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ABSTRACT: Adsorption of a series of charged bottle-brush polymers with side chains of different length
on solid surfaces ismodeled using a latticemean-field theory. The bottle-brush polymers aremodeled as being
composed of two types of main-chain segments: charged segments and uncharged segments with an attached
side chain. The composition variable X denotes the percentage of charged main-chain segments and ranges
from X=0 (uncharged bottle-brush polymer) to X= 100 (linear polyelectrolyte). Two types of surfaces are
considered: mica-like and silica-like. The mica-like surface possesses a constant negative surface charge
density and no nonelectrostatic affinity for either main-chain or side-chain segments, whereas the silica-like
surface has a constant negative surface potential and a positive affinity for the side chains of the bottle-brush
polymers. With the mica-like surface, at low X the surface excess becomes smaller and at X g 25 it becomes
largerwith increasing side-chain length.Hence, the value ofX atwhich the surface excess displays amaximum
increases with the side-chain length. However, with the silica-like surface the surface excess increases
with increasing side-chain length at all X< 100, and the maximum of the surface excess appears at X ≈ 10
independent of the side-chain length.

Introduction

Linear polymers carrying a large number of covalently at-
tached side chains, also referred to as bottle-brush polymers or
comb polymers, have received great interest in recent years.1-4

Bottle-brush polymers with hydrophilic nonionic side chains
may display a large adsorption leading to low nonspecific protein
adsorption,5-8 strongly repulsive steric interactions,9,10 and low
friction forces,11-14 with friction coefficients comparable to those
obtained with efficient biochemical lubricants such as mucin.15 A
good understanding of their adsorption properties and how these
are affected by the nature of the surface, the polymer architecture,
solution composition, and interference by surfactants and other
polymers present in solution is required for successful applica-
tions of physisorbed bottle-brush polymer layers. Such aspects
have recently been investigated experimentally9,12,16-21 using
bottle-brush polymers synthesized from (i) poly(ethylene oxide)
methylethyl methacrylate (PEO45MEMA) and (ii) methacrylox-
yethyl trimethylammonimum chloride (METAC). The former
monomer contains a 45 unit long oligo(ethylene oxide) chain
and the latter a permanently charged cationic group. In the
literature these polymers are referred to as PEO45MEMA:
METAC-X, where X stands for the mol % of charged main-
chain segments.

The adsorption of PEO45MEMA:METAC-X polymers on
mica and silica surfaces differs significantly.9,19 On mica, the
low charge density bottle-brush polyelectrolytes (X e 2) do not
adsorb and themaximumadsorption is achieved forX=50. The
adsorption on negatively charged mica surfaces has been sug-
gested to be driven by only electrostatic interactions.12 On the
other hand, maximum adsorption on silica is obtained in the
composition range 0 < X< 10. Furthermore, the adsorption of

PEO45MEMA:METAC-X polymers on silica is sensitive to
changes in pH and ionic strength, and this has been suggested
to be primarily due to variations in the nonelectrostatic affinity
between the PEO45 side chains and silica.19-21

Recently, we have proposed amodel based on a lattice mean-
field theory applied to branched polymers, which represents the
main experimental observations of the adsorption of PEO45-

MEMA:METAC-X polymers on mica and silica surfaces.22

There, (i) the effects of polymer segment sequence, (ii) the
influence of nonelectrostatic interactions, and (iii) the role of
surface charge density were also addressed. In a related work,
Postmus et al.23 have modeled the adsorption of linear PEO on
silica surfaces, also using a lattice mean-field theory. In parti-
cular, they have included silica surface charge titration and
polymer-surface interaction parameters that depended on the
surface deprotonation, which lead to a reduced PEO adsorp-
tion with increasing pH and salt concentration in accordance
with experiments. Such a more detailed description is necessary
to nonparametrically treat the pH-dependent PEO-silica in-
teraction.

The most detailed study of the effect of side-chain length on
adsorption properties for bottle-brush polymers is likely that of
Pasche et al.8 They considered polylysine with grafted poly-
(ethylene oxide) side chains containing about 23, 45, and 114
segments adsorbing on Nb2O5 surfaces. They found that for
relatively high side-chain densities, the ratio between lysine
segments and PEO side chains being in the range 3-10, the
adsorbed mass increased with the side-chain length. In contrast,
no clear dependence on the side-chain length was found at higher
or lower side-chain densities. In this contribution, we theoreti-
cally examine the effect of the side-chain length on the adsorbed
polymer layer.We use the samemodel as in our previous study,22

and our results provide predictions of the adsorption behavior of
PEO-MEMA:METAC-X bottle-brush polymers with variable*To whom correspondence should be addressed.
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side-chain length onmica and silica surfaces that can be tested by
experiments.

Theoretical Model

The adsorption of bottle-brush polymers on planar and
negatively charged surfaces was modeled as in our previous
study.22 A self-consistent-field theory initially developed by
Scheutjens and Fleer24,25 and later extended to polyelectrolytes
[see e.g. ref 26 and references given therein] and branched
polymers27 was used.

Briefly, the space adjacent to a planar surface is divided into
layers, and each layer is further divided into lattice cells of equal
size. Within each layer the Bragg-Williams approximation of
random mixing is applied, and thus all sites in a layer are
equivalent. One lattice cell contains either (i) solvent, (ii) a
polymer segment, (iii) a solvated cation, or (iv) a solvated anion.
The polymer is composed of a main chain consisting of 200
segments, of which (i) the percentage X is positively charged and
(ii) the remaining percentage 100 - X is uncharged and having a
side chain with rside-chain segments. Figure 1a shows the structure
of PEO45MEMA and METAC used to synthesis the PEO45-
MEMA:METAC-X bottle-brush polymer. In our coarse-grain-
ing, we represented (EO)MEMA with one uncharged segment,
METAC with one charge segment, and (EO)2 with one un-
charged segment; hence, each chemical unit being of similar
volume. Figure 1b illustrates the modeled bottle-brush polymer.
In this work, the focus is on how the properties of the adsorbed

layer depend on the side-chain length, rside-chain. The surface is
considered as having either a fixed surface charge density σ
(modeling mica surface) or a fixed surface potential ψs

(modeling silica surface).
There are two different types of interactions in the model:

electrostatic (charge-charge) and nonelectrostatic (the rest). The
nonelectrostatic interaction between species in adjacent lattice
sites is described by Flory-Huggins χ-parameters.28 The same
description is used for the interaction with the surface. Since only
the differences of the interaction parameters involving a sur-
face are relevant, we introduce ΔχR = χR,surface - χsolvent,surface,
R being a main-chain or a side-chain segment. The relation to
the adsorption parameter χs is given, e.g., for the polymer by
χs = -λ1,0Δχpolymer, λ1,0 being the fraction of all neighbors of a
site in layer 1, which resides in the surface layer.

In line with the random mixing approximation, charged
species (charged polymer segments and salt species) are assumed
to interact with an electrostatic potential ofmean force,ψi, which
depends only on the distance to the surface (layer number i). The
potential of mean force is related to the charge density through
Poisson’s equation, -ε0εrr2ψi = Fi, where ε0εr is the dielectric
permittivity of the medium and Fi is the total charge density in
layer i. The charges of the species are located to planes in the
middle of each lattice layer, and the space in between the charged
planes is free of charge. A uniform dielectric permittivity is used.

From the set of volume fraction profiles of the species, {φAi},
and the interaction parameters, a nonelectrostatic potential uAi

can be calculated for species A in layer i. There is also a layer-
dependent but species-independent hard-core potential, u0i, act-
ing on each species. This potential is essentially the lateral
pressure and is responsible for making the volume fraction in
each layer sum up to one. Given the nonelectrostatic potential
uAi and the electrostatic energy qAψi of species A in layer i as well
as the hard-core potential u0i of layer i, the distribution of
unconnected segments of type A is given by the Boltzmann weight
of the sum of the three terms, φAi ∼ exp[-(uAiþ u0i þ qAψi)/kT].
For polymers, the matter becomes more complex since the
connectivity has to be taken into account. Finally, since {φAi}
depends on {uAi} and {ψi}, and {uAi} and {ψi} are functions of
{φAi} as indicated above, {φAi}, {uAi}, and {ψi} have to be solved
self-consistently. A numerical solution of this set of implicit and
nonlinear equations was carried out using up to 100 layers.

Parameters used in the model calculations of the adsorption
of the bottle-brush polymers onto mica-like and silica-like sur-
faces are compiled in Table 1. Some of the parameters (T, εr, X,
rpolymer, φpolymer, and φsalt) are known characteristics of experi-
mental systems. The values of some other parameters (d, σ,
and ψs) are less obvious. Here, we have adopted the lattice cell
length d = 0.5 nm, the surface charge density σ=-0.2 for the
mica-like surface, and the surface potential ψs=-0.1 V for the
silica-like surface at pH=6. As to the interaction parameters

Figure 1. (a) Molecular structures of (left) PEO-MEMA and (right)
METAC units of the bottle-brush polymer PEO-MEMA:METAC-X
and (b) the coarse-grained model of the two units: (left) the first one
composed a uncharged main-chain segment (mc0) and rside-chain un-
charged side-chain segments (sc) and (right) the second one of a
positively chargedmain-chain segment (mcþ).Xdenotes the percentage
of METAC units and consequently also the percentage of charged
main-chain segments in the copolymer.

Table 1. Model Parameters

quantity value

temperature T = 298 K
relative dielectric permittivity εr = 80
lattice spacing d = 0.5 nm
degree of polymerization (main chain) rmain-chain = 200
degree of polymerization (side chain) rside-chain = 7, 12, 22, 32
bulk polymer volume fraction φpolymer = 1 � 10-4

bulk salt volume fraction φþ = φ- = 3 � 10-4

surface charge densitya σ = -0.2 (mica-like surface)
surface potential ψs = -0.1 V (silica-like surface)
interaction parametersb RTχside-chain,water = 1.3 kJ/mol

RTΔχside-chain = 0 kJ/mol (mica-like surface)
RTΔχside-chain = -10 kJ/mol (silica-like surface)

conversion factorsc Csalt/M = 13.3φsalt
aNumber of elementary charges per d2. bOther interaction parameters are zero. cObtained from the size of a lattice cell.
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χmain-chain,solvent, χside-chain,solvent, Δχmain-chain, and Δχside-chain, (i)
we have for simplicity assigned χmain-chain,solvent=Δχmain-chain=0,
since for lowX the number of side-chain segments grossly exceeds
the number of main chain segments and hence the interaction
involving the side-chains is more important, and at high X the
electrostatics dominates, (ii) adoptedRTχside-chain,solvent=1.3kJ/mol
as being a reasonable value for the EO-water interaction,29

(iii) used RTΔχside-chain = 0 for the EO-mica interaction, and
(iv) RTΔχside-chain=-10 kJ/mol for the EO-silica interaction at
pH = 6. The last two assignments were essentially fitted in our
previous study.22 Experimentally it is known that uncharged PEO
brush polymers do not adsorb on mica,9 whereas they strongly
adsorb on silica at pH = 6.19 Other interaction parameters were
set to zero. This set of parameters characterizing the systems was
found to well represent experimental data for adsorption of
PEO45MEMA:METAC-X on mica and silica surfaces.22

The length of the side chains are varied, and results will be
given for rside-chain=7, 12, 22, and 32, which would correspond
to PEO-MEMA:METAC-X with PEO side chains containing
15, 25, 45, and 65 EO groups. Polymers with the composition
X=0, 5, 10, 25, 50, 90, 95, and 100 are regarded. The polymer is
considered to be flexible, and the ordering of charged and
uncharged segments of the main chain is random. For a given
X the same random sequence is used, independent of other
parameters.

On the basis of the volume fraction profiles {φAi}, the adsorbed
amount of speciesA expressed as the surface excess of species A is
evaluated according to Γexe,A =

P
i(φAi -φA,bulk), where the

summation extends over all lattice layers and φA,bulk denotes the
bulk volume fraction of species A. The polymer surface excess is
given by Γexe = Γexe,main-chain þ Γexe,side-chain.

Result

Mica-Like Surface. The mica-like surface is characterized
as a highly charged surface of constant surface charge
density, oppositely charged to that of the bottle-brush poly-
electrolyte, and with no nonelectrostatic affinity for main-
chain and side-chain segments.

The surface excess Γexe as a function of the bottle-brush
composition X for different side-chain lengths rside-chain on
the mica-like surface is displayed in Figure 2a. Generally,
bottle-brush polymers with very low charge and a large
number of side chains (low X) do not adsorb due to lack of
attraction for the surface. Furthermore, polymers with a
high linear change density and few side chains (high X)
display only a small surface excess due to electrostatic
repulsion among adsorbed polymers dominating already at
small amount of adsorbed polymer. Thus, Γexe displays a
maximum located at Xmax at intermediate X. The maximum
appears at lower X for shorter side-chain (smaller rside-chain);
here Xmax ≈ 20 for rside-chain=7 shifting to Xmax≈ 50 for
rside-chain = 32. Interestingly, at 0 < X < 25 the surface
excess decreases with increasing side-chain length, whereas
at 25<X<100 the surface excess increases with increasing
side-chain length. At X ≈ 25 the surface excess is insensitive
to the side-chain length, and this polymer composition acts
a pivot point. Naturally, Γexe (and other properties) becomes
independent of rside-chain at X=100, since then we have a
linear polyelectrolyte without side chains.

Another characteristic of the adsorbed polymer layer is the
number of side chains of adsorbed polymers per unit area,
nside-chain
exe . Figure 2b shows that also nside-chain

exe displays a
maximum at intermediate X, the maximum for a given
rside-chain being similar to Xmax for Γexe. For most composi-
tions, the number of side chains per unit area reduces with
increasing side-chain length. The largest sensitivity appears

at 10<X<50. ForXg 50 with short side-chain length and
for X g 75 with long side-chain length, nside-chain

exe is indepen-
dent of rside-chain.

In addition to the surface excess (solid curves), Figure 3a
also shows corresponding the surface excess of uncharged
systems (dotted curves) and the surface excess corresponding
to charge equivalence of the surface charge (dashed curves).
As expected, for the uncharged system there is a weak
depletion for allX as there is no driving force for adsorption.
For sufficiently largeX, sayX>X0, the charges of the excess
polyelectrolyte closely balance (but slightly overcompensate)
the surface charges, and the adsorption limit for a polymer of
a given composition is set by the electrostatics. We notice
that X0 increases with increasing side-chain length, being
X0 ≈ 50 for rside-chain=7 and X0 ≈ 75 for rside-chain=32. At
X<X0 the adsorbed polymers undercompensate the surface
charges, and the adsorption limit is governed by the repul-
sion between the side chains.

The surface potentialψs at variousX for side-chain lengths
rside-chain = 7 and 32 is given in Figure 3b. The magnitude of
the surface potential is largest atX=0, since then only small
ions screen the surface charges. Themagnitude of the surface
potential decreases monotonically with increasing X, since
polymers with increasing linear charge density and fewer
side chains becomes more effective in screening the surface
charges. Finally, the transition of large to small |ψs| with
increasing X appears at larger X for bottle-brush polymers
with longer side chains; thus, polymers with the same linear
charge density but longer side chains are less effective in
screening the surface charge even if their Γexe is larger (cf.
Figures 3a,b). At X= 0, |ψs| is insensitive to rside-chain, since
the bottle-brush polymers are uncharged and depleted from
the surface.

There are three factors important for understanding the
adsorption data. First, the electrostatic interaction is the sole
driving force for the polymer adsorption; in the absence of
electrostatic interactions no adsorption occurs (Figure 3a).
The strongest electrostatic attraction appears at X=100, at
which each main-chain segment possesses a charge. Second,

Figure 2. (a) Surface excess Γexe and (b) excess adsorbed number of
side chains nside-chain

exe as a function of the compositionX at the mica-like
surface for bottle-brush polymers with side-chain length rside-chain = 7
(solid squares), 12 (open squares), 22 (filled circles), and 32 (open
circles). Other parameters as given in Table 1.
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the entropic polymer-surface repulsion is another impor-
tant effective interaction and is largest at X = 0, at which
each main-chain segment possesses a side chain. Finally, for
a given number of adsorbed polymers per unit area, themass
per unit main-chain length and hence the surface excess
increase with decreasing X.

(I) Starting atX= 100, the increasing Γexe with decreasing
X (Figure 2a) is initially a consequence of increasing mass per
unitmain-chain length and decreasing polymer charge, owing
to basically a preserved charge compensation (Figure 3a). In
this charge compensation regime, Γexe is (i) approximately
controlled by the polymer-surface charge compensation
and (ii) increases with increasing rside-chain. Consistently,
the excess adsorbed number of side chains per unit area
(Figure 2b) and, thus, the number of adsorbed polymers per
unit area are both independent of rside-chain. Furthermore, this
regime stretches down to X = X0, X0 ≈ 50 for rside-chain = 7,
andX0 ≈ 75 for rside-chain= 32 (Figure 3a). The smaller charge
compensation regime at the larger rside-chain appears from the
fact that longer side chains exert larger entropic repulsion,
remembering that the linear charge density of the bottle-brush
polymer is independent of rside-chain.

(II) In the regimeXmax<X<X0, the surface charge starts
to become undercompensated (Figure 3a); consequently,
nside-chain
exe starts to depend on rside-chain (Figure 2b), and hence
the entropic side-chain repulsion starts to effectively compete
with the electrostatic interaction. At this stage, |ψs| starts to
rise substantially (Figure 3b) due to weaker ability of the
polymer to screen the surface charges. The weaker ability of
screening the surface charges occurring with the longer side
chain at a givenX is manifested by both (i) a smaller amount
of excess charged main-chain segments and (ii) a location of
these segments further away from the surface. The adsorbed
amount is still increasing (Figure 2a), since the effect of
increasing mass per unit main-chain length still overrides
the accelerating charge undercompensation.

(III) Maximum of Γexe and nside-chain
exe appear at X = Xmax

with Xmax increasing with rside-chain (Figure 2a); the rside-chain

dependence is again due to larger entropic repulsion with
increasing side-chain length.

(IV) At X< Xmax, Γexe decreases with decreasing X, since
the impact of the increasing entropic repulsion and decreas-
ing electrostatic attraction becomes stronger than the in-
creasingmass per unit main-chain length. The compensation
of the surface charges by polymer charges is low, and the
surface potential is close to its value at X = 0 (Figure 3c).

(V) Interestingly, at X= 25 the increasing entropic repul-
sion and the larger mass per unit main-chain length with
increasing rside-chain balance each other, making Γexe insensi-
tive to rside-chain.

(VI)AtX<25, the electrostatic interaction is soweak that
the effect of the entropic repulsion exceeds the effect of the
mass per unit main-chain length, making Γexe to decrease
with increasing rside-chain.

Selected polymer volume fraction densities as a function of
the layer number, also referred to as polymer volume frac-
tion profiles, for adsorbed polymer layers on mica-like
surfaces are given in Figure 4. Generally, the polymer
volume fraction maximum appears a few lattice layers away
from the charged surface for X < X00, whereas for X > X00
the volume fraction maximum appear at the surface. The
value of X00 increases with increasing side-chain length; here
X00 ≈ 75 for rside-chain = 7 and X00 ≈ 90 for rside-chain = 32.
Noteworthy, atX=25where the surface excess is insensitive
to the side-chain length the polymer volume fraction profiles
depend strongly on the side-chain length; viz. for rside-chain=
32 the volume fraction maximum is only haft of the max-
imum for rside-chain = 7, but the adsorbed polymer layer is
thicker for the case with the longer side chain (Figure 4b). At
X = 50 the two volume fraction maxima are similar, but
the adsorbed layer is thicker for rside-chain = 32 (Figure 4c).
At X = 75 the volume fraction profile for rside-chain = 32 is
both denser and thicker as compared to that for rside-chain=7
(Figure 4d).

Segment density profiles normalized by the corresponding
segment density in bulk (far from the surface), referred to as
accumulation factors, provide further insight of the structure
of the adsorbed polymer layer. Figure 5 shows such accu-
mulation factors of main-chain and side-chain segments for
the side-chain length rside-chain = 7 and 32 at X= 10, where
the abscissa is given in a logarithmic scale to encompass the
large variation. Generally the accumulation is large (up to

Figure 3. (a) Surface excess Γexe (solid curves), surface excess without
electrostatic interaction (dotted curves), and surface excess correspond-
ing to charge equivalence (dashed curves) and (b) surface potentialψs as
a function of the compositionX at themica-like surface for bottle-brush
polymers with side-chain length rside-chain = 7 (solid squares) and 32
(open circles). Other parameters as given in Table 1.

Figure 4. Polymer segment volume fraction φi as a function of layer
number i for (a) X=10, (b) X=25, (c) X=50, and (d)X=75 at the
mica-like surface for bottle-brush polymers with side-chain length
rside-chain = 7 (dashed curves) and 32 (solid curves). Other parameters
as given in Table 1.
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O(104)) near the surface and decreases to unity in bulk.
Near the surface, i < i0, accumulation is larger for main-
chain segments as a consequence of that some of them
being electrostatically attracted by the surface. Further out,
i > i0, the reverse holds; i.e., here there is a preferred accu-
mulation of side-chain segments. The crossing of the main-
chain and side-chain segment accumulation factors appears
at i0 ≈ 4 for rside-chain=7 and at i0 ≈ 7 for rside-chain=32. Thus,
the crossing at i0 shifts to larger surface distance as the side-
chain length is increased. At the surface the accumulation
factor of the main-chain segments exceeds that of the side-
chain segments more than 10-fold, this ratio being increased
with increasing the side-chain length. The behavior of the
accumulation factor atX= 0, 50, and 100 for rside-chain = 22
has been discussed earlier.22 A further analysis shows that at
the surface, i= 1, the accumulation factors of chargedmain-
chain segments are 3-4 times larger than those of the
uncharged main-chain segments with grafted side-chains.

Thus, the volume fraction profiles aX=10 show that the
adsorbed polymer layer is strongly dependent on the side-
chain length, even if the surface excesses are similar. As
expected, the main-chain segments of the bottle-brush poly-
mer are more strongly accumulated than the side-chain
segments at the surface; this is a consequence of some of
them being oppositely charged to the surface and the side-
chains being uncharged.

Silica-Like Surface. The silica-like surface is also oppo-
sitely charged to the bottle-brush polyelectrolyte but pos-
sesses a constant surface potential to capture effects
originating from the charge regulating ability of the silanol
groups. The magnitude of the resulting charge density is
always lower than that of the mica-like surface. The side-
chain segments, but not the main-chain segments, have a
nonelectrostatic affinity to the surface, which is another
important difference to the mica-like surface discussed
above.

Figure 6a shows the surface excess Γexe on the silica-like
surface as a function of the bottle-brush composition X for
different side-chain lengths rside-chain. In comparison to the
mica surface, the surface excess is large at small X and its
maximum Xmax occurs between X ≈ 10 and 20. The surface
excess increases with increasing side-chain length; the sensi-
tivity is limited for X e 10 but becomes substantial in the
range 25 < X < 75. The maximum Xmax shifts to slightly
larger X with increasing rside-chain.

The number of side chains of adsorbed polymers per unit
area nside-chain

exe as a function of X is shown in Figure 6b. Also
for the silica-like surface, the maximum of nside-chain

exe for a
given rside-chain appears roughly at the same composition as

for the maximum of Γexe. Furthermore, nside-chain
exe decreases

with increasing side-chain length, the largest rside-chain de-
pendence appearing for X e 50.

As for the adsorption on the mica-like surface, we will
now focus on the adsorption for the side-chain lengths
rside-chain=7and32. In contrast to the adsorptionon themica-
like surface, Figure 7a displays that Γexe of uncharged systems
(dotted curves) is positive and relatively large. Furthermore,
Γexe is nearly constant atXe 50 for rside-chain=7and atXe 95
for rside-chain = 32, and the level of the plateau increases with
rside-chain. The adsorption for the uncharged systems is ob-
viously driven by the side-chain-surface attraction, and long-
er side chains preserve the polymers adsorbed with fewer side
chains. Returning to the charged system, the surface excess
corresponding to charge equivalence of the surface charge
(dashed curves) shows that the charges of the excess polyelec-
trolyte closely balances (but again slightly overcompensates)
the surface charges down toX0, withX0 ≈ 50 for rside-chain = 7
andX0≈75 for rside-chain=32.Wenote thatX0 is similar for the
adsorption on the silica-like surface as compared to the
adsorption on the mica-like surface (cf. Figures 3a and 7a).
Although not visible in these graphs, the overcharging is larger
on the silica-like surface due to the nonelectrostatic affinity
between the side chains and the surface (further discussed in
subsection Charge Compensation).

Figure 7b displays the surface charge density σ as a func-
tion ofX for the two side-chain lengths rside-chain = 7 and 32.
The magnitude of the surface charge density increases with
increasing X and displays a maximum at X ≈ 90-95. For
most compositions, |σ| decreases with increasing rside-chain.
The main exception appears whenX is near but smaller than
100. At X = 0, |σ| is insensitive to rside-chain since the bottle-
brush polymers are uncharged. Although they are adsorbed,
their different excluded-volume effects on the salt species are
negligible.

In addition to the three factors being important for the
adsorption on the mica-like surface (given above), two other
factors need to be considered to understand the adsorption

Figure 5. Species volume fraction profiles divided by correspond-
ing bulk volume fraction φi/φbulk as a function of layer number i for
main-chain (solid symbols) and side-chain (open symbols) segments at
the mica-like surface for bottle-brush polymers with side-chain length
rside-chain = 7 (squares and dashed curves) and 32 (circles and solid
curves) at X = 10. Other parameters as given in Table 1.

Figure 6. (a) Surface excess Γexe and (b) excess adsorbed number of
side chains nside-chain

exe as a function of the compositionX at the silica-like
surface for bottle-brush polymers with side-chain length rside-chain = 7
(solid squares), 12 (open squares), 22 (filled circles), and 32 (open
circles). Other parameters as given in Table 1.
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on the silica-like surface. The first is the side-chain-surface
attraction, which just as the side-chain-surface osmotic
repulsion, increases in importance with reducing X. The
second is the surface titration, increasing the electrostatic
polymer-surface attraction with increasing X.

(I) Again starting at X = 100, the charge compensation
regime covers compositions down to X = X0, X0 ≈ 50 for
rside-chain = 7 and X0 ≈ 75 for rside-chain = 32 (Figure 7a). For
X < 100, the surface excess Γexe is smaller than for the
corresponding uncharged system. Hence, the nonelectrostatic
interaction is sufficiently strong to provide a surface excess
larger than that corresponding to charge compensation; in
fact, the electrostatic interaction opposes such a large ad-
sorption. The number of adsorbed side-chains is the same at
large X but starts to deviate and decrease with increasing
rside-chain already at X = 75 (Figure 6b). This is earlier than
for the mica-like surface and is a consequence of the surface
titration. Nevertheless, the surface excess increases with
increasing rside-chain (Figure 6a); again, the increasing mass
per unit main-chain length well compensates the fewer
adsorbed polymers. The magnitude of the surface charge
density is large at largeX (Figure 7b) due to large accumula-
tion of the oppositely charge bottle-brush polymer. The fact
that the largest magnitude appears at X< 100 is due to the
side-chain-surface attraction. At smaller X, the magnitude
of the surface charge density decreases with increasing
side-chain length, since the polymers becomes less effective
to screen the surface charges. Moreover, the reduced |σ|
at larger rside-chain makes nside-chain

exe to become rside-chain
dependent, although Γexe is still controlled by charge com-
pensation.

(II) In the regimeXmax<X<X0 the surface charge starts
to become undercompensated (Figure 7a). The electrostatic
interactions and the side-chain-surface attraction coopera-
tively contribute to the adsorption. This cooperative appear-
ance appears at larger X for larger side-chain length, this
being an effect of the larger mass per unit main-chain length
with increasing rside-chain.

(III) Maxima of Γexe and nside-chain
exe appear at X = Xmax,

with Xmax increasing with rside-chain (Figure 6). The depen-
dence ofXmax on rside-chain is weaker for the silica-like surface
than for the mica-like surface. For the mica-like surface, this
dependence is a competion between the electrostatic interac-
tion and the entropic repulsion that increases with increasing
side-chain length. For the silica-like surface, the side-chain-
surface attraction increases in importance with decreasing
X and acts in opposition to the entropic repulsion.

(IV) At 0<X<Xmax, Γexe starts to decrease with decreas-
ing X (Figure 6a), since the effect of the increasing side-
chain-surface attraction and increasing mass per unit main-
chain length cannot match the combined effect of increasing
entropic repulsion and decreasing electrostatic attraction.

(V) The similar Γexe at X = 0 for different side-chain
lengths (Figure 6a) shows that the three side-chain length
factors discussed under (IV) nearly cancel each other.
Furthermore, the magnitude of the surface charge density
is small and independent of the side-chain length (Figure 7b),
primarily since the bottle-brush polymer is uncharged and
the only screening comes from the salt species and second
that the excluded-volume effect of the polymer on the salt
species is essentially independent of rside-chain.

Figure 8 shows polymer volume fraction densities as
a function of the layer number for the same set of X and
rside-chain as for the mica-like surface reported in Figure 4.
At X = 10 and 25, the polymer volume fraction near the
surface is relatively insensitive to rside-chain and the larger Γexe

at larger rside-chain stems from a thicker adsorbed polymer
layer. At still largerX the polymer volume fraction density at
the surface becomes larger with increasing rside-chain. The
spatially most extended adsorbed polymer layer is obtained
for X = 10. As compared to the mica-like surface, the
polymer volume fraction is much larger near the surface
and the adsorb polymer layer is thinner.

Accumulation factors of main-chain and side-chain seg-
ments for side-chain lengths rside-chain = 7 and 32 at X = 10
are given in Figure 9. Just as for the mica-like surface, the
accumulation factors are large near the surface. At the
surface, i = 1, accumulation is larger for the side-chain
segments; thereafter, a region 1<i<i0 is followed where the
accumulation is larger for main-chain segments, and even-
tually a region, i> i0, appears where side-chain segmentgs
again display the larger accumulation. Thus, we have a three-
region division as compared to a two-region division for the

Figure 7. (a) Surface excess Γexe (solid curves), surface excess without
electrostatic interaction (dotted curves), and surface excess correspond-
ing to charge equivalence (dashed curves) and (b) surface charge density
σ as a function of the compositionX at the silica-like surface for bottle-
brush polymers with side-chain length rside-chain = 7 (solid squares) and
32 (open circles). Other parameters as given in Table 1.

Figure 8. Polymer segment volume fraction φi as a function of layer
number i for (a) X=10, (b) X=25, (c) X=50, and (d)X=75 at the
silica-like surface for bottle-brush polymers with side-chain length
rside-chain = 7 (dashed curves) and 32 (solid curves). Other parameters
as given in Table 1.
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adsorption at the mica-like surface. At the silica-like surface
some side-chains are adsorbed, whereas others are stretching
away from the surface. The segregation of main-chain and
side-chain segments becomesmore prominent and i0 increases
with increasing side-chain length. The appearance of an
enriched side-chain volume fraction in layer i = 1 is weak
for rside-chain = 7, but the accumulation factor of the side-
chain segments is 2.3 times that of the main-chain segments
for rside-chain = 32.

Hence, the volume fraction profiles of the adsorbed poly-
mer layers at the silica-like surface depends less on the side-
chain length as compared to the adsorbed polymer layers on
the mica-like surface. An important reason is that the effect
of the entropic polymer-surface repulsion is partly compen-
sated by the side-chain-surface attraction that appears in
the silica-like system.As a consequence of this attraction, the
side-chain segments of the bottle-brush polymer are stronger
accumulated than the main-chain segments at the surface.

Charge Compensation. Similarities and differences be-
tween the adsorption at the mica-like and silica-like surfaces
will further be examined by considering in somemore details
the ratio of the surface excess charge Γexe

q and the surface
charge density σ. Figure 10 displays this ratio as a function of
X for side-chain lengths rside-chain = 7 and 32 for adsorption
on the two different surfaces. We previously concluded that
at X > X0 we had basically a charge compensation; i.e., the
charge of the surface excess matches the surface charge
density. However, Figure 10 shows that a slight overcom-
pensation of the surface charge occurs in this regime. The
overcompensation at X = 100, where only electrostatic
interactions is present, is very small and in agreement with
previous lattice-mean field modeling.26 As to the mica-
like surface this degree of overcompensation remains up to
X = X0, where a further decrease in X makes the surface
charge undercompensated. The drastic transition seen with
decreasing X comes from the cooperative effect of the
decreasing polymer linear charge density and the increasing
number of side chains with increasing X. Furthermore,
X0 increases with side-chain length because the repulsive
steric effect increases with increasing side-chain length.
Regarding the silica-like surface, (i) the overcompensation
of the surface charge density is larger and (ii) at X< X0, but
X close to X0, the undercharging develops more gradually as
compared to that of the mica-like surface. The reason is the
additional side-chain-surface attraction, constituting an
additional driving force for adsorption that increases in
importance with reducingX and the surface charge titration.
As mentioned, the nonelectrostatic side-chain-surface at-
traction and the side-chain-surface entropic repulsion are

antagonistic effects. As both effects increase in importance
with decreasing X and with increasing rside-chain, the simpler
behavior of the surface excess at the silica-like surface
mentioned before could be viewed as a consequence of this
partial cancellation.

Summary and Outlook

A rich behavior was found for the adsorption of bottle-brush
polymerswith (i) variablemain-chain linear charge density coupled
with varying linear side-chain grafting density (described by X)
and (ii) variable side-chain length (described by rside-chain) onto
mica-like and silica-like surfaces. The mica-like surface had a
constant negative surface charge density and no nonelectrostatic
affinity for eithermain-chain or side-chain segments, whereas the
silica-like surface had a constant negative surface potential and a
positive affinity for the side chains of the bottle-brush polymers.
As to the mica-like surface, (i) the electrostatic polymer-surface
andpolymer-polymer interaction and (ii) the entropic polymer-
surface repulsion, dominated by the side-chain-surface repul-
sion, jointly control the adsorption. In the case of the silica-like
surface, the side-chain-surface attraction constitutes a third
component affecting the adsorption. Finally, when considering
the surface excess Γexe, concern has to be taken that the polymer
mass per unit main-chain length depends on the composition
variable X.

We found that the surface excess Γexe depends on X and
rside-chain in a more complex manner at the mica-like surface as
compared to the silica-like surface. At the mica-like surface, the
surface excess decreases with increasing rside-chain at small X and
increases at large X. At small X the entropic repulsion among
side chains and between side chains and the surface limits the
adsorption, and this effect becomes more important for longer
side chains. At high values of X it is electrostatics that limits
adsorption, and in this regime an increase in side-chain length
increases the surface excess due to the increased mass per unit
main-chain length. In contrast, at the silica-like surface, where the
side-chain interacts favorably with the surface, the surface excess
increases with increasing side-chain length at all X even though
the number of side chains in the adsorbed polymer layer dec-
reases. This is due to the increased mass per unit main-chain
length.

Inmany applications envisaged for bottle-brush polymers with
PEO side chains a large PEO content at the solid-liquid interface
is considered to be favorable. Our results show that as long as we
are in the charge compensation regime long side chains are
favorable in this respect.However, when the adsorption is limited
by the repulsion between the side chains, the situation becomes
more complex. Without a side-chain-surface attraction an
increase in side-chain length leads to a reduction in PEO content
at the interface when the electrostatic affinity is sufficiently low

Figure 9. Species volume fraction profiles divided by corresponding
bulk volume fraction φi/φbulk as a function of layer number i for main-
chain (solid symbols) and side-chain (open symbols) segments at the
silica-like surface for bottle-brush polymers with side-chain length
rside-chain= 7 (squares and dashed curves) and 32 (circles and solid
curves) at X = 10. Other parameters as given in Table 1.

Figure 10. Ratio of surface excess charge and surface charge density
(Γexe

q /σ) as a function of the compositionX at the mica-like (solid lines)
and silica-like (dashed lines) surface for bottle-brush polymers with
side-chain length rside-chain = 7 (solid squares) and 32 (open circles).
Other parameters as given in Table 1.
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(X < 25 for the mica-like surface). However, when the side-
chain-surface affinity is sufficiently attractive, an increase in
side-chain length increases the PEO content at the interface (the
silica-like case). We further note that the side-chain length
significantly affects the structure of the adsorbed polymer layer
even when the surface excess is similar. A shorter side chain
results in a more compact adsorbed polymer layer. One could
expect that such structural differences, and not only the total
amount of PEO at the interface, will affect a number of relevant
properties such as steric stabilization, lubrication, and nonspe-
cific protein adsorption. Our modeling results provide guidelines
for how such effects can be explored in systematic experimental
studies.
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