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Entanglement Network of the Polypropylene/Polyamide Interface. 2.
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ABSTRACT: We present a novel algorithm for generating polymer entanglement networks and apply it
to polypropylene/polyamide interfaces strengthened with graft copolymers. Our guides for the generation
of the polymer network are the configurational distribution functions derived from a self-consistent mean-
field lattice theory of the interface. Entanglement points are placed along the contour of each chain at
equal distances, corresponding to the experimentally measured molecular weight between entanglements.
The spatial distribution of entanglement points in the direction perpendicular to the surface follows the
statistical weights of the mean-field theory. Our initial guess for the positions of the entanglement points
of each chain parallel to the interface obeys Gaussian statistics. The polymer network created by this
procedure is not in equilibrium. Overstretched strands are relaxed by a Monte Carlo method involving
moves that preserve the placement in the directions perpendicular to the interface. The equilibrated
network is our starting point for the microscopic simulation of fracture phenomena, caused by the
application of tensile stress perpendicular to the interface.

1. Introduction

This work is part of an effort to develop theoretical
and simulation models for predicting the structure and
mechanical properties of polymer/polymer interfaces
compatibilized by adding, or forming in situ with
appropriate chemical reactions, a diblock copolymer in
which each block is miscible with one of the two
homopolymers.! We focus on the PP/PA6 system com-
patibilized with the reaction product between PP-g-MA
(maleic anhydride-functionalized PP) and PAG6. This
system has been the subject of several experimental
studies.>™*

As was mentioned in the preceding paper,® it is
believed that the ultimate mechanical properties of
polymeric systems are directly related to entanglements.
When each chain in a system of polymeric chains is
constrained by point contacts (i.e., entanglements), we
say that the system forms a network. In this work we
develop a new algorithm in order to generate polymer
entanglement networks. The algorithm uses the con-
figurational distribution functions (derived in the pre-
ceding paper) in order to properly place polymer chains
within the network. To form the network, the positions
of the ends and the entanglement points must be known
along each chain contour and in three-dimensional
space.

In the present work we develop an algorithm that
generates networks representative of a PP/compatibi-
lizer/PA6 polymeric interfacial system. In light of the
information provided by experimental data, we have
considered appropriate to model the PP/PAG interface
by envisioning a crystalline PA6 matrix, treated as an
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equivalent “solid” substrate, on which the PP chains of
the compatibilizer are terminally grafted, extending into
a bulk PP phase.®> To model realistic (i.e., consistent with
the characteristics reported in the experimental studies)
polymeric interfacial PP/PA6 systems, both the free and
grafted PP should have a polydispersity index (PDI)
different from unity (usually rather high).

The starting point in order to describe the conforma-
tions and concentration profiles of polymeric systems
at interfaces is the self-consistent mean-field lattice
model (SCF) we described in ref 5 (preceding paper).

In principle, modeling can be performed hierarchi-
cally, at different levels of length and time scale. The
most fundamental scale is the atomistic one. Approach-
ing the system of interest here solely by atomistic
modeling would be exceedingly time-consuming and
would not be able to provide answers to questions
related to terminal mechanical properties. EXxisting
Monte Carlo simulations address only small chain
lengths that preclude entanglement formation.® A me-
soscopic model would be more appropriate for our
purposes. Systematic procedures to coarse-grain atom-
istic polymer models into mesoscopic models have
already been used successfully.” The model we use here
is a coarse-grained model. Two levels of coarse-graining
are utilized. First, a fully occupied lattice is used to
represent the system of interest in the SCF theory.
Next, the structural information derived from the SCF
theory is used to build an entanglement network model
in continuous three-dimensional space. In the lattice
model, given a polymer of experimentally known physi-
cal properties, we construct a lattice bounded by a flat
substrate, the size of each site being equal to the
polymer Flory segment. The Flory segment is defined
as a length of the polymer chain that is as long as it is
wide. It can be estimated once we know the chain
geometry as well as the density and the molecular
weight.> The lattice layers parallel to the surface are
numbered from the surface out to the bulk (z =1, ...,
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M, layer z = 0 being the “wall”). In this model, stiffness
is introduced by assigning different energies to different
bending angles formed by triplets of Flory segments.
(For a cubic lattice, only 0°, 90°, and 180° bending angles
are possible.) The bending energies are determined from
the characteristic ratio. In our preceding work (ref 5)
we have derived results for a variety of monodisperse
and polydisperse samples. This lattice mean-field model
provided us with a wealth of information regarding the
microscopic configurations of the interfacial system. In
this context in ref 5 we have calculated the volume
fractions of the grafted and free chains, the width of the
interfacial region over which free and grafted chains
interentangle, and the mean-squared z-component of the
end-to-end distance of the grafted chains at various
values of the surface grafting density.

In this paper, using the one-dimensional information
provided by the SCF theory as a starting point, we
develop an algorithm in order to generate three-
dimensional networks representative of the interfacial
region. In the network, a chain is represented in a very
coarse-grained sense as a sequence of two ends and a
set of intermediate entanglement points. Two chains
come together at an entanglement point. Chain ends
and entanglement points are referred to collectively as
nodes of the network. Our construction results in a set
of nodes for each chain where each node has a specific
contour position, spatial location, and pairing with
another node if it is an entanglement point. The network
is constructed so that all its structural profiles along
the z-direction are consistent with the SCF calculation.
The SCF results do not impose any restrictions on the
extent of the specimen along the x and y directions. The
network generated has a finite extent; it could be rather
unrealistic close to the free surfaces normal to x and y
directions, where the density drops from a finite value
to zero, but we avoid to use periodic boundary conditions
as they might produce artifacts during the study of
ultimate mechanical properties.

Clearly, our use of an entanglement network to
represent the polymer stems from our intention to
design a computationally efficient approach, capable of
handling the length and time scales that govern fracture
phenomena. Although the contour length between en-
tanglements is a well-defined quantity (through rheo-
logical measurements), entanglements themselves have
so far defied a precise molecular definition. In the course
of our simulation of deformation to fracture, the topology
of the entanglement network will change through the
introduction of elementary events (e.g., slippage past
an entanglement point, chain rupture) governed by rate
expressions and rules that are inspired by the reptation
picture of polymer dynamics. Such kinetic Monte Carlo
simulations on simplified two-dimensional network
models have proved quite successful for addressing the
terminal properties of semicrystalline polymers in the
bulk (ref 7 of preceding article), thus providing justifica-
tion for the use of representations cast in terms of
localized entanglement points for modeling the large-
scale deformation and fracture of dense systems of
interpenetrating chains. A currently very active area
of research aims at a precise definition of entanglements
in polymer melts through topological analysis of well-
equilibrated long-chain atomistic configurations® or
through Brownian dynamics simulations of coarse-
grained models in which chain uncrossability is im-
posed.® Thus, it is likely that modeling hierarchies going
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all the way from detailed atomistic modeling to en-
tanglement network modeling will be available soon.

Typical sizes of the network system generated here
are on the order of 0.1—-0.2 um along each direction. The
number of chains can be as high as 20 000 and the
number of entanglement points as high as 130 000.

2. Network Generation

General Assumptions. A strand is the portion of a
chain connecting two interior points or an interior point
with an end point. Entanglement points connected by
more that one strand are not allowed. In addition, loops
formed by a strand connecting an entanglement point
to itself are not allowed.

Once we have the configurational distribution func-
tions of the grafted and the free homopolymer, we have
adequate information to attempt to construct an en-
tanglement network in three-dimensional space, rep-
resenting the polypropylene phase. In a first attempt
to create an entanglement network, the entanglement
points can be placed along the chain contour assuming
that interentanglement spacings follow a simple distri-
bution. The simplest choice is to place the entanglement
points at equal distances along the chain contours. The
distance between consecutive entanglement points has
been specified by means of the entanglement molecular
weight Mg, as it is measured by the rubbery plateau of
the shear stress relaxation modulus.® For the first and
last entanglement point some constraints are imposed.
For both terminal entanglement points of a free chain
and for the entanglement point nearest the free end of
the grafted chains, the distance along the contour
between entanglement and chain end must not be closer
than Me/3. Entanglement points on the other end of the
grafted chains can be arbitrarily close to the grafting
point of the chain. Entanglement points chosen along
the chain contour are placed in space according to the
chain configurational distribution functions. In the
direction perpendicular to the flat substrate, the en-
tanglement points will be placed according to the results
of the SCF model, while in the directions parallel to the
substrate they will be placed according to Gaussian
statistics. Although the network generation essentially
takes place in continuous three-dimensional space, it
is convenient to use the discretization invoked by the
SCF theory in the form of a Flory lattice.

The theory of rubber elasticity predicts a relationship
between the shear modulus and the concentration of
network strands.’® Provided we have experimental
values of the plateau modulus of the molten polymer,
we can use this relationship in order to evaluate the
molecular weight M.. Unfortunately, there are no
experimental values for the plateau modulus of isotactic
polypropylene. Lacking those for isotactic, we use the
atactic values.™ We suspect that this assumption might
not be too unsatisfactory, as atactic and isotactic PP
have similar densities and characteristic ratios.'>1* With
this assumption, we carry out our network construction
with a value of M = 6 kg/mol (~60 Flory segments).
Moreover, in the PP/PAG6 interfacial system the value
for M. should be different, as all grafted and some free
chains are more ordered along the direction perpen-
dicular to the interface. However, as a first approxima-
tion we use the bulk value because of lack of an
alternative approach.
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Figure 1. Definition of GPsbsi+1(zg),52;25,,51). From G(z)'s we
construct a statistical weight, GPs2Psi+1(zs,,5,;Z5,,51), for the chain
portion between segments s; and s;, inclusive, with s; < s,
such that segment s; is in layer zs, and is connected to segment
(s1 + 1) through a bond of bond vector b, +1, while segment s,
is in layer z, and is connected to segment (s; — 1) through a
bond of bond vector bs,.

'I'N-or’nlpenhlabondn:m\ 5 s,
0.“- 851" :{1,0, -I-1}

Figure 2. Schematic explanation of the recursmn relation:
Gbszb“l(ZSzvSZ-ZSlel) - G(ZserZ)/l\bsz\zbsz 1Tbsz— 1bssz52 v 1“(25 -
bs,,s2 — 1;z5,,51) which is a generalization of eq 4 of ref 5.

Placement along the z-Axis. Our starting points
are the segment weighting factors (G(z)) of the SCF
theory. From G(z)'s we construct a statistical weight,
GPs2ba+1(zq,,52;25,,51), for the chain portion between seg-
ments s; and sy, inclusive, with s; < s, such that
segment s; is in layer z5, and is connected to segment
(s1 + 1) through a bond of bond vector b1, while
segment s; is in layer zs, and is connected to segment
(s, — 1) through a bond of bond vector bs, (see Figure
1). We easily identify the end segment distributions,
used in SCF theory, as

G™(zy,8/1) = 3 G Pz, =z, s,=5;2,,5, =0)

Zg, bs; 11
and

G *1(z,,s|r) =

bs2,bs1+1
Z G s2,0s (Zszl

Zsp sy

S, =r+1,z, =2,5, =5)

The function GPsba+(zg,,s;25,,51) obeys the recursion
relation (see Figure 2):
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Figure 3. Schematic explanation of the recursion relation

G(z)({ (Zs1nsl)v(zbszvs')2)}) = stlzgslbﬂibsibszﬂe71(551151)571(%2,52)
Thggbsy 11 Tbobe 1 G st1%5U(Zs,,S,17s,,8, ) G 2 141(Zs,,5,1 25,8, ) G 21°%2(Zs,, 8, Z,,S,)-

Figure 4. Schematic explanation of the recursion equation

G(a)({ (ZS1 :§%) ’ (ZserZ) ) ng3,53)}) = Zlbslzbsmngzngzﬂstsﬂfbslbslufbbszgszﬂ
Thgabsgs1 G H(Zs;,81) G H(Zs,,52) G H(Zs,,83) GPs141%51(2s,,8, 12,5, ) GPs2Ps141
(252152;2511Sl)Gb53b52+1(253153;252lSz)Gb53+1b53(253r33;253153)-

bs,b. . =
GPs2 s1+1(zs ,Szxzs ,31) = G(ZS ,Sz)ﬂ,ms | X

Ds2-1,0s1+1 _
z by, ;b ng ) ) (Z bs’

bsz 1

1; Zg s;)) (1)

which is a generalization of eq 4 of ref 5, but now the
initial condition involves only two segments, such that
S, =51+ 1,

bsz1.b : —
Gz 10,8 T 1Zg 4y — B 4p,89) =

G(zs 41,51 + DA (G(Zs 11 — B 11,81 (2)

Sl‘Hl‘

By properly (i.e., using the correct Boltzmann factors)
summing the previously defined statistical weights, we
calculate the statistical weights GM({zs,,s}) for a chain
to have m of its segments, with indices sx (k =1, 2, ...,
m), ordered such that s; < s, < ... < s < ... < Sp,
positioned in the z-direction according to {zs,,sk}. These
statistical weights are given by

G™({z,, 5 =
Z Z Z Z Gbslﬂbsl(zs 'Sl’zs 'Sl) %
s1 51+1 sa+1 Sm sm+1

bs(a+1)bsa+1
rltbsabsaHG (ZS S )G (Z
a=

- bsm bsm .
H(2s Sm)C ™ (Zs SiZs Sm) (3)

a+1*zs 'Sa) X

Tbsmbsm+l

Figures 3 and 4 show which GPswbsa+1(zs,,Sp;Zs,,Sa) cON-
tribute to G@ (statistical weights for pairs of segments)
and G® (statistical weights for triplets of segments).

The G®@ statistical weights are used in order to place
along the z-axis the two end segments of a chain
composed of r segments. In this special case, s; = 1 and
s, = r. Actually, as G™ are weights, it is necessary to
normalize them in order to define absolute probabilities.
The normalization is performed by dividing by the sum
of G(M over all positions available to the m distinct
segments of the chain.
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Thus, the placement of the end segments is performed
according to the probability:

o (@@
PP 1z = (4)

Y 6@, 1@.nh)

21,2y

The placement of the next (intermediate) segment s at
position z can be performed following a conditional
probability, derived by applying Bayes’ rule [p(A/B) =
p(ANB)/3>gp(ANB)] for A = (z,5) and B = ({(z1,1)(zr,1)}).
Actually, as we have a ratio of probabilities, we can
replace the probabilities with statistical weights and
derive a simpler conditional probability for placing any
segment between two segments already placed:

p(3)({ (Zsk'sk)|{ (Zsl!sl)!(zsrisr)}) =
GO (z5,51).(25,,50:(Z,,5)})

Q)
> G (z,50.(2:80:(2:, .8}

For each chain, each one of the interior segments s; is
placed along the z-axis in a randomly chosen order,
according to the probabilities
P (2 SV (Zss51)sm (251511125, ,5}) =

G(m)({ (251'51)!"-!(Zsk’sk)!"-v(zsl'sl)'-"r(zsr’sr)})

ZG(m)({ (25 151)s++5(Z5,81)s+++(Z:81),+++(Z5,,8)})

where m — 1 is the number of already placed interior
segments or ends.

The procedure for placing end points and entangle-
ment nodes for each chain of each chain type can thus
be summarized as follows.

1. Since the normalization for two segments is rela-
tively simple, we start with the end segments of the
chain, placing them in the z-direction according to the
probability p@({(z1,51),(zrs1)}) (eq 4).

2. After placing the ends, an interior segment sy of
the chain, chosen randomly among the prospective
entanglement points defined along the contour, is placed
according to Bayes' rule (eq 5), using the conditional
probability distribution derived from the three-segment
statistical weights, p®((z,sk)|{(21,51),(Zr.Sr)}).

3. The next interior segment s;, again chosen ran-
domly, is placed according to Bayes' rule, using the
conditional probability distribution derived from the
four segment statistical weights, p®((z),s1)/{(z1,51),
(Zkisk)7(zrlsr)})'

4. We proceed in a similar manner using conditional
probabilities, until we place all segments chosen to
represent entanglement nodes.

Make Even Procedure. Having placed the nodes in
the z-direction, the discretization of space being such
that the closest distance of nodes along the z-direction
is equal to the Flory segment size Ig, we check each layer
to ensure that it contains an even number of entangle-
ment nodes. In case this is not true for a layer, an
entanglement nodal point is moved to a nearby layer
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with odd number of entanglement nodes, such that both
layers have an even number of entanglement nodes.
This procedure is performed sequentially, layer by layer.
If the last layer examined contains an odd number of
nodes, then we remove a node from that layer. The final
result is that all layers contain an even number of
entanglement nodal points. The procedure by which we
move a node from one layer to another is usually quite
time-consuming, as the new position of the node is
required to have an SCF probability at least equal to
that of the old position.

Placement of Nodes in the x and y Directions.
The next step is to place the nodes in the x and y
directions. The first node of each chain (which is an end
of the chain) is placed randomly within its layer at
position (x1,y1). From this initial node, all other nodes
of the chain are placed sequentially within their respec-
tive z-layers, following the contour, according to a
truncated Gaussian distribution. The wings of the
Gaussian distribution are truncated with appropriate
renormalization in order to avoid placement of the nodes
such that the contour length of the strand in between
exceeds the spatial distance between the nodes (i.e., in
order to avoid overstretched strands). In addition, nodes
are not placed outside the finite network window. The
sampling procedure of the truncated Gaussian follows
a rejection technique.* The choice of a distribution
similar to Gaussian is reasonable, as in the x and y
directions no forces act to deform the chains away from
their random coil behavior. If a node, si, is placed
randomly within its layer (i.e., layer z;) at position
(x1,y1), then the next node, s,, is placed at a position
(X2,y2) within layer z, (already known from the z-
placing procedure) according to the probability density
P(X2,y2) = px(X2)Py(Y2IX2), where

1/2 -1

(x,) = _ 3 erf, 3 llz)”( X
S PN 2N L2
B 3(x, — x,)°

2Nyl 2

exp , for =X, + X =X, =X, X

0, forx, <= — X, + X, and x, = X, + %,

with

|
Ni= (5= 5075 iz = Jis — 52 — (2 — 2)7:
®)

1

W 1%,) 3 1 . 3 w2 |
X5) =17 eI | ———— X
Py2l%e 2.7'L'NK|K2 { (ZNKI KZ) Y12}

B 3(y, — y1)2
2Nl 2

, for =9ty =y, =V +y
0, fory, = -9y, +y,andy, =9, +y,
with
Y1 = )?122 — (X — X1)2 (7)

In egs 6 and 7, Ik is the Kuhn length of the chain.
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Figure 5. Swapping of chains between entanglement points.

Figure 6. Swapping of an entanglement point and an end
point.

This procedure is continued until all nodes of all
chains have been placed.

Pairing of Entanglement Nodes. After placing all
the available nodes, the entanglement nodes are paired
within layers to form entanglements. Within a layer,
we choose nodes for pairing in random order. We pair
the nearest unpaired nodes, avoiding double connections
and loops. The spatial position of two entanglement
nodes after pairing is chosen as the midpoint of the line
connecting them within the layer. We repeat this
procedure until all entanglement nodes have been
paired. By this procedure, the last few nodes paired in
a layer may lead to overstretched strands. This over-
stretching occurs because the nearest nodes that remain
unpaired may be very far from each other toward the
end of the pairing procedure.

Relaxation. We need to relax all overstretched
strands. The relaxation of overstretched strands follows
a Monte Carlo (MC) procedure. The in-layer moves
utilized in this procedure are the following: (a) Swap-
ping of chains between entanglements. This changes
pairing and spatial positions; see Figure 5. In this move
two chains (2 and 3 in the figure) and four strands are
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Figure 7. Swapping of two end points.

involved. (b) Swapping the position of an entanglement
point and an end (Figure 6). In this move three chains
(1, 2, and 3) and five strands are involved. (c) Swapping
the position of two chain ends (Figure 7).

According to the Metropolis MC algorithm we use for
overstretched strand relaxation, attempted moves are
accepted with probability min(1,exp(—AU)) where AU
is the change in the elastic free energy brought about
by the MC move. The elastic free energy change equals
the sum of the changes in stretching free energy of all
strands involved in the move. The stretching free energy
for each strand is calculated by assuming that strands
behave as Gaussian entropy strings. For example, for
move type b there are five strands involved. The layer
in which we perform a move and the points involved in
the move are selected at random from all those available
in the system. The frequency with which a move type
is attempted is proportional to the number of entities
in the system that can participate in the move. In a
system with u entanglement points and w ends, the
relative attempt frequencies are as follows: move type
a, 2u/T; move type b, (u + w)/T; move type ¢, w/T (where
T = 3u + 2w).

This relaxation procedure is really necessary in order
to achieve “random coil” configurations in the bulk
region of the free chains.

Density of Entanglement Points. We are mainly
interested in investigating the region where grafted and
free chains interentangle, as this region is most impor-
tant for studying mechanical properties and adhesion.
We study the effect of the surface density of grafted
chains on the surface density of entanglements between
free and grafted chains. These entanglements would be
expected to be primarily responsible for adhesion at the
interface. The calculation of the entanglement density
is a simple counting procedure.

As the relaxation procedure does not change the z
coordinates of the nodal points and as the pairing of the
entanglement nodes is mainly random (as described in
the pairing procedure), we expect (and actually show,
see results) that random mixing of different types of
entanglements is a legitimate approximation. With that
assumption, if Na and Ng are the numbers of entangle-
ment nodes of chains of type A and type B, respectively,
in layer z, the numbers of AA, AB, and BB entangle-
ments in that layer are given by
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N _ NA(NA_ 1)
AA2(Ny+ Ng — 1)
NB(NB - 1)
Npp=—————— 8
BB 2(N,+ Ng— 1) (®)
NANB
NAB = NBA - W

If the random mixing approximation holds, it is possible
to estimate the entanglement density before the relax-
ation procedure.

Furthermore, because the procedure by which we
assign to each layer (z) an even number of entanglement
nodes is rather time-consuming and because after that
procedure the number of nodes per layer is not usually
very different (each layer changes its number of en-
tanglement nodes by at most one node), it is satisfactory
to estimate the total number of entanglements between
chains of different types before this procedure.

Reverse Mapping of Network Structure onto the
SCF Representations. It is useful to check whether,
after the placement of nodal points along the z-direction,
the z-projection of the network specimen agrees with
the SCF one-dimensional distribution functions used for
its generation. To make this comparison at a Flory
segment level, we need to account for the intermediate
(between adjacent nodal points) segments of each chain.
To do this, we invoke a density distribution to describe
the position (along the z-direction) of the intermediate
segments in a strand whose ends are fixed in space.

Under the assumption that the strands between fixed
successive nodal points (s1, s2) along the contour are
Gaussian, the probability density for finding a segment
s in position R in space is given by the expression

S D 5 3¢\ —(3/2)cs(R—Rm)?
P(s.RIs1 R, 52.R,) = 5> € stEm 9)

If n specifies the number of Kuhn segments between
the two tethered end points of the strand, the parameter
Cs is just n/[(n — s)sI2] and Ry = [(N — S)Rs, + SRg,]/n.

Since only the density along the z-direction is needed,
the integral of the probability density expression of eq
9 over the entire range of the x and y coordinates is used.
_The Gaussian approximation is best for large n and
|IRs, — Rs,| small compared to full extension (nlk). From
the statistics of the Kuhn segments we can derive the
respective distributions of the Flory segments (i.e., we
use eq 9 with s, n representing equivalent Kuhn
segments s[n] = sk[nk] = se(I/1k)[Ne (I/1K)]).

The probability density for finding a segment s in
layer z (i.e., the integral over x and y of eq 9) is

3¢\ M2 —(312)cs(z — Zm(S))?
P(s.2I81,25,8p,2,) = (5| € 0O (10)

where

, B (n —98)z, + sz
m(S) - n
Equation 10 can be used to calculate the intermediate
segment density.
The volume fractions can be found by means of the
following expression:
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(P(S,Z) = z Z p(SlZ|sl’Zsl’SZ'Zsz)|F (11)

S (s1.52)

where the summation is over the contours of all strands
(s1,52) realized in our network. Following this procedure,
the segment volume fraction profiles are found and
compared to the SCF results. For the end segment
volume fraction profiles, a variant of eq 11 is used,
wherein the probability density of the terminal seg-
ments of singly tethered strands is summed over all
such strands. Volume fraction profiles are accumulated
separately for free and grafted chains.

Results

SCF and Network Profiles. We start our investiga-
tions by creating entanglement networks for monodis-
perse samples with chain lengths 400 Flory segments
for the grafted chains and 600 Flory segments for the
free chains. We distinguish each sample according to
its surface density (see Table 1). The values used in our
calculations correspond to low (0.04 nm~2), intermediate
(0.20 nm~2), and high surface density (0.50 nm~2). We
choose the number of sites per layer such that the
surface density of the network system be as close as
possible to the input surface density used in the SCF
model.

In all cases the extent of the network in the z-direction
is chosen such that we include enough chains of both
types with the proper number- and weight-average
molecular weights (i.e., the ones used in the SCF
calculation). Usually the cases of very low surface
density of the grafted chains are the most difficult to
realize, as the generation of a huge network (at least in
the x- and y-directions) is necessary.

Although the network generation seems straightfor-
ward, difficulties arise from the fact that most proce-
dures used for the generation of the network are rather
time-consuming. In Table 2 the CPU time spent in each
part of the generation procedure is given for the mono-
disperse samples reported in Table 1.

Most time-consuming are the procedures in which we
try to make the number of chains even (in order to
create pairs of entanglement nodes in each layer) and
the relaxation procedure. We have observed that the
latter consumes most of the overall CPU time for the
largest (in number of chains) networks. In the most
general case of polydisperse samples, the network
generation is much more time-consuming. (For example,
the generation of a representative polydisperse sample
of PDI equal to 4.8 for the free chains and 2.7 for the
grafted chains, following a logarithmic normal (lognorm)
distribution, requires several days of CPU time on a
Silicon Graphics Origin 200 workstation.)

In Figure 8a—c we show the entanglement density
profiles determined after generation and relaxation of
the network. The dotted line indicates the entanglement
density in bulk PP. If M, is the number-average
molecular weight, M is the molecular weight between
entanglements, Menq strands 1S the molecular weight of the
two end strands in each chain, and p is the mass density
of bulk PP, an estimate of the entanglement density (pe)
in the bulk is obtained by the expression

- Nao M, + Me - Mend strands
Pe™2Mm_ M

12)

e
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Table 1. Sizes of Monodisperse Specimens with Chain
Lengths 400 Flory Segments for the Grafted Chains and
600 Flory Segments for the Free Chains

surface density total no.
(nm~2) of system size total no. of grafted
grafted chains {x,y, z} of chains  chains
0.04 1303 A x 1303 A x 727A 9472 679
0.20 1212 A x 1212 A x 1212 A 11375 2938
0.50 1212 A x 1212 A x 1515 A 19116 7345

Table 2. Fraction of the CPU Time Spend in Each
Procedure during Entanglement Network Generation

fraction of CPU time [%)]

procedure 06=0.04nm2 ¢=020nm2 ¢=0.50nm2
z placement 12 10 6
make even 20 20 23
Xy placement, 8 7 2
pairing
relaxation 60 63 69

In Figure 8 we show two dotted lines, as we have two
estimates of the average entanglement density: one for
the grafted and one for the free chains. For the grafted
chains we obtain 0.033 47 nm~3, and for the free chains
we obtain 0.037 19 nm~3. In both cases we assume p =
0.743 g/lcm3. The difference arises mainly from the
difference in the molecular weight of the end strands.
In selecting nodal points along the chain contours, it is
assumed that the grafted end strand of a grafted chain
can be arbitrarily small, while the free end strand of a
grafted chain and of the two end strands of a free chain
are at least one-third of M, long.

For the sample with the lowest surface density we
observe (Figure 8a) a flat distribution of entanglement
points, except in the last layers at the edge of the
specimen (z > 1100 A). The decay observed in these
layers is to be expected from the procedure we follow to
construct our network. In placing entanglement points
along the z-direction, we always start with the end
points of each chain, and then we place an entanglement
point, then a second, until we place all entanglement
points. In the last layers we miss all entanglement
points that belong to chains that have one or both of
their end points in layers z > M. A practical solution to
this problem is to cut off the decaying profile at the edge,
ending up with a smaller (last layer <M) network but
with proper entanglement density profile, corresponding
to an almost fully occupied three-dimensional lattice.
The same system size effect is observed for the other
two samples of higher surface densities. Moreover, the
entanglement density profiles of these samples show
more structure. A significantly lower density of the
number of entanglement points is observed in the first
layers. This is a consequence of the expected (see end-
to-end distance results of ref 5) and actually observed
tendency of the grafted chains to orient perpendicular
to the surface. This effect is more pronounced in the
sample with the highest surface density of grafted
chains. For this sample, in addition, we observe a
lowering of the density of entanglement points at an
intermediate distance from the interface (around z =
400 A). To understand the physical reasons that drive
the system toward this behavior, we need to distinguish
the entanglement points on the basis of the types of the
chains involved. This is done in Figure 9a—c. For the
low surface density sample (Figure 9a) we observe that,
close to the surface, the density of entanglement points
is mainly due to entanglements between grafted and
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Figure 8. Entanglement density profile determined after
generation and relaxation of the network in specimens consist-
ing of monodisperse free chains of length 600 Flory segments
for the free chains and 400 Flory segments for the grafted
chains. Each plot corresponds to a different surface density of
grafted chains: (a) 0 = 0.04 nm~2, (b) 0 = 0.20 nm~2, and (c)
o= 0.50 nm~2. The lower dotted line (at 0.033 47 nm~3) in all
plots designates the entanglement point density of a bulk PP
sample with average chain length of 400 Flory segments, and
the upper dotted line (at 0.037 19 nm~3) designates the
entanglement point density of a bulk PP sample with average
chain size of 600 Flory segments. The average strand size
between adjacent entanglement points is 60 Flory segments.

free chains and between pairs of free chains. The density
of entanglements between pairs of grafted chains is
lower and decreases in a systematic way as we depart
from the surface. As we move to larger distances from
the interface, the contribution is mainly from entangle-
ments between free chains. At even larger distances,
where grafted chains are absent, only entanglements
among free chains are responsible for the total density
of entanglement points. As we see from the other two
plots (b and c) and as expected, the same behavior is
observed for the two specimens of higher surface
density. The specimen with an intermediate surface
density exhibits an increased contribution from the
grafted chains. Actually, the region close to the interface
is practically occupied only by entanglement points
between grafted chains. Now, the region from the
interface up to the point where no entanglements
between pairs of grafted chains exist is much more
extended. A similar topology is observed for the speci-
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Figure 9. Entanglement density profiles for the generated
network, differentiated according to the types of chains
involved. Solid line: entanglements between free chains.
Dashed line: entanglements between grafted chains. Dotted
line: entanglements between grafted and free chains. The
correspondence between labeling and surface density is as in
the previous figure.

men of highest surface density of grafted chains (c). In
addition, in both cases b and ¢ there is a small region
where entanglements between free and grafted chains
contribute the most.

These plots can be used as guides for setting our cutoff
for the uniform region of the network. For example, a
reasonable cutoff for the network with o = 0.04 nm~2is
at layer z = 1100 A, and a very good cutoff for the
network with ¢ = 0.50 nm~2is at z = 1300 A. However,
this should not be our unique criterion, as other features
(e.g., the end segment volume fractions) could impose
smaller cutoffs.

Assuming Gaussian statistics for the density of seg-
ments between successive entanglement points, we
derive the volume fractions of free and grafted chains.
The segment volume fraction profile for free chains is
given in Figure 10, as calculated from the SCF model
(solid lines) and as obtained from the generated network
(dotted line). We observe very good agreement between
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Figure 10. Volume fraction profile of the free chains, as
reconstructed after generation of the network (dotted line) and
as calculated from the SCF scheme (solid line). The cor-
respondence between plot labels (a—c) and surface density of
the grafted chains is as in Figure 8.

these two curves for all samples generated. This result
suggests that in our network generation we have
correctly reproduced the polymer concentrations and
conformations in the interfacial region given by the SCF
scheme.

The volume fraction profiles for the free ends of
grafted chains and for both ends of free chains are given
in Figures 11 and 12. The large fluctuations for the
network in these plots are due to the small sample size.
The profile of the specimen with the lowest surface
density (Figure 11a) suggests that the grafted chains,
although of contour length 2424 A, are restricted within
a ~300 A thick region close to the interface. As the
density of grafted chains is increased, they become more
extended (Figure 11b). The maximum in the volume
fraction of free end segments is seen at about 160 A.
This is very close to the root-mean-square end-to-end
distance of a chain of 400 Flory segments, equivalent
to 229 Kuhn segments. In this case the conformation of
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Figure 11. Free end segment volume fraction profile for the
grafted chains for the SCF model (solid line) and for the
generated network (dotted line). The correspondence between
plot labels (a—c) and grafted chain surface density is as in
Figure 8.

the grafted chains is close to that of “random coils”. As
the surface density is increased further, the grafted
chains become more extended, and their free ends
display a sharper peak (Figure 11c). In this case grafted
chains are in the “brush” regime. This implies that
grafted chains have their tails ordered preferentially
perpendicular to the surface (see third column in Table
2 of ref 5). This explains the observed lowering of the
entanglement density between pairs of grafted chains
and between grafted and free chains (Figure 10c).

The distribution of end points of the free chains
(Figure 12a—c) shows a region in which the volume
fraction changes from a very low value to a plateau, the
width of this region being commensurate with the
“random coil” end-to-end distance of a chain of 600 Flory
segments. The plateau characterizes the bulk PP region;
chain end points have equal probability to appear
anywhere in this region. Finally, Figures 10c and 11c
clearly indicate that, for high surface grafting density,
the region close to the interface is occupied exclusively
by grafted chains. The end segment profiles can be a
very good indicator for deciding the cutoff layer. Actu-
ally, in all but the last case the end segment profiles
suggest a shorter cutoff than the entanglement density
profile for maintaining a uniform network in the bulk.
For example, in the sample with ¢ = 0.20 nm~2 the
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Figure 12. End segment volume fraction profiles for the free
chains as obtained from the SCF model (solid line) and from
the generated network (dashed and dotted lines). In the
network we distinguish between the front end (dashed) and
the back end (dotted line) of each chain. The correspondence
between plot labels (a—c) and grafted chain surface density is
as in Figure 8.

cutoff suggested by the entanglement density (Figure
9b) is about 1050 A, but the one suggested by the end
segment volume fractions (Figure 12b) is ca. 50 A
shorter.

We conclude that the placement along the z axis is
consistent with the SCF results, provided that our
method for generating entanglement networks does
indeed conform to the SCF statistical weights.

Structure of the Entanglement Network of the
PP/PA6 System. We present results for various mo-
lecular weight distributions: (i) monodisperse PP with
varying number-average molecular weight, M, of 200—
800 Flory segments for the grafted chains and M, of
600 Flory segments for the free chains; (ii) polydisperse
PPs with number-average molecular weight M, = 400
Flory segments for the grafted chains and M, = 600
Flory segments for the free chains, both characterized
by a variety of molecular weight distributions.

Our values for the average molecular weight have
been chosen so as to be comparable to the values of the
number-average molecular weight of PP/PA6 samples
used in experimental works.34
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Figure 13. Surface density of entanglements between free
and grafted chains, oig, as a function of the surface density of
the grafted chains, o, for monodisperse specimens with free
chains of length r = 600 Flory segments. The average chain
length of the grafted chains varies between 200 and 800 Flory
segments (from bottom to top curve). The entanglement surface
density increases systematically with increasing molecular
weight of the grafted chains. Error bars are derived from
averaging over specimens of various sizes, always larger than
(100 A x 100 A x 200 A).

0.40 — T : T r T r r
0357 /P%\E——i\i\I -
At
0301 "’;C\E\I\ _
<« 025k \\i s ]
020 —: ]
:/ ..\T ~—
& 015} — '
© L
3
ool { =
0.05| J ]
0.00L_ . e

. 1 ,
0.0 0.1 02 03 04 05 06 07 08
o (nm’)

Figure 14. Surface density of entanglements between free
and grafted chains as a function of the surface density of the
grafted chains for polydisperse samples with number-average
length r = 600 Flory segments for the free chains and number-
average length r = 400 Flory segments for the grafted chains.
The polydispersity indices are as follows: circles, PDI of free
chains = 1.00 and PDI of grafted chains = 1.00; squares, PDI
of free chains = 1.04 and PDI of grafted chains = 1.08;
triangles, PDI of free chains = 1.04 and PDI of grafted
chains = 1.30; diamonds, PDI of free chains = 1.04 and PDI
of grafted chains = 1.50. All samples follow a uniform
molecular weight distribution.

We are mainly interested in investigating the region
where grafted and free chains interentangle. We study
the effect of the surface density of grafted chains on the
surface density of entanglements (entanglements per
unit interfacial area, o?g) between free and grafted
chains. These entanglements would be expected to be
primarily responsible for adhesion at the interface.
When we plot the surface density of entanglements as
a function of the surface density of grafted chains
(Figures 13—15), a peak appears, which is more pro-
nounced for specimens with grafted chains of high
molecular weight and/or low PDI. The observed behavior
(existence of a peak in all cases) can be rationalized as
follows:

At low surface densities the number of the grafted
chains is rather small, and thus the grafted chains are
isolated (surrounded mainly by adsorbed free chains)
and more or less shaped liked a reflected random walk.
Under these conditions, the observed entanglement
density aig is just proportional to the total contour
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Figure 15. Surface density of entanglements between free
and grafted chains, as a function of the surface density of the
grafted chains for polydisperse specimens with average length
r = 600 Flory segments for the free chains and average length
r = 400 Flory segments for the grafted chains. The molecular
weight distributions and polydispersity indices are as fol-
lows: open circles, both free and grafted chains are monodis-
perse; filled circles, PDI of free chains = 1.30 following a
uniform distribution and PDI of grafted chains = 1.00;
triangles, PDI of free chains = 1.30 and PDI of grafted
chains = 1.30, both following a uniform distribution; inverted
triangles, PDI of free chains = 1.30 and PDI of grafted
chains = 1.30, both following a most probable (Flory) distribu-
tion; squares, PDI of free chains = 1.00 and PDI of grafted
chains = 2.70, following a Schultz—Zimm (generalized Flory)
distribution.

length and hence to the number of grafted chains. A
linear behavior between entanglement density and
grafting density under constant number-average mo-
lecular weight of the grafted chains is expected. For the
molecular weights used here, this behavior is seen for
densities up to a value that is not very much dependent
on the molecular weight (about o = 0.05 nm~2).

As the grafting density is increased further, grafted
chains come closer to each other. Furthermore, as a
result of interchain interactions and exclusion by the
interface, they assume more extended conformations.
Nevertheless, there is a relatively broad region over
which grafted and free chains intermingle. This is the
region where a “plateau” of the entanglement density
is observed.

As we go to relatively monodisperse samples with
even higher surface density, we observe a decrease in
the density of entanglements between grafted and free
chains, oﬁg. Obviously, the grafted chains are now so
many that they occupy most of region close to the
surface, excluding free chains. Only few free chains can
penetrate this dense brushlike region in order to create
entanglements with the grafted chains. Similarly, few
grafted chains penetrate the region where mainly free
chains are present. This explanation is supported by
Figures 9 and 16, where the profiles of entanglement
volume density, pfeg, are shown for the monodisperse
case with r = 400 Flory segments (for grafted chains).
In the caption to Figure 16, in addition to reporting the
surface density of the grafted chains, o, in nm=2, we
indicate what fraction of the surface is occupied by
grafted chain ends. We calculate this fraction (N/L) as
N/L (%) = 1000 (in nm~2)IZ (in nm?), where o is the
surface density of grafted chains and Ig the length of
the Flory segment. For low grafting densities we observe
a decaying profile of entanglements, whose range in-
creases as the surface density is increased. For higher
densities entanglements between grafted and free chains
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Figure 16. Density profiles of entanglements between free
and grafted chains for various surface densities of the grafted
chains. The specimen is monodisperse with chain length of 400
Flory segments for the grafted chains and 600 Flory segments
for the free chains. The solid lines from left to the right
correspond to surface grafting densities of ¢ = 0.08 nm™2
(2.93% of the first layer occupied by grafted chain ends), o =
0.40 nm~2 (14.69%), and ¢ = 0.70 nm~2 (25.71%). The dashed
line corresponds to a specimen with ¢ = 0.10 nm~2 (3.67% of
the first layer occupied by grafted chain ends) and the dotted
line to a specimen with ¢ = 0.20 nm~2 (fraction of the surface
occupied by grafted chain ends equal to 7.34%).

display a broad bell-shaped profile centered in an
intermediate region, which lies between a region fully
occupied by grafted chains and a region fully occupied
by free chains. The maximum in the total surface
density of entanglements (o, = /7 py, dz) occurs here
when the density profile of Figure 16 occupies the
largest “area” (i.e., curve with ¢ = 0.10 nm~2). Finally,
for very high surface densities the region of free chains
is pushed away from the interface. In that case the
specimen is mainly composed of grafted chains, and the
region of interpenetration between free and grafted
chains is narrow and pushed to large distances from the
surface.

We have studied the influence of average molecular
weight and of polydispersity on the entanglement
surface density.

In Figure 13 we observe that increasing the molecular
weight of the grafted chains increases the value of the
maximum in number of entanglements per unit inter-
facial area without affecting the surface density of
grafted chains at which this maximum value is ob-
served. For given surface density of grafted chains,
increasing the molecular weight of the grafted chains
causes them to extend further into the region of free
chains. This is clearly seen in the three-dimensional
visualizations of the entanglement network (see Figures
17 and 18; here strands are represented by rods, and
entanglement points and chain ends are represented by
spheres).

In Figures 14 and 15 we study the effect of polydis-
persity on the surface density of the entanglement
points between chains of different types. For low surface
densities the behavior is independent of the polydisper-
sity of the grafted chains. This is expected; at low
surface densities each grafted chain is almost isolated;
the final number of the entanglement points of the
grafted chains with free chains is proportional to the
total grafted chain contour length and thus unchanged
if the polydispersity is changed while keeping the
number-average molecular weight constant. Polydis-
persity affects the entanglement structure only at
higher surface densities. In this regime a “plateau” is
observed, which is higher and more extended for higher
values of the polydispersity. In Figure 14 the data points
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Figure 17. Three-dimensional visualization of an entangle-
ment network with chain length of 400 Flory segments for the
grafted chains and 600 Flory segments for the free chains (both
monodisperse) and with high surface density of the grafted
chains (0 = 0.50 nm™2). Strands are represented as rods.
Grafted chains are represented in red color and free chains in
yellow. The specimen consists of 2048 grafted chains and 866
free chains (64 nm x 64 nm x 74 nm). (a) As-generated
network upon completion of the entanglement pairing proce-
dure. (b) Relaxed network after conformational free energy
minimization. (c) A region of the network close to the interface,
magnified significantly (10 nm x 10 nm).

reported correspond to a polydisperse sample, following
a uniform distribution. In all cases (PDI = 1.08—1.50)
the shortest chain is a monomer. The polydispersity is
increased by adding larger chains. The existence of
larger chains which can form more entanglements
rationalizes the observed increase of oig for all values
of o.

It is worth pointing out that the entanglement picture
described above is in accord with the SCF results. To
realize this, we plot in Figure 19 the volume fractions
of segments belonging to free and grafted chains, based
on our self-consistent field calculations, for two of the
cases shown in Figure 16: ¢ = 0.08 nm=2 (2.93%
occupancy of the surface by grafted chain ends) and
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Figure 18. Three-dimensional visualization of entanglement
networks. Grafted chains are shown only. (a) View parallel to
the interface of a network with chain length of 400 Flory
segments for the grafted chains and 600 Flory segments
for the free chains (both monodisperse) and with high sur-
face density of grafted chains (¢ = 0.50 nm~2). The number
of grafted chains is 2048. The size of the shown region is 64
nm x 64 nm x 48 nm. (b) View of the same network normal
to the interface. (c) Network with low surface density of the
grafted chains (o = 0.10 nm~2). Strands are represented by
rods and entanglement points by spheres. The number of
grafted chains is 58, and the number of free chains (not shown)
is 74. The size of the region occupied by the grafted chains is
24 nm x 24 nm x 12 nm.

o = 0.40 nm~2 (14.69% occupancy of the surface by
grafted chain ends).

We clearly see that the region where both grafted and
free chains coexist is broader in the case with the lower
(~3%) surface density compared to the case with the
higher surface density (~15%).

Along with the volume fractions of the free (dashed
line) and grafted (dotted line) chains in Figure 19 we
show their product (solid line). By means of this product-
(pger), we can define an equivalent width of the interface
between grafted and free chains as f¢q@r dz. In doing
so, we find that this interfacial width is a very good
indicator of the entanglement surface density, at least
for monodisperse samples (Figure 20). Actually, we can
convert the width (derived from the SCF results) to an
entanglement surface density provided we have an
estimate of the average (volume) entanglement density
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Figure 19. Volume fraction profile of the free chains (dashed
lines) and of the grafted chains (dotted lines) for a monodis-
perse sample with chain length 400 Flory segments for the
grafted chains and 600 Flory segments for the free chains. The
lines closer to the interface correspond to a grafted chain
surface density of 0.08 nm~2 (2.93% occupancy of the first layer
by grafted chain ends), and the other two lines correspond to
a dense sample with grafted chain surface density of 0.40 nm~2
(14.69% occupancy of the first layer by grafted chain ends).
In the same figure we plot the product gg¢s of the volume
fraction of the grafted chains times the volume fraction of the
free chains (solid lines). The integral of this quantity provides
an estimate of the extent (width) of the region in which both
grafted and free chains coexist.
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Figure 20. Surface density of entanglements between free
and grafted chains as a function of the surface density of the
grafted chains for a monodisperse sample with chain length
r = 600 Flory segments for the free chains and r = 400 Flory
segments for the grafted chains. The solid line represents data
points from generating specimens of various sizes, always
larger than (100 A x 100 A x 200 A). The dotted line
represents the values of the entanglement surface density as
estimated from the width f@free@graied dz through eq 13. To
convert from width to entanglement surface density, we
multiply by the average entanglement volume density p°. Here
we have used the value p® = 0.0369 nm~3, which is the average
value of entanglement densities used in the generation of
various specimens.

of the sample we study. For each specific surface density
of the grafted chains we use an average entanglement
density value p®, defined as the total number of en-
tanglement points over the volume of the specimen
generated (observed values of p® range from 0.0364 to
0.0374 nm~3). The entanglement surface density esti-
mated from the SCF results is given by the expression

Oty = 20° [y dz (13)

and is plotted in Figure 20 (dotted line and circular data
points). Excellent agreement is observed for low surface
density of the grafted chains. For high surface densities
the values estimated (from the “SCF” widths) are a bit
higher. This is most probably because the SCF-based
calculation ignores chain orientation effects which come
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Figure 21. Surface density of entanglements between free
and grafted chains as a function of the surface density of the
grafted chains for a sample with monodisperse free chains of
length r = 600 Flory segments and polydisperse grafted chains
of number-average length r = 400 Flory segments and PDI ~
2.7 following a Schultz—Zimm distribution. The solid line
tracks results from generating specimens of various sizes, and
the dotted line shows estimated values of the entanglement
surface density, as derived from the width f¢pe dz through
eq 13, using p® = 0.0369 nm~2.

into play at high surface grafting densities. It is known
(see third column in Table 2 of ref 5) that at high surface
density of grafted chains both grafted and free chains
are ordered along a direction perpendicular to the
interface (positive values of the order parameters). As
this ordering is present in the region where the grafted
and free chains interentangle, a lowering of the number
of entanglements is expected.

In Figure 21 we investigate the more realistic poly-
disperse case, in which the grafted chains follow a
Schultz—Zimm molecular weight distribution with
PDI ~ 2.7. A qualitative difference is observed between
the network specimen and the SCF-based predictions
for high surface densities of the grafted chains. The
entanglement surface density estimated from the SCF
width is much higher than that calculated from the
generated specimens. This behavior can be understood
if we recall that samples following a Schultz—Zimm
molecular weight distribution contain a relatively large
number of chains of low molecular weight (even mono-
mers), which by definition are incapable of participating
in the creation of an entanglement point. The value we
use for p° in order to estimate a]?g matches the value
reported from network generation at a grafted chain
surface density o = 0.10 nm~2. Its use in eq 13 leads to
a slight underestimation of the oﬁg for 0 < 0.10 nm™2
and to a gross overestimation of og, for o > 0.10 nm~2,

In Figure 22 we investigate a polydisperse case in
which the molecular weight distributions of both grafted
and free chains follow a lognorm molecular weight
distribution. This is believed to be the most representa-
tive of actual PP samples used in experiments.'® This
specimen contains free chains of average length r = 600
Flory segments (PDI ~ 4.7) and grafted chains of
average length r = 400 Flory segments and PDI ~ 3.3.
It is designed to mimic the sample used in refs 3 and 4.
In this case we observe that the entanglement surface
density estimated from the SCF width does not deviate
very much from that calculated from the generated
specimens. This behavior is understood in comparison
to the previously studied case of samples following a
Schultz—Zimm molecular weight distribution by recall-
ing that, in the lognorm molecular weight distribution,
there is a minimum chain length much larger than one
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Figure 22. Surface density of entanglements between free
and grafted chains as a function of the surface density of the
grafted chains for a polydisperse sample with free chains of
average length r = 600 Flory segments (PDI ~ 4.7) and grafted
chains of average length r = 400 Flory segments and PDI ~
3.3, both following a lognorm molecular weight distribution.
The solid line tracks results from generating specimens of
various sizes, and the dotted line shows estimated values of
the entanglement surface density, as derived from the width
J@ipg dz through eq 13, using p® = 0.0369 nm~3.

Flory segment (here 26 Flory segments). Figures 21 and
22 are in qualitative agreement with the experimental
data (refs 3 and 4), as they predict an increase in
adhesion at least up to a grafting density of 0.10 nm~2,
which is the maximum grafting density that can be
achieved experimentally.

4. Conclusions

In the present work we have shown that (a) an
interfacial entanglement network can be generated from
the distribution functions derived from a self-consistent-
field model of a solid/polymer interface strengthened
with grafted chains and (b) the conformational and
configurational profiles recovered from the generated
networks are in agreement with the self-consistent-field
theory predictions. In the generation procedure we place
entanglement points at equal distances along the con-
tour of each chain. This distance is representative of
the experimentally measured molecular weight between
entanglements. The placement of nodal points in the
direction perpendicular to the surface (z-direction) fol-
lows the statistical weights of the SCF theory. The
positions of the nodal points of each chain parallel to
the interface obey Gaussian statistics. By pairing the
nodal points, while at the same time trying to avoid
overstretching of chains, a network of entanglement and
chain end points is generated. The specimens created
in this way are relaxed with respect to the conformation
of chain strands between nodes through a Monte Carlo
procedure designed to minimize the elastic free energy
of the network.

The generation procedure (with the exception of low
molecular weight monodisperse samples) is rather time-
consuming. The degree of difficulty increases abruptly
with the polydispersity index, as for samples of high
polydispersity very long chains have to be accom-
modated within the specimens, strictly following the
SCF statistical weights.

Given that the ultimate mechanical properties of the
PP/PAG are to be studied, we are mainly interested in
investigating the region where grafted and free chains
interentangle. For monodisperse networks, a maximum
is observed in the number of entanglements between
grafted and free chains per unit area of the interface,
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o‘f*g, for some specific value of the surface density of the
grafted chains. The maximum is enhanced as the length
of the PP chains is increased. In experiments employing
monodisperse polymers, this observation would predict
that there is an optimal surface density of grafted chains
for best adhesion.

Investigating more realistic (at least as regards the
PP homopolymer) specimens of high polydispersity
indices, we find that the number of free and grafted
chains interentanglements per unit surface, oﬁg, still
depends linearly on the grafted chain surface density
for low surface densities. Now, however, no peak is
observed in og; instead, a plateau value is reached for
cases of intermediate PDI. For the high PDI (compa-
rable to the PDIs usually reported for PP) samples, a
monotonic increase of o?g as a function of the surface
density of the grafted chains is seen, toward a plateau
value. The information we get from the systematic study
of network specimens is shown to be consistent to the
predictions of a simple model for the width of grafted
and free chains interpenetration based on the SCF
density profiles, provided the surface grafting density
is not too large.

The procedure followed in this work in order to
generate an entanglement network is rather general;
it can easily be applied to polymeric systems of different
chemical constitution and topology.

Finally, we would like to point out that, although our
assumption for the distribution of entanglement points
along the contour could be criticized as rather arbitrary
and unrealistic, it is a good starting point; currently,
there is no experimental information on the distribution
of interentanglement spacing along the chains. More
information on this distribution is expected to be
acquired soon from atomistic simulations.®
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