Macromolecules 2004, 37, 8145—8151 8145

Computer Simulations of Chains End-Grafted onto a Spherical Surface.

Effect of Matrix Polymer
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ABSTRACT: Linear flexible polymers of Ny monomers, end-grafted at the density ¢ onto a spherical
surface of radius R (“hairy sphere”), including the case of a flat impenetrable wall (R — ), are simulated
using the cooperative motion algorithm. The simulations have been carried out for a wide range of
parameters characterizing the hairy surfaces (Ng, o, and R) and concern in more detail the influence of
length of chains constituting the surrounding medium on the anchored ones. This is achieved by gradual
varying the polymerization degree N of the matrix chains between the two extremes of a dense melt of
identical chains (N = Ng) and a simple solvent consisting of nonbounded beads (N = 1). The analysis of
the properties of the grafted layer is based on concentration profiles, distributions of polymer centers of
mass, and distributions of free ends of chains. Moreover, some of the scaling relations and analytical

formulas predicted for grafted chains are tested.

Introduction

The interface between thin films of end-grafted poly-
mers (brushes) and mobile, unconstrained chains has
been the subject of intensive experimental and theoreti-
cal research due to a rich variety of areas in which such
systems can be useful. For instance, the technological
applications of grafted layers include dielectrics, bio-
medical devices, adhesives, paints, and inks. A number
of measurement techniques have been used to inspect
brushes suspended in polymer matrices in order to
tackle such problems as various interactions between
these two components, dispersion of anchored random
copolymers, and wetting and dewetting phenomena.l~%

Conformations of polymers grafted onto a surface both
in a pure solvent and in a polymer melt were for the
first time discussed theoretically by means of scaling
relations and, depending on Ng, N, and o, provided
various concentration profiles for the grafted layer.”8
More recently, scaling laws were also used to describe
the dependencies of brush thickness on system param-
eters and to study the penetration phenomena on the
interface between the brush and surrounding melt.®~11
Furthermore, the most detailed and quantitative infor-
mation on the above issues to date has been obtained
by self-consistent-field (SCF) approaches and mean-field
theories that, among others, bring about a parabolic
concentration profile of the grafted chains in a pure
solvent.'2722 Chain dynamics and static properties in
polymer brushes that are in contact with a solution of
the same polymers have also been examined using
computer simulations.?3-26

In this paper we complement the simulation studies
of interaction of a spherical particle with linear
chains.252% In particular, we continue our interests in
polymers permanently grafted to a spherical surface
with one of their ends and consider in more detail the
effect of variable polymerization degree of the surround-
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ing matrix chains on the anchored ones. To the best of
our knowledge, the question of polymers end-grafted to
curved surfaces under melt conditions is, unlike the case
of flat interfaces, of poorer documentation in the
literature.?”—30 Refs 29 and 30 are concerned with the
interactions between relatively large hairy spheres
immersed in a melt of chemically identical and different
chains. The curvature of the particles is taken into
account by incorporating the so-called Derjaguin ap-
proximation, whereas in ref 28 Alexander—de Gennes
scaling ideas are adapted to describe conformations of
stars in high molecular mass solvents. Also, molecular
dynamics simulation studies of polymers end-grafted to
a flat surface and immersed in a melt of free chains have
been performed.3?

Here, both spherical and flat brushes are revisited by
performing lattice Monte Carlo simulations. As in the
previous papers,2>26 we benefit from the cooperative
motion algorithm (CMA) that enables to investigate
systems both in the extreme of very high value of the
surface coverage and monomer concentrations.3? In
particular, this algorithm has successfully been applied
in the studies of a variety of systems of polymer melts
confined between parallel walls where both qualitative
and quantitative results have been obtained. Actually,
among others, the latter include correct chain length
dependencies of the mean-squared end-to-end distance
and the mean-squared radius of gyration. Furthermore,
a good agreement between the simulated results and
the predictions of the self-consistent-field theory has
been found.33-35

In this paper, the simulations are performed for
grafted layers immersed in various matrices consisting
of chemically identical polymer species. The type of the
matrix is varied by keeping the length of the grafted
chains Ng constant and gradually changing that of the
medium ones N from the situation in a dense melt (N
= Ng) to that in a simple solvent represented by single
beads (N = 1). The static properties of the layer are
considered, and the results characterizing its configura-
tions are reported. Since the only interaction present
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is the excluded volume, all of the recorded effects are
athermal.

Model and Numerical Procedure

The systems considered here consist of free and end-
grafted linear chains modeled on the face-centered-cubic
lattice with periodic boundary conditions. A linear chain,
in turn, is made out of N successive beads connected by

rigid bonds of length a = c/v/2, where c is the lattice
constant. The length unit chosen here is c¢/2. Further-
more, the configurations are tossed using the coopera-
tive motion algorithm (CMA) in which one simulation
step is carried out by shifting both single beads and
chain elements collectively along a randomly generated
closed loop. A part of the chain is considered movable if
its local conformation can be changed by subsequent
translating of one or a few beads, each by one lattice
site. Since no bonds are broken while performing such
a move, the sequence of beads in the chain and its length
are preserved.

Complementary to ref 26, in the present paper, the
length of the matrix elements is gradually varied from
N = 1 (solvent molecules) to N = Ng (polymers identical
to the grafted ones). In the studies we concentrate on
systems containing chains end-grafted onto the outer
surface of a sphere as well as on a hard wall. The latter
is represented by a two-dimensional set of lattice sites
resulting from breaking the periodic boundary condi-
tions in one direction.

The simulation parameters include the surface cover-
age o, sphere radius R, and the lengths Ng and N of the
end-grafted and matrix chains, respectively. The cover-
age o is defined as

o =nyn, 1)

where ng is the number of the end-grafted chains and
ns stands for the total number of lattice sites represent-
ing the spherical surface. A lattice site belongs to the
spherical surface if it does not belong to the sphere but
at least one of its 12 neighbors does.

The simulated systems are characterized by means
of the monomer concentration profile of the end-grafted
polymers as a function of the distance from the surface,
pm(z), defined as

Pm(2) = 0, 1(2)/N 1, (2) )

where [hy[{z) denotes the average number of the end-
grafted polymer beads with distance to the interface
between z and z + Az, and nja(z) is the total number of
the lattice sites in this layer. The concentration profile
of the free ends, pr(z), of the grafted chains is defined
similarly

Pre(2) = M [UZ)/N;5(2) ®3)

with [Me[(z) standing for their average number. The
calculation of concentration profiles is complemented by
examining the distribution of polymer centers of mass,
heml(z), related to the layer volume, V(z)

pcm(z) = m\‘cmmz)/\/(z) 4)
The monomer concentrations of grafted and free chains
at any z are such that their sum is always one.
Results

In the first part of the presentation of our results, we
concentrate on the influence of various o and R on the
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Figure 1. Schematic illustration of the extreme cases of the
considered model systems: the hairy sphere in a good low
molecular solvent (a) and in a polymer melt (b).

properties of the grafted chains in various environments
(see Figure 1). The schematic pictures shown refer to
the two limiting types of matrices surrounding the hairy
sphere: a pure solvent of single beads N = 1 and a dense
melt of identical polymers N = Ng.

In Figure 2a,b the monomer concentration profiles pm-
(z) of the grafted chains are plotted vs distance z from
the sphere surface for Ny =50, 0 =1, 0.8, 0.69, 0.5, 0.2,
and for two different values of the sphere radius R = 3
and 10. Subsequently, in Figure 2c we present pm(z)
determined in the limiting case of a flat wall (R — ).
In agreement with the earlier molecular dynamics
simulations of linear chains attached to a flat surface,3!
the figures well indicate that pm(z) monotonically in-
creases with increasing o and decreases with z for fixed
values of the other parameters. It is true for both the
simple solvent and a highly concentrated melt. Figure
2b,c also indicates that in the case of the melt and for
sufficiently high o there is a finite layer where the
monomer concentration of the anchored chains is both
large and almost constant. This means that under such
conditions the free polymers are practically prevented
from exploring the neighborhood of the surface. More-
over, the profiles change from concave to convex as the
curvature of the sphere decreases. It is also worth
noticing that for the chains grafted to the surfaces with
R = 10 and « and immersed in the good solvent (N =
1) there exists a depletion of p, near the surface that is
better pronounced for smaller ¢ (e.g., 0 = 0.2). Such a
transition to a parabolic-type profile accompanied by a
decrease in the monomer concentration near the surface
has already been reported in the papers concerned with
off-lattice Monte Carlo simulations.3¢37 The effect equiva-
lent to the saturation of density near the grafting
surface has also been observed in simulated melts of
multiarm stars,3 which one can consider as hairy
spheres with extremely small core. For the stars with
number of arms exceeding nearly 25 an intramolecular
density reaching density of a bulk system has been
observed.

In Figure 3 we have compared the simulation results
obtained for the smaller hairy sphere R = 3 immersed
in various melts (various N) with the scaling predictions
proposed for star polymers in high molecular weight
solvents.?®8 The theory argues that close to the star
center

pm(r) ~ 1 (5a)

whereas at larger distances r from it
(1) ~ r74/3n92/3N1/3 (5b)
As indicated by the figure, we do not find a satisfactory
agreement with the theoretical formulas. Actually, even

in the linear scale, there are no clear intervals of (r/
Ng)~*® within the layers, where the curves could be
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Figure 2. (a) Monomer concentration profiles pn(z) as a
function of the distance z from the sphere surface in a pure
solvent (N = 1) and dense melt (N = Ng) for chains with Ng =
50 grafted to the sphere with the radius R = 3 and for various
o. (b) Same as in (a) except R = 10. (c) Same as in (a) except
Ng = 80, R — oo; continuous lines are fits defined by eqs 6 and
7.
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Figure 3. Test of the scaling relation for the “hairy sphere”
of radius R = 3 in the melts of chains with various N.

considered straight lines. We can only argue that the
scaling relations are better approached for smaller
values of N.

In the hard wall case, in turn, the hyperbolic tangent
form
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pm(z) = {1 — tanh[(z — h)/q]}/2 (6)

(with h and g as the parameters) provides almost a
perfect fit to the data for the grafted chains in a melt of
long free chains (N = Ng) and a wide range of higher o
(0 = Ng™%2),18.29.80 a5 shown in Figure 2c. In the other
extreme of a simple neutral solvent (N = 1) the SCF
exponential function12-14

Pm(@) =1 — exp[—K*(h* — 2] ()

(with h and k as the parameters) provides a reasonable
fit to the concentration profile in the “scaling regime”
for almost all o as well. However, unlike the theoretical
prediction concerning k, we find that this parameter
does reveal some dependence on o. A number of ex-
amples of the fitting curves are shown in Figure 2c by
continuous lines.

Next, we turn to test the scaling relations for the
brush width and penetration length of the melt into the
flat brush. This has been done in two ways: by using
the fitting formulas (6) and (7) (a) and by direct
graphical differentiation and integration of the simu-
lated concentration distributions (b). Actually, h in (6)
and (7) and 2q in (6) are interpreted as the brush height
and penetration length, respectively, and as such can
be directly read out from the fits.12-1418 The penetration
length of the simple solvent into the grafting layer can,
in turn, be determined from the definition18

A= —~{0paloz} s (8)

On the other hand, less formally, h can also be deter-
mined by graphical integration

_, S bz dz
mem dz

whereas 4 by graphical differentiation of the simulated
concentration profiles using (8).

The results obtained in such ways for fixed Ny are
presented in Figure 4. The scaling relations predicted
for h and 4 read

h (9)

h~ ¢* (10a)
A~of (10b)

with o = 1, § = —1/3 in the dry brush and long chain
solvent regime, and a. = /3, 8 = —1 in the wet stretched
brush regime.®3031 As indicated in Figure 4a, the
relation (10a) is well-fulfilled for both regimes. Only for
the smallest ¢ some discrepancy from linearity is
present for the dry brush and long chain solvent case
using eq 9. With respect to 1 (Figure 4b), the obtained
results might be considered linear in the logarithmic
scale only for the dry brush regime, though the expo-
nents are different from the theoretical values. Actually,
a linear fit to the points obtained with (8) leads to § ~
—0.65, whereas to the ones found with (6) g ~ —0.55.
In the other case, with the use of (8) and the differential
function of (7), the obtained scaling behavior of 1 is
entirely different from that predicted theoretically.
Actually, clear discrepancies from linearity are well
seen, and we find that in the limit of very dense grafting
the penetration length of the solvent into the layer is
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Figure 4. Tests of the various scaling predictions concerning
(a) the width of the flat grafted layer, h, and (b) the penetration
length of the mobile molecules into the brush, .

smaller than foreseen by the scaling formula. Thus, we
do not find a satisfactory, quantitative confirmation of
the scaling relations describing the penetration length.
In the dry brush and long solvent regime the agreement
might only be seen as qualitative. The discrepancy
results primarily from the incorrect limits which the
scaling relations predict for the range of ¢ approaching
1. The penetration length should in this range become
0. Simulation results show clearly this tendency, but
according to the scaling laws nonzero values are ex-
pected. Increasing chain length in the simulated sys-
tems can probably improve the agreement with the
scaling prediction in the range of small ¢ but cannot
remove the discrepancy completely.

Next, we describe the free chain-ends concentrations
pre(2) that are shown in Figure 5a—c for various R and
o. In accordance with the earlier observations,36:37 their
shape is such that they are no longer monotonic func-
tions of z but grow from low values near the grafting
surface up to a clear maximum at some z and subse-
quently drop to zero. Both for the good solvent and for
the melt, the larger o the higher maximum located
further away from the surface. Furthermore, in some
cases of the melt matrix and lower surface coverage, the
concentration of the free ends is finite at the surface.

For the flat layer in the pure solvent we have fitted
pre With the SCF function of the form

f(z) = gz exp[—K3(h* — Z22)](h* — 2)Y?O(z — h) (11)

(9, k, h = the fitting parameters) which comes from the
approximation of the Dawson integral D(t)!?

D(t) ~ exp(—t2)t (12)
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Figure 5. (a) Concentration of the free ends pr(z) as a function
of the distance z from the sphere surface in a pure solvent (N
= 1) and dense melt (N = Ny) for chains with Ng = 50 grafted
to the sphere with the radius R = 3 and for various coverage
o. (b) Same as in (a) except R = 10. (c) Same as in (a) except
Ng = 80, R — oo; continuous lines are fits defined by eq 11.

Equation 11 provides a very good fit to the computed
distributions of grafted chain ends for a wide range of
o indeed. Some examples of the curves obtained in such
a way are shown in Figure 5c, whereas In(h/Ng),
interpreted as the brush width, vs In(o) is also included
in Figure 4a. One can see again that (11), (7), and (9)
bring about very similar scaling behavior of the brush
width. However, unlike the theoretical result, we find
again that the parameter k reveals some dependence
on o.

In Figure 6a,b we show the distributions of the
grafted—-polymer centers of mass pcm(z) (CM profiles)
for R = 3, 10 and for various o. Similarly to the
concentration of the free ends, pcm raise from nearly zero
at the particle surface up to a clear maximum and then
go down to zero again with increasing z for the given
R, Ng, N, and o. The figures also present that the CM
profiles reveal a strong monotonic dependence on o for
larger values of which are sharper with higher maxi-
mum. Furthermore, as for pr, the resulting distributions
possess higher maxima with positions shifted toward
the particle surface for the melt matrix. All of these
observations correspond with the results obtained for
the hard wall system shown in Figure 6c.

In the rest of the paper, the effect of varying chain
length N of the matrix on the anchored polymers is
presented in a bit more detail. In Figure 7a,b the
concentration profiles pm(z) of the grafted chains are
plotted vs distance z from the sphere surface for Ng =
50,0=1,0.69, 02, N=1,5, 10, 25, 50, and for two
different values of the sphere radius R. The effect of
varying the solvent chain length N on pm(2) is such that,
for higher surface coverage o = 1 and 0.69, the profiles
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Figure 6. (a) CM concentration p.m(z) as a function of the
distance z from the sphere surface in a good solvent (N = 1)
and dense melt (N = Ng) for chains with Ny = 50 grafted to
the sphere with the radius R = 3 and for various coverage o.
(b) Same as in (a) except R = 10. (c) Same as in (a) except Ng
=80, R — .

change from concave in the case of N = 1 to convex for
the melt matrix with N = Ng. They do not change their
shape so dramatically for smaller ¢ = 0.2, though some
effect of N is also present. Actually, it is worth noticing
that, for the chains grafted to the larger sphere and
immersed in the good solvent (N = 1), there exists a
depletion of the monomer concentration near the par-
ticle surface (e.g., o = 0.2) which disappears with
increasing N. Subsequently, the consideration of the
monomer concentration profiles is complemented with
Figure 7c, where pm, for Ng = 80, o = 0.25 and for various
lengths of matrix chains, N, are shown in the limiting
case of a flat wall (R — ). The observed influence of N
on the brush density profiles is similar to what is found
for the interface with the finite radius R = 10 and o =
0.2. In particular, a depletion of the monomer concen-
tration is seen only for the simple solvent conditions.

Next, we analyze the free chain-ends concentrations,
pre(z), which are shown in Figure 8a,b for R = 3, 10 and
for 0 =1, 0.2. The pictures indicate how the medium in
which the hairy sphere is immersed influences the
profiles of free ends of the grafted chains. Actually, for
both the larger and smaller sphere, the observed
tendency is such that the larger N the higher maximum
that is located closer the sphere surface. In particular,
this is also the case for chains grafted to a flat surface,
which is presented in Figure 8 c. Furthermore, for N =
Ng, R = 10, and R — o, the concentration of the free
ends is finite even at the surface, which means that a
small fraction of the ends concentrate in that region.
This crates grafted chain loops. The observations made
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Figure 7. (a) Monomer concentration profiles pm(z) as a
function of the distance z from the sphere surface for chains
with Ny = 50 grafted to the sphere with the radius R = 3 for
various N and o. (b) Same as in (a) except R = 10. (c) Same as
in (a) except Ng = 80, R — .
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Figure 8. (a) Concentration of the free ends pr(z) as a function
of the distance z from the sphere surface for chains with Ny =
50 grafted to the sphere with the radius R = 3 for various N
and o. (b) Same as in (a) except R = 10. (c) Same as in (a)
except Ng = 80, R — oo,

for pre and pm are again in qualitative agreement with
the findings of ref 31, though we do not see oscillations
of pm in the vicinity of the surface (due to the fact that
our simulations are performed on the lattice).

In Figure 9a,b we show the CM distributions for the
grafted-polymers for R = 3, 10 and for 0 = 1, 0.69, 0.2.
The observed effect of various N on the distributions of
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Figure 9. (a) CM concentration p.m(z) as a function of the
distance z from the sphere surface for chains with Ny = 50
grafted to the sphere with the radius R = 3 for various N and
o. (b) Same as in (a) except R = 10. (c) Same as in (a) except
Ny = 80, R — .

the chain centers of mass is again similar to that for
the free ends. Actually, the anchored polymers im-
mersed in the dense melt are more compressed, and as
a result, most of their CM points concentrate closer to
the interface. This is also the case for the flat grafted
layer shown in Figure 9c.

Next, in Figure 10a,b, we present some properties of
the chains that constitute the “medium” surrounding
the hairy sphere. In particular, we concentrate on the
normalized distributions of their ends pmmn(z) and
centers of mass pmm cm(z). Briefly speaking, Figure 10a
indicates that pm decreases its value as z approaches
the particle surface; i.e.,, to some extent the chains
constituting the matrix are prevented from exploring
the neighborhood of the sphere by the grafted ones. This
kind of effect is more pronounced for higher values of
o. Moreover, in the extreme of small surface coverage,
prm,n does not drop monotonically but reveals an increase
for z close to 0. The effect of N on the profiles is such
that very near the sphere the longer the matrix chains
the lower the concentration of their ends, though there
is an exception to that rule for ¢ = 0.69, N = 25, 50.
Qualitatively, the behavior of the CM profiles pfm,cm
shown in Figure 10b resembles that of pn with the
difference that they fall down to zero from a local
maximum in the vicinity of the interface. The effect of
maxima in the CM profiles for the matrix chains in the
range of low z indicates a kind of trapping of these
chains near the particle surface.

Summary

Using the cooperative motion algorithm, we have
performed simulations of linear polymers end-grafted
to a spherical surface as well as to a flat wall considered
as a limiting case (R = ). For various values of the
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Figure 10. (a) Normalized concentration of the chain ends
pim,n(2) of the matrix chains as a function of the distance z from
the surface of the grafting sphere with R = 10 for various o
and N. (b) Center-of-mass profile pm,m(z) of the matrix chains
as a function of the distance z from the surface of the same
sphere as in (a) for various ¢ and N.

radius of the grafting sphere, surface coverage, and
chain lengths, we have examined concentration profiles
of chain monomers, free chain ends, and chain centers
of mass. In agreement with the other simulation studies,
we have found that these quantities are sensitive to
changes of the interface radius, the surface coverage,
and the surrounding matrix. For instance, as the
curvature of the interface decreases, the monomer
concentration profiles approach the case of a flat graft-
ing plate. Furthermore, there is a depletion of this
guantity near the surface for the matrix of single beads
and for low surface coverage. Subsequently, with respect
to the concentrations of the free chain ends and centers
of mass, we have found that they reveal clear maxima
at some distance from the particle surface. The shape
and height of the latter, for the fixed chain length, are
determined by the surface coverage, too.

We have also fitted the data with various theoretical
formulas describing the monomer concentration profiles
and concentration of the free chain ends for the dry
brush long solvent regime and stretched wet brush
regime for the impenetrable grafting plane. The fitting
parameters along with the data itself were than used
to checked out the scaling relations with respect to the
layer width and the penetration length of the melt into
the layer. Whereas, the former corresponds very well
with the theory quantitatively, the latter does not, and
the correspondence might be seen as only qualitative.

Special attention has been paid to inspecting the effect
of changing matrix parameters. The length of the
polymers constituting the media has also been consid-
ered as a variable with the limits N = 1 and N = Ny
referring to the two extremes of a good simple solvent
and a polymer melt, respectively. Among others, our
simulations have well shown that for longer matrix
chains the anchored ones reveal a tendency to take more
shrunken forms, i.e., to concentrate in the vicinity of
the interface. This kind of conclusion is supported by
the observation that the maximal values of the free ends
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and CM profiles undergo a shift toward the surface as
N increases.

Finally, with the respect to various N and g, we have
examined the properties of the free chains constituting
the surrounding media. Especially for high surface
coverage, these chains are prevented from exploring the
neighborhood of the surface. As a result, a reduction in
the number of chain ends and the centers of mass has
been found. Moreover, some influence of changing N is
also present.
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