been proposed relating mechan-
ical properties like the cohesive toughness, craze draw
ratio, and the interfacial slip to the number of entangle-
ments in a polymer—polymer interface. However, as we
mentioned earlier in the text, most of the models
developed so far have not accounted for the effects
arising from the variations in the entanglement lengths
across the interface. In addition, most of these models
have also relied upon the classical picture wherein the
entanglements are typically viewed as stress supporting
binary “junctions”. Given the widespread interest in
quantifying the interfacial entanglements, it is natural
to query “what, if any, are the effects of the inhomoge-
neities predicted in the present research upon the
mechanical and rheological properties of polymer—
polymer interfaces?” To answer such a question, one
would need to develop microscopic models that can
embody the concept of an inhomogeneous distribution
of constraints, a task that is beyond the scope of this
article. In the absence of such a theory, we offer some
speculative comments and numerical results on some
of the implications arising from the framework and the
results of this research. We would like to stress the
qualitative nature of our arguments and the fact that
it is not backed by extensive experimental comparisons.
By detailing our ideas, we are hoping to spur experi-
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ments that can potentially validate or invalidate the
nonclassical approach we have adopted in this research.

A. Slip in Polymer Interfaces. Recently, there has
been much interest in understanding and quantifying
slip in polymeric materials.3®4145 The term “slip” has
been employed to denote a generic situation wherein the
polymeric material responds in a nonuniform manner
to an imposed shear stress. Such effects can arise either
during the interaction of polymers with solid surfaces
or due to the interactions between two incompatible
polymers.*546 Examples of the latter include slip phe-
nomena at the polymer interfaces in a blend, formation
of slip planes in microphase-separated block copolymers,
etc. Our interest is centered upon the phenomena of slip
in entangled polymer—polymer interfaces. As such, slip
in such situations is understood to occur as a result of
the interspecies entanglements in the interfacial region
and can arise even in situations wherein the incompat-
ible polymers possess identical bulk rheological proper-
ties. In this section, we utilize the KN framework to
propose a quantitative measure for the interspecies
entanglements and thereby discern the explicit varia-
tions of the slip with the degree of incompatibility
between the polymers.

DeGennes and co-workers have proposed a simple
scaling argument to predict the slip arising during the
shear of entangled polymer—polymer interfaces.3943
Their arguments (omitted here to maintain brevity)
correlated the slip phenomena to the differences be-
tween the viscosity of an interfacial region and the bulk
sample. They claimed that such differences arose pri-
marily due to a lower probability to form an active
entanglement in the interfacial region. This hypothesis
led to an expression for the interfacial viscosity »in as

Min = fenB (9)

where g represents the scale-dependent bulk viscosity
(i.e., the viscosity of a bulk sample with dimensions of
the interface width) and f. denotes the probability of
forming an interpenetrating entanglement within the
interface. DeGennes supplemented the above expression
with a model relating f. to the degree of incompatibility
x. Explicitly, by proposing that only interfacial chain
strands of length greater than N can form entangle-
ments, he derived the expression f. ~ exp(—yNe). In this
work, we have adopted the approach of KN which
replaces the picture of entanglements by an equivalent
concept of constraints (as quantified by the coordination
number N). In such a framework, the above arguments
can be viewed as an explicit relationship between the
interfacial viscosity and the number of interpenetrating
constraints between the incompatible polymer compo-
nents. Indeed, a decrease in the number of constraints
(resulting from increased incompatibility) leads to an
increase in the mobility of the chain and in turn
manifests as a decrease in the viscosity. In other words,
if W denotes the total number of interpenetrating
constraints between the A and B polymers, then we
interpret deGennes arguments as equivalent to W ~
exp(—xNe).

To facilitate an explicit comparison of our simulation
results with the analytical arguments, we propose
guantities termed as the “local degrees of interpenetra-
tion”, denoted as ya(r) and yg(r), and defined as

Pa(r) = ¢a(r) NE(r);  yg(r) = ¢g(r) Na(r) (10)
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Figure 7. Dependence of the total number of interpenetrating
constraints W (in arbitrary units) upon the degree of incom-
patibility between the polymers. Also depicted are the best fit
power law curve W = 0.1y~%2 (solid line) and an exponential
fit W = 157 exp(—156.6y) (dotted line) to the numerical results.

In the above equation, Nf\(r) denotes the total number
of constraints which are imposed by the B chains on a
A chain located at the position r. Analogously, NQ(r)
denotes the total number of constraints imposed by the
A chains on a B chain which is located at r. Note that
in this notation we have Na(r) = N5 + NA4. To address
the role of incompatibility in a systematic manner, we
consider the total number of interpenetrating con-
straints, W, defined as

W= [dr [ya(r) + va(r)] (11)

We believe that this quantity (when appropriately
normalized), which represents the total number of
constraints between the incompatible species, possesses
the closest relationship to the probability of an inter-
species entanglement. Indeed, as one might expect, in
the limit of complete miscibility W behaves as an
extensive quantity which scales with the volume of the
sample, and hence the slip vanishes. In the opposite
limit corresponding to ideal incompatibility, ¥ vanishes,
and the situation corresponds to perfect slip. (It is to
be noted however that the latter limit is preceded by a
crossover from an entangled to a Rouse interface,
wherein a different mechanism of slip manifests.) Hav-
ing noted that the quantity W exhibits appropriate
behavior in the different limits, it is of interest to probe
whether indeed this quantity varies in the manner
suggested by the scaling arguments of deGennes. Figure
7 displays the variation of W as a function of the degree
of incompatibility y. As might be expected, it is indeed
observed that the total number of interpenetrating
constraints decreases monotonically with an increase
in the incompatibility between the polymers. This
suggests that the relative friction between the chains
decreases, and hence the slip between the polymers
increases with an increase in the incompatibility. How-
ever, in contrast to the analytical arguments, the
variation of this quantity is seen to be more consistent
with a power law (as depicted in Figure 7) than the
proposed exponential decay and consequently appears
to be a much weaker function of the degree of incompat-
ibility than predicted. We are not aware of any experi-
ments that have systematically probed the effects of
incompatibility upon the magnitude of the slip. The
preceding result however constitutes an experimentally
verifiable proposition, a confirmation of which would
lend support to the KN picture of entanglements as well
as the other results presented in this article.
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B. Toughness of Polymer Interfaces. The adhe-
sion characteristics and the failure mechanisms of
polymer—polymer interfaces play an important role in
a variety of applications. Over the past decade, consid-
erable advances have been achieved in the pursuit of
systematically delineating the features governing such
characteristics. A number of careful experiments,38:4849
mainly led by Kramer, Creton, Brown, and co-workers
(cf. ref 42 for a recent review), have elaborated the
different failure mechanisms of polymer interfaces in
terms of generalized phase diagrams correlating the
fracture toughness (denoted G¢) to the areal density of
entangled polymers at the interface (denoted as X). For
instance, in situations involving low areal densities of
polymers, interfaces are speculated to fail by a chain
pullout mechanism, and the fracture toughness G¢ is
predicted to be proportional to =.47 In contrast, at higher
areal densities, other mechanisms such as those involv-
ing the crazing of the interface becomes the dominant
mode of failure. In such a regime, and when the failure
mechanism involves only a single wide crack-tip craze,
experimental results as well as a theoretical model
advanced by Brown“? support the scaling G¢c ~ >2.

In a recent article, Brown? tried to develop an explicit
functional form for a relationship between the fracture
toughness G¢ of different pairs of immiscible polymers
and the width of the interface between them (denoted
a;) by employing three simplifying assumptions: (i)
Entanglements can be viewed as stress supporting
junctions. (ii) Entanglements are uniformly distributed
throughout the chain: In other words, the entanglement
length N, is assumed to be a constant independent of
the location of the chain. (ii) The total number of chain
segments whose adjacent entanglements occur on the
different sides of the interface constitutes a measure of
the areal density of entanglements . By utilizing these
assumptions, Brown developed an analytical expression
for £ and demonstrated that the model agreed reason-
ably well with the experimental results in situations
wherein the interfacial thickness was much larger than
the length of an entanglement strand. Further, he
speculated that a proper accounting for the changes in
the entanglement length in the interfacial zone might
improve the correspondence of the results for smaller
interfacial thicknesses.

In the present section, we wish to probe whether
indeed spatial inhomogeneities in the entanglement
lengths (as predicted in this article) can validate the
theory of Brown for the entire range of interfacial
thicknesses. At the outset, we revisit the model and the
arguments proposed by Brown.3® The crux of Brown's
analytical expressions was based on a prescription for
a quantity p(z,z') representing the probability that a
strand of the chain which has an entanglement at the
position z (z < 0) has the next entanglement (after N¢
monomers) at the position z' (z > 0). Explicitly, he
postulated that

p(z,z') O % (12)

where ¢(z) and ¢(z') denote the volume fractions of the
species at the positions z and z', respectively. Further,
he defined the areal density of the strands, X, in terms
of this quantity p(z,z') as
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where L. denotes the entanglement length as expressed
in spatial dimensions. By utilizing the density profile
¢(z) as calculated from self-consistent-field theory,
Brown was able to relate the areal density of the strands
> to the interfacial width. To effect an accurate valida-
tion of the model, we undertook simulations to compute
the total probability that two arbitrary monomers s and
s + Ng along the chain are on the opposite sides of the
interface. Explicitly, such simulations were performed
by utilizing random walk statistics (cf. section 1V for
details of the simulation approach) to compute the
number of A chains that start at the A side of the
interface and whose end after N steps lies on the B side
of the interface. Within the framework outlined by
Brown, the areal density of the strands X is then related
to this probability (denoted p) by

20p (14)

In Figure 8, we display the variations of the normal-
ized toughness [defined as Z2(y)/=2(y=0)] as a function
of the nondimensionalized interface thickness. The
results portrayed considers three different models: (i)
the analytical expression proposed by Brown, (ii) nu-
merical values of p computed employing a homogeneous
entanglement length Ne, and (iii) numerical values of p
computed employing an inhomogeneous entanglement
length N¢(z). To facilitate comparisons, the experimental
results published by Brown38 are also shown alongside
these numerical values. Since the approach discussed
in the preceding sections eschewed a computation of the
inhomogeneities in the entanglement length, for the
latter quantity we employed a simple prescription
(which serves as an upper bound) proposing that the
entanglement length and the coordination numbers are
inversely related; in other words, Ne(z) = NZ'(NH/N(Z)),
where Ng' and NY denote the entanglement lengths
and coordination numbers in a homogeneous melt. It is
evident from the results displayed that the numerical
values of the scaled toughness (computed employing
both homogeneous and inhomogeneous entanglement
lengths) prove quite inaccurate in accounting for the
experimental results. In addition, it is also seen that
the analytical expression proposed by Brown severely
overpredicts the numerical values of the probabilities
computed from our simulations. We believe that the
prescription, viz., eq 12, proposed by Brown is not a very
accurate description of the physics at hand (cf. refs 51
and 52 for a more sophisticated approach in the context
of grafted interfaces). Indeed, eq 12 does not account
for the fact that the monomers under consideration are
separated along the contour of the chain by the en-
tanglement length Ne. Consequently, we expect that his
expressions would serve only as a upper bound to the
desired quantity. These numerical results together
suggest that the physically motivated quantity proposed
by Brown, viz., the total number of chain segments with
adjacent entanglements on the different sides of the
interface, might not be completely adequate in embody-
ing all the features requisite to correlating the tough-
ness of the interfaces. In the following, we analyze the
efficacy of an alternative measure in correlating the
experimental results.

It is reasonable to expect that the fracture toughness
would indeed correlate with some measure of the areal
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Figure 8. Dependence of the normalized toughness of the
interface on the relative interface width. The latter represents
a nondimensional measure of the interface width and is
defined as aj/L.. In the above figure, HBT represents the
results calculated using the analytical expression proposed by
Brown. The curves labeled N and N¢(z) respectively represent
the results of our Monte Carlo simulations assuming constant
and inhomogeneous entanglement lengths. The unconnected
points represent the experimental results presented in Brown.38

density of the interfacial entanglements. We propose
empirically that the following quantity

Q= [ dz [ya@) + y5@)] (15)

embodies the closest physical connection to such a
concept and might serve to quantify the areal density
of interfacial entanglements in a more effective man-
ner.5152 |n essence, this quantity provides a measure
of the total number of interpenetrations within a
distance L. from the dividing surface of the interface.
By postulating further that the interpenetrating en-
tanglements in this region are more likely to have their
next entanglements in the respective phases, it is
evident that Q possesses a physical meaning similar to
the quantity defined by Brown. Consequently, we expect
Q 0 = or, in other words, Gc O Q2. However, it is to be
noted that in the interfacial region the coordination
numbers and the entanglement lengths exhibit inho-
mogeneous variations, that is, Ne = N¢(z) and Le = Le(2).
Nevertheless, consistent with the degree of empiricism
already embodied in the definition of eq 15, in the
following we treat L. as a spatially constant quantity
corresponding to its value in a homogeneous melt.
Figure 9 depicts the variation of the normalized
toughness (now defined as Q2(y)/Q%(y = 0)] as a function
of the nondimensionalized interfacial thicknesses which
were determined from our simulations. It is important
to note that our simulations were effected with a finite
chain length corresponding to N = 1000. It is however
well documented that the interfacial thickness does
depend significantly on the precise value of the chain
length.#850 In contrast, the quantity Q quantifies the
degree of interpenetrations within the interfacial region
and is expected to be only a weak function of the chain
length N. Consequently, to eliminate the spurious
dependencies arising from the finiteness of the chain
length, we have also displayed the numerical results for
Q explicitly as a function of the interfacial thickness
corresponding to N = . [This quantity was taken to be
identical to the Helfand—Tagami prediction,3” a;(N=c)
= 2b/(6y)Y2.] It is evident from the results that the
numerical values of this rescaled Q correlates the
experimental observations much closer than any of the
other theoretical approaches we analyzed. One cannot
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Figure 9. Dependence of the normalized interfacial toughness
(defined based on the interpenetrating entanglements) on the
relative interfacial width. Shown explicitly are the results from
our numerical simulation (N = 1000 and N = ), wherein the
interfacial width was determined using the numerical density
profiles. The interface thicknesses for the latter situation are
obtained using the Helfand—Tagami formula.3” The numerical
results correspond to a Le = 3 (in units of Kuhn segment
length), and the experimental results correspond to a L. ~ 7
nm.

however expect the steep variation displayed by the
numerical curves to persist for large interfacial widths
(by construction of a normalized measure we have
assured its saturation), and consequently we expect that
the shape of the curve to change for larger interfacial
widths. While we can speculate that these changes
might start resembling the sigmoidal curves measured
in experiments, our current numerical capabilities
(requiring significantly large simulation cells) do not
allow for a straightforward probe of such regimes. By a
power law extrapolation fit to the curve displayed, we
can estimate that the scaled toughness saturates at its
maximum value at an interfacial thickness of around
2.5L¢, which is consistent with the experimental obser-
vations which noticed a saturation of the toughness
beyond about 1.5L..38484% The preceding results are very
suggestive of the claim that the degree of interpenetrat-
ing entanglements can indeed serve as an effective
measure to correlate the fracture toughness of the
interface.

Our primary motivation in this section was to analyze
the impact of inhomogeneities in entanglement lengths
in accounting for the inadequacies of Brown’s original
model. However, in such an effort we demonstrated that
neither the original approach nor that incorporating
inhomogeneous entanglements can account for the
experimental results. As an alternative, we have taken
recourse to the concept of entanglement interpenetra-
tions proposed in the preceding section. Our numerical
results indicate that a new measure Q quantifying the
total number of entanglement interpenetrations in a
region of width corresponding to the entanglement
length might serve to correlate the experimental results
in a more accurate manner. However, while our numer-
ical results seem to fall in the range of experimental
measurements, several features are still not captured.
For instance, the experimental results exhibit a char-
acteristic sigmoidal shape which is not reflected in the
numerical results presented. Furthermore, the numer-
ical results also need to be corrected to probe for
parameters identical to the experimental measure-
ments. Needless to emphasize, further systematic ex-
periments and comparisons are necessary to validate
our proposal.
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Summary. In summary, in this section we have tried
to establish some connections between the approach and
the results of this research to the rheological and
mechanical properties of polymer interfaces. Our efforts
centered upon the concept of “interpenetrating entangle-
ments” which hitherto was a unexplored idea. By
utilizing this concept, we put forth a number of physi-
cally motivated proposals relating to the mechanical
properties of polymer interfaces. Where possible, we
have tried to establish connections to existing experi-
mental results. However, as we have emphasized at the
outset, many of the ideas proposed in this section are
empirical and were motivated by an objective to derive
“experimentally verifiable” consequences of the theory
proposed in this article. Consequently, we hope that this
section would motivate future experiments and experi-
mentalists to analyze and validate the ideas proposed.

VIIl. Summary and Outlook

In summary, this article presented a systematic
analysis of the interplay between the compositional
inhomogeneities, chain conformations, and the entangle-
ment lengths in multicomponent polymeric mesophases.
To effect this objective, we modified the packing ap-
proach proposed by Kavassalis and Noolandi to account
for the presence of compositional inhomogeneities. Our
research was primarily directed toward the clarification
of fundamental issues pertaining to interfacial entangle-
ments in polymer blends. Explicitly, we demonstrated
that the compositional inhomogeneity and the ac-
companying changes in the chain conformations can
lead to significant changes in the entanglement lengths,
by even up to a factor of 2 in strongly incompatible
mixtures. While such changes clarified the interplay
between the inhomogeneity and entanglements at a
microscopic level, we also undertook to relate the
approach and the results presented in this article to
experimentally verifiable macroscopic consequences,
especially relating to the mechanical properties of
polymer interfaces. In the pursuit of such an objective,
we proposed a new concept “interpenetrating entangle-
ments”, which we related to the slip and toughness of
polymer interfaces. While we tried to establish connec-
tions to existing theoretical and experimental literature,
we believe that further systematic experiments are
necessary to validate the many new and empirical
proposals elaborated in this article.

The present research lends itself to many develop-
ments which we hope to pursue in future publications.
At a computational level, our approach can be embel-
lished and rendered more accurate by replacing the
lattice model and cubic elements by continuum ap-
proaches employing noncubic elements. In addition, in
the regimes of strong stretching and/or in systems
involving non-Gaussian polymers, the chains are ex-
pected to exhibit significant orientational effects arising
as a consequence of the compositional inhomogeneity
and can therefore constitute model systems for the
reexamination of the utility of a single isotropic value
for the coordination number to describe entanglements.
It is also to be noted that recently Theodorou and co-
workers®1:52 have developed a novel simulation approach
to generate an entanglement network for grafted poly-
mer—polymer interfaces and have employed it to probe
the density of interpenetrating entanglements at an
interface. We hope to utilize such an approach to provide
a link between the KN viewpoint analyzed in this article
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with the alternative junction viewpoint of entangle-
ments. At a more fundamental level, one can employ
the approach presented in this article toward a clarifi-
cation of entanglements in situations involving polymer—
solid films. In fact, a number of researchers have
demonstrated profound influences on the dynamics of
the entangled polymer chains in confined environ-
ments.53 Inhomogeneous entanglements and its role in
influencing such effects have not been addressed in the
literature. Another line of research would involve
translating the ideas presented herein to a model for
the dynamics of entangled inhomogeneous phases.
Indeed, as we had repeatedly stressed in the Introduc-
tion, it is not obvious whether the inhomogeneous
entanglement length we have computed would play the
same role in the dynamics as that played by the
entanglement length of a homogeneous melt. Develop-
ment of appropriate microscopic dynamical models and/
or simulation tools can serve to clarify this issue.* We
also hope that the present work will stimulate more
experiments designed to probe the macroscopic conse-
guences we have outlined. A successful validation by
such methods would lend support to a different view-
point of entanglements which might prove more rel-
evant for inhomogeneous situations.

Note in Proof. After we completed this paper, we
became aware that Prof. Hugh Brown was preparing a
manuscript on similar issues, albeit by adopting a
somewhat different approach. A comparison of our
results with the preliminary results sent to us by Prof.
Brown indicated a good agreement on the main qualita-
tive features. We are grateful to Prof. Brown for many
significant insights and his comments pertaining to this
work.
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