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ABSTRACT: A numerical self-consistent-field model is used to calculate the equilibrium properties of an
end-grafted polymer “brush” with a bimodal molecular weight distribution immersed in a good solvent. We
find that the longer chains stretch significantly more than the shorter chains in the region near the interface,
irrespective of the molecular weight difference or composition. As a result, vertical segregation between the
segments of the shorter and longer chains occurs. In systems where the difference in molecular weight
between the two chains is small, the longer chain ends are localized at the brush edge. Segment density
profiles of two symmetrical brushes compressed together show that stratification persists under compression.
The effect of finite molecular weight on the bimodal brush structure is similar to that in monodisperse
systems. However, there is also an unpredicted, strong dependency of various aspects of chain configuration
on the molecular weight ratio and composition of the bimodal brush.

Introduction

Polymer brushes are composed of chains that are
attached, or grafted, by one end to an impenetrable, usually
noninteracting interface. In systems where the grafting
is dense, i.e., the distance between graft points is small
compared to the polymer chain dimensions, strong overlap
among neighboring chains is enforced. Consequently, the
chains deform and stretch in the direction perpendicular
to the interface forming a “brushlike” structure.!* Ap-
plicability to colloidal stabilization, surface modifiers,
adhesives, and polymeric amphiphiles has led to extensive
study of these systems.!?

Enhanced performance of polymeric brushes requires
fine control of brush parameters. Most applications
involve either direct interactions (for example, in adhesion)
or response to flow (such as in colloid stabilization). Both
interactions and hydrodynamic response are governed, to
alarge extent, by the properties of the outer brush edge.?¢
Successful utilization of polymeric brushes necessitates,
therefore, control of the outer brush structure.

Polydispersity, which is an important, and often un-
avoidable, feature of polymer systems, has been shown to
affect the brush structure strongly.”'! Anunderstanding
of the relationship between the molecular weight distri-
bution and the brush properties is thus essential. More-
over, an imposed molecular weight distribution may be
thereby used to engineer the brush structure according to
specific needs. A monodisperse brush has only two
controllable parameters, namely, the chain molecular
weight and the grafting density.!* However, a controlled
molecular weight distribution offers a larger number of
variables. The polydisperse brush structure can thus be
tailored to specifications.

Of special interest is possible localization of specific chain
ends at the outer brush edge. In the monodisperse brush,
most of the chain ends are buried in the brush interior,
and there is no control over the small fraction of ends
which does extend to the outer brush. On the other hand,
in a polydisperse brush there may be a way of forcing
certain chain ends (for example, the ends of the longest
chains) to the outer surface.?® By placing a particular
functional group only on those protruding chain ends, the
outer brush surface could be economically modified to
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Figure 1. Biomodal brushes. (a) A longer test chain in a short-
chain brush: The longer chain stretched through the inner region
adjacent to the surface, thereby reducing the interaction energy.
(b) A shorter test chain in a longer chain brush: The shorter
chain is immersed in a nearly uniform environment, so that
stretching would not reduce the interaction energy. Collapse,on
the other hand, leads to a gain in entropy. (c) Interactions
between compressed bimodal brushes. The interpenetration
region is that where chain segments from both brushes overlap.

perform desired functions (e.g., specific binding or ad-
hesion). The brush affinity to other surfaces and response
to flow can thereby be controlled without affecting the
interior brush structure, thereby maintaining, for example,
a robust steric barrier.

In this paper, we investigate a bimodal molecular weight
distribution as a model system for polydispersity. A
bimodal brush consists of a mixture of shorter and longer
chains and can be crudely divided into two regions: the
inner layer, which is adjacent to the surface and contains
both short- and long-chain segments, and the outer layer,
which contains only segments of the longer chains (Figure
1). Inagood solvent, the configurations of densely tethered
chains are determined by a balance between interaction
energy and chain entropy, or elasticity.>* The interaction
energy increases with the local segment concentration,
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while entropy is inversely proportional to the degree of
chain stretching. In a brush containing only a small
fraction of longer chains (Figure 1a), the segment con-
centration in the outer brush is small. Strong stretching
of the longer chains increases the number of segments in
the dilute outer layer and, therefore, significantly reduces
the interaction energy in the inner layer. The entropic
loss due to additional long-chain stretching is, in this case,
balanced by the gain in interaction energy. However, in
a brush where a small fraction of the chains are shorter
(Figure 1b), there is no significant concentration gradient
between the inner and outer layers. Theinteraction energy
of the shorter chain segments cannot be appreciably
reduced by stretching, so that the short chains retain their
random coil configuration.

The two main features of polydisperse brushes emerge
from this qualitative discussion: wvertical segregation
between chains of different molecular weight, and the fact
that coexisting shorter and longer chains may be distin-
guishable by their local degree of stretching.

The relationship between the molecular weight distri-
bution and brush properties has been studied theoretically,
using a self-consistent-field model (SCF)®? for infinitely
long chains. In SCF models, the configurations of the
chains, and hence the monomer density distribution, are
described as subject to a mean field, position-dependent
chemical potential, arising self-consistently from the
segment density profile.!>1® The similarity between the
dominant configuration of a strongly stretched chain and
the trajectory of a classical particle can be employed to
obtain an analytical segment density distribution function
in this limit of high molecular weight. Brush properties,
such as thickness and distribution of chain ends could
then be calculated as a function of molecular weight
distribution. The overall brush height was predicted to
vary ag9!!

L= ()" N+ a-py M
Here, o is the dimensionless surface density, namely, the
number of chains per unit area, and N, (Vo) is the molecular
weight of the shorter (longer) chains. f is the fraction of
shorter chains in the brush, and « is a measure of the
molecular weight disparity, equal to (No/N; - 1). The
excluded volume parameter, v,13*is unity in good solvents.
It is important to note that, although in monodisperse
brushes the thickness increases linearly with chain mo-
lecular weight, the bimodal brush thickness is not pro-
portional to the average chain molecular weight, i.e., fN;
+ (1 - f)N..

Vertical segregation between the short- and long-chain
ends was predicted®® to occur in the bimodal brush. The
inner layer could thereby be defined as the region from
which the longer chain ends were excluded, equal to891!

5= (1220)1/3N1{1 - =-prepe 2
T

The inner brush thickness is therefore expected to be
independent of the molecular weight ratio, a. Similarly,
the distribution of the shorter chain ends was also predicted
tobe independent of the longer chain molecular weight. 1!
In the limit of low f, namely, a brush containing only a
small fraction of shorter chains, the inner brush thickness
goes to zero. The shorter chains are, therefore, expected
to collapse completely in this limit.

These predictions have been tested, and to some degree
confirmed, by Monte Carlo (MC) simulations.! 101! How-
ever, the simulations were limited a narrow region of
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compositions (0.25 < f < 0.75) and to relatively low
molecular weights, up to N> = 60. Investigation of the
effect of finite molecular weight on the brush structure,
which has been shown to be significant in monodisperse
systems,1415 wag thereby restricted. Especiallyimportant
is the existence of a low-density “foot”, which extends
beyond the analytically predicted profile 10111415 Al
though the size of the foot is negligible when compared to
the brush height, foot composition and structure govern
the outer brush properties and, hence, the hydrodynamic
layer thickness and the interactions between surfaces.>¢
Characterization of the brush foot region as a function of
composition and molecular weight, which has not been
done in the simulation studies,%!1 is essential. Moreover,
when two brushes come into contact, overlap occurs mainly
in the foot region (see Figure 1¢). Inthe analytical model,
the lack of a foot region indicates that there will be no
overlap between compressed brushes, and hence, the
brush-brush interactions are strongly repulsive. However,
in the finite molecular weight brush the compressed feet
overlap to some extent, thereby softening the repulsive
interactions and possibly producing important dynamic
effects such as entanglement. Understanding the be-
havior of compressed bimodal brushes is necessary if those
are to be used as colloidal stabilizers or adhesives.

We examine in this work the effect of polydispersity
and finite molecular weight on a grafted brush in a good
solvent, using a bimodal molecular weight distribution as
a model system. The Dolan-Edwards!? self-consistent-
field model of a grafted brush is modified to account for
a molecular weight distribution and then solved numer-
ically. This procedure enables investigation of high
molecular weight, high surface density systems that cannot
be explored by simulations, due to computing time
limitations,'%!! without assuming that the chains are of
infinite molecular weight.8® We calculate the properties
of the bimodal brush as a function of the molecular weight
of both chains and the brush composition, namely, the
molar fraction of each chain. Alsoinvestigated is the effect
of compression on the brush characteristics and the
interactions between compressed brushes as manifested
in the degree of interpenetration.

The Model

The configuration of a polymer segment in a system
with excluded volume interactions is a function of the
placement of all other segments in the system. In SCF
models chain statistics are described as those of a random
walk under an average potential field. The potential field,
in turn, is a function of the segment distribution—hence,
the self-consistency. Indilute and semidilute systems the
potential is reasonably taken to be proportional to the
local segment density (¢).121415

We consider a bimodal polymer brush grafted at a
(dimensionless) total density of ¢ chains per unit area. f
is the fraction of shorter chains, so that the brush is
composed of (fo) chains of Ny and (1 - f)o chains of N;
molecular weight. The distribution function Q(r,r’;n)
denotes the statistical weight of a subchain starting at a
spatial position ¥’ and ending at position r in n steps,
without crossing a confirning surface. @ satisfies the
partial differential equation:

2
% = %VZ’Q - v, (1) Qr,2';n) 3

The initial condition is given by Q(r,r’;0) = é(r — '), and
the boundary condition on the confining surface is Q(r,x’;n)
= (. The local monomer volume fraction, ¢.o(r), consists
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of contributions from both chains. At relatively high
surface density, § can be assumed to vary only with the
direction perpendicular to the interface, depending on the
segment number n and the height from the surface, 2. v
is taken in our calculation as 1, indicating a good solvent
environment.

The average local segment density of each chain can be
calculated by summing the probability of configurations
passing through a spatial point:2

f dnf Q(0,z;n) Q(2,2';N;—n) dz’

f7QoN) dz

where i = 1 or 2. The total segment density at height 2,
duot(2),is equal to ¢1(2) + ¢2(2). ¢ isanormalization factor,
ensuring that the total number of segments in the system
is equal to the sum of the segment density distribution.

Solving the partial differential equation (eq 3), with the
total potential defined through the segment volume
distribution, produces the self-consistent solution. We
use a numerical procedure similar to that of Dolan and
Edwards,!? where space is discretized into steps of length
a, the segment size. An initial guess is taken for the
distribution function (in our case, the ideal random walk
distribution function?), Using this function we calcu-
lated the local segment density and insert it into the partial
differential equation, leading to calculation of a new
distribution function. Iterations were stopped when the
relative difference between new and previous iteration
segment distribution was less than 10-5,

Once Q(z,2';s) and the local segment density are ob-
tained, system properties can be evaluated. The brush
thickness is calculated from the second moment of the
segment density distribution:

{2 2 {*
(L) = ®)
f b2 a2’

Replacing ¢o: by ¢1 in this equation, we can calculate the
average thickness of the inner brush, z;.

The extent of the brush “foot” can be defined by the
fraction of chain segments extending beyond L, as defined
by eq 1:15

¢;(2) = 4)

en¢> (2) dz
S, = f#—t-'f— ©)

j:«#wt(z) dz

To evaluate the extent of the inner brush “foot”, S.(1), we
replace L by the thickness of the inner brush, z; (eq 2),
and ¢t by ¢1.

The distribution of any segment, s, can be calculated as
the normalized probability that a section, s segments long,
starting at z = 0 and ending at z, will be followed by a
section of (IN; — s) segments, starting at z and ending
anywhere in the brush:

QWO.z) ["Q@.2"n;-s) de’

KQ(O,Z;s) dz’/

where i = 1 or 2. Note that, although the distribution
function Q(z,2’;s) is the same for both chains, €;(s,2z) will
not be equal to e(s,z), because the summation over the
“end” section depends on the value of N;. The normalized
distribution of chain ends can be obtained by substituting
s = N;ineq 7. The average location of any segment s can

€(s,2) = )]
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be calculated from the distribution:

j‘ €(s, 2)2% dz2
(g(s)) =
e .(8,2) dz’

The segment dxstrlbutlon of two compressed brushes
(see Figure 1), A and B, brought together within a distance
d (in a units) is easily calculated by changing the integration
limits in eq 1 to 0 < z < d. The total segment density
drot(2) is, however, composed of ¢i12(2) + d1oiP(d—2). The
degree of interpenetration between two brushes can be
defined!4 as the fraction of segments extending beyond
the half-point:

/2
)]

L/zd’wtj(z) dz
fo oot (2) dz

where j = A,B. For a symmetrical system, where brush
A is identical to brush B, IA(d) = IB(d). At surface
separations that are much larger than 2L, I'(d) is necessarily
zero. However, as the brushes are brought closer together,
the “feet” of the two brushes overlap and some interpen-
etration ensues, even though the overall segment density
profile of the brush may be hardly perturbed.* Further
compression can result either in stronger overlap or in
compression and distortion of the segment density dis-
tributions. In the limit of infinite molecular weight, it is
assumed that no interpenetration occurs,®® so that I is
equal to O for all d.

Because of the large number of variables in the system,
we examined only systems where the overall surface density
o = 0.1. Numerical SCF calculations of monodisperse
systems!4 have shown that the strong stretching assump-
tion, inherent in these calculations, holds for ¢ values as
low as 0.001 in chains of N = 50. We can therefore expect
that if the surface density in the outer brush, ¢(1 - f), and
the molecular weight difference between the short and
long chains (N — N1) exceed these values, the outer brush
would be stretched and our model would be valid. We did
not consider the properties of the outer brush in systems
where one of these conditions does not hold, i.e., when f
is large or o is very small. However, the inner brush in
such systems should not be greatly affected by the
diluteness of the outer brush and can therefore be analyzed
and compared to the analytical model predictions.

Pd) = )

Results and Discussion

The normalized brush thickness, (L)/Ni, is found to
scale linearly with a(1 ~ H1/3, in agreement with eq 18911
and the results of Monte Carlo simulations.!! The
normalized thickness of the inner brush, plotted in Figure
2 as a function of (1 — (1 - /)2/3)1/2, gshows the predicted
linear relationship (eq 2) only at intermediate f values;
small deviations develop in the limit of f — 1, and
significant ones in the limit of f — 0. The point of
departure from the scaling of eq 2 in the latter case varies
with the molecular weight ratio.

In the limit of high £, z; scales linearly with the short-
chain molecular weight, in agreement with the analytical
SCF model (Figure 3). The deviations observed in Figure
2 in this limit are due to an upredicted dependence of z;
on a. In the opposite limit of f = 0 (taken as 10-1° in our
calculations) we find that the inner brush thickness scales
not linearly with Ny, but with the free chain!? radius of
gyration, N11/2, Asinthe high-flimit, z; varies significantly
with . Suchdeviations,in either limit, were not observed
in the MC simulations of the bimodal brush,!! since those
were limited to moderate f values between 0.25 and 0.75.
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Figure 2. Normalized thickness of the inner brush, (z;)/Ny, in
units of a, as a function of (1 - (1 - H2/3)1/2 (eq 2).
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Figure 3. Thickness of the inner layer as a function of a:
{21)/N1/? in the limit of low (f = 10-19) fraction of short chains;
{21)/Ny in the limit of high (f = 0.9) fraction of short chains.

Figure 4 shows the segment density distribution and
the chain end distribution as a function of distance from
the surface. We see that the density profile of the shorter
chains resembles a parabolic distribution, similar to
profiles calculated for monodisperse, finite molecular
weight brushes.!415 However, the density distribution of
thelonger chains is characterized by a “plateau” extending
throughout the inner layer, which has been observed to
some extent in the MC simulations as well.1! This profile
indicates that the longer chains are more stretched in the
inner layer than the shorter chains. Vertical segregation
can be seen even more clearly in the distribution of chain
ends: The longer chain ends are localized at the outer
edge of the brush, while the shorter chain ends concentrate
in the inner layer. There is a crossover region, corre-
sponding to the inner layer foot, where ends of both short
and long chains coreside. Inthe limit of high f, when most
of the chains are short and (L) =~ z;, we see that the longer
chain ends are localized in a relatively narrow region in
the outer brush edge. The width of the distribution of
longer chain ends decreases, in general, with increasing
molecular weight of both chains and with decreasing a.

Comparing the average location of the N; segment of
both long and short chains verifies the difference in degrees
of stretching (Figure 5a): The average location of the N;
segment of the longer chains is higher than that of the
same segment in the shorter chains for all values of f. In
thelimit of f— 1 the small fraction of longer chains stretch
through the inner layer, thereby decreasing the interaction
energy. The degree of stretching and, hence, the ratio
between the height of the Nith segment of the short and
long chains are limited by the significant entropy loss
associated with stretching the longer chains. In the
opposite limit, where f — 0, the shorter chains adopt the
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smaller N;1/2 dimensions, and the ratio between the two
degrees of stretching can become much higher. Figure 5b
shows the average height of the chain ends as a function
of brush composition. We see that the longer chain ends
are distributed at the outer edge of the brush, while the
shorter chain ends are located in the interior. The average
height of both the long- and the short-chain ends increases
with f. It should be noted that, contrary to predictions,
the distribution of short-chain ends does seem to depend
on «.

The extent of the brush foot is a measure of deviations
from the analytical, infinite molecular weight limit51415
and is predicted to scale® in monodisperse brushes as
(¢'/3N)-1/3, In Figure 6a we see that the overall bimodal
brush foot (eq 6) does decrease with N»,1/3 However, the
expected (1 — f)~1/9 variation is not observed; S.(2) seems
to be independent of either f or a. Although the inner
brush foot scales, as expected, with N;-'/3, a significant
and nonlinear dependence on both « and f is observed
(Figure 6b). Such a dependence was not seen in the MC
simulations,!! which concentrated on systems with a large
molecular weight difference (a 2 0.5), where the variation
of S.(1) with « is no longer strong.

The segment density profile of two compressed brushes
is shown in Figure 7, as a function of distance between
surfaces (d). The brushes are symmetrical, namely, o, f,
Ny, and N; are identical. The longer chains readily
interpenetrate, even at relatively large distances between
surfaces. At high compression (d = 70), when d << 2L, the
longer chains are still stretched through the inner brush,
as indicated by the “plateau” region. The persistence of
vertical segregation under compression is seen, even more
clearly, when examining the distribution of chain ends
(Figure 8). At large separations there is some overlap
between the long chain ends distribution, but none between
the short chains. As d decreases, the longer chain ends of
the two brushes overlap rather than retreat into the inner
brush. The short chains, though, hardly interpenetrate,
and there is very little overlap in the distribution of short-
chain ends.

In Figure 9 the degree of interpenetration between two
symmetric brushes is shown as a function of surface
separation. There seems to be no significant difference
inthe degree of interpenetration between bimodal brushes
of various composition and molecular weight and the
interpenetration between two monodisperse brushes of
equivalent length, N., where N. = fN1 + (1 - f)N2. This,
however, is somewhat curious since the uncompressed
brush foot does not depend on either f for « (Figure 6A).

Conclusions

We have investigated the properties of a bimodal brush,
using a numerical solution to the SCF model. This
procedure allows us to examine the properties of high, but
finite, molecular weight systems, which can be easily
examined neither by simulations!10-! nor by analytical
theory.8? We can thereby investigate the effect of finite
chain molecular weight on system properties and estimate
the importance of these deviations.

Vertical segregation between segments of the longer and
shorter chains is clearly seen, irrespective of brush
composition or molecular weight ratio. The stratification
of long- and short-chain segments, even in the limit of low
o, indicates that a small degree of polydispersity can
significantly alter the inner structure of the brush. The
longer chain ends are, to a large extent, confined to the
region outside the inner brush, so that in systems of low
a or high f where z; approaches the overall thickness L,
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of the short, long, and overall segments (eq 4) as a function of 2. Ny =100, a = 1, and f = 0.5. (b) Volume fraction distribution of
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the longer chain ends are confined to a relatively narrow
strip at the outer edge of the brush. Functionalization of
the longer chain ends in such systems will allow modifi-
cation of the outer brush edge without affecting the internal
brush structure.
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(a) Overall brush foot, S.(2), as a function of N;'/3, for various

values of « and £, and the inner brush foot S:(1) as a function of

%{‘/s, for « = 1 and f = 0.5. (b) Sc(1) as a function of f and a.
9 = 150.

The overall brush thickness is found to scale as Ni(1 +
a(l - H1/3), in agreement with the analytical SCF model
(eq 1).8° This scaling is also in good agreement with recent
experiments!® where the range of surface forces generated
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f=0.5. L (as calculated by eq 1) is equal to 88.9.

by bimodal brushes were measured. The outer brush foot
was found to decrease linearly with N;1/3 and to be
independent of both « and f. This is rather surprising,
since the bimodal brush foot should have decreased® with
the surface density of the longer chains, i.e., (1 - f), to the
power of 1/9. The outer bimodal brush foot, which largely
determines the response to flow,? is therefore independent
of the shorter chain properties.

The inner brush thickness deviates from the predicted
scaling of eq 2 in the limit of both low and high f values.
Especially significant are the deviations when f — 0, where
the shorter chains adopt an unstretched configuration.
The deviations from the asymptotic limit?® due to finite
molecular weight effects, as exhibited by the inner layer
foot, decrease with N;-1/3, This is as expected from
comparison to monodisperse systems.>415 There is,
however, a strong and unpredicted dependence of the inner
brush foot on composition and molecular weight ratio,
which has not been observed in the MC simulations.!!
These deviations may be explained by the presence of
longer chain segments at the outer edge of the inner
brush: A chain segment venturing away from a mono-
disperse brush (or the outer brush edge in the bimodal
brush) encounters nearly pure solvent and is therefore
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ends for the brush described in Figure 7.
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(1 "f)Nz. For N1 = 75, a = 1.0, andf = 0.5, N, = 112. For N1
=100, « = 0.25, and f = 0.5, N, = 112, For N; = 100, « = 0.25,
and f = 0.1, N, = 123,

driven out by the potential gradient between the brush
edge and the solvent. However, a short-chain segment
extending beyond the inner brush encounters segments
from the longer chains, and the potential gradient is
therefore much smaller. As the molecular weight ratio
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decreases, or f increases, the outer brush becomes smaller
and more dilute, enabling easier interpenetration from
the inner brush.

The vertical segregation between the molecular weights
is extremely stable: under compression, stratification
persists. The degree of interpenetration between two
bimodal brushes is similar to the interpenetration between
two brushes of equivalent molecular weight. The ratio of
bimodal brush thickness (L) to the equivalent, monodis-
perse brush thickness is {1 + a(1 - H/3}Y/{f + a(1 - H} and
for moderate o values is quite close to 1 for all f. This
leads us to an interesting conclusion: The interactions
between bimodal brushes, and their layer thickness, will
be the same as those of an equivalent monodisperse brush,
but their inner structure will differ significantly. The outer
surface would remain, throughout compressions and
expansions, dominated by the longer chain ends.
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