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ABSTRACT: The two-gradient version of the Scheutjens—Fleer self-consistent-field (SF-SCF) approach
is employed for the analysis of the average conformations of side chains and corresponding contribution
to the bending rigidity, or equivalently the induced persistence length, of molecular bottle brushes both
under good and theta solvent conditions. This study is targeted to unravel conformational properties of
poly(L-lysine)-graft-poly(ethylene glycol) copolymers in dilute aqueous solutions, where variation of
temperature changes the solvent strength for poly(ethylene glycol) in a wide range. We focus on molecular
brushes with moderate and high grafting density and large degree of polymerization of grafted chains.
In this limit the predictions of an analytical mean-field theory for the dependences of the structural
properties of the bottle brush on the architectural parameters are well confirmed. Both the induced
persistence length and the ratio between the induced persistence length and the cross-sectional thickness
of the bottle brush increase with increasing grafting density and/or increasing degree of polymerization
of the grafted chains. However, in the range of moderate chain lengths and grafting densities this ratio
remains small, which explains why the effects of the induced bending rigidity on the apparent persistence
length have not been observed in earlier numerical experiments. We argue that only molecular bottle
brushes with densely grafted long chains possess the potential for lyotropic ordering, both in solutions

and at interfaces, due to the expected high effective segment asymmetry.

1. Introduction

Self-assembly of poly(ethylene glycol) (PEG, PEO)-
based copolymers at water—solid interfaces is a widely
used approach for the modification of surfaces with
respect to their biointeractive (protein-resistant) or
lubrication properties.! The development of protein-
resistant surfaces (prevention of nonspecific protein
adsorption) is of central interest in the context of the
design of biosensor chips and medical implants operat-
ing in contact with blood.

An important class of copolymer molecules of special
interest is based on a poly(L-lysine) backbone, charged
positively due to the presence of protonated amine
groups at a neutral pH and grafted with poly(ethylene
glycol) side chains (PLL-g-PEG).2 The polyelectrolyte
nature of the PLL main chain (backbone) allows the
exploitation of the Coulomb attraction as the driving
force of self-assembly of PLL-g-PEG macromolecules
into monolayers at negatively charged metal oxide
surfaces.

Conformations of comblike (graft-) copolymers in
solutions and their adsorption at interfaces have been
extensively studied experimentally,3~10 theoretically,!1 15
and by means of computer simulations'®~23 over the past
decades. The graft-copolymers are classified as molec-
ular bottle brushes when the distance between the
grafting points along the contour of the backbone is
small in comparison to the characteristic dimensions of
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the side chains. Scaling theory of conformations of the
graft-copolymers in nonselective (good or theta) solvents
have been developed in refs 11—15. It was suggested
by Birshtein et al.l! to apply a coarse-grained descrip-
tion of the average conformations of molecular bottle
brushes on a large scale. In this approach one assumes
that a long graft-copolymer molecule can be envisioned
as a wormlike chain with an effective (apparent) contour
length, Lapp, a cross-sectional thickness 2D which is
determined by the dimensions of the side chains, and
the effective (apparent) persistence length, l.,,. The
latter coarse-grained property is determined by the
interplay of “bare” stiffness of the backbone and repul-
sive interactions of grafted chains.

Although it was generally recognized that steric
repulsion between side chains reduces the flexibility of
the graft-copolymer backbone,~8 the contribution of the
side chains to the bending rigidity and to the apparent
persistence length /,,, of molecular bottle brushes has
been a matter of debate in the literature.

It has been suggested by Fredrickson!* that repul-
sions of side chains gives rise to “induced” bending
rigidity (or “induced” persistence length) of the molec-
ular bottle brush, i.e., leads to long-range correlations
of bending fluctuations on the length scale ~[, exceeding
by far the characteristic dimensions of the grafted
chains. It was pointed out that in the latter case even
graft-copolymers with intrinsically flexible backbones
possess the property of liquid-crystalline lyotropic or-
dering in semidilute solutions. However, the scaling
approach employed by Fredrickson for the calculation
of [, does not enable one to calculate the absolute value,
but rather reveals scaling exponents for /, as a function
of the degree of polymerization of the side chains and
the spacers.
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In contrast, Birshtein et al.!! have suggested that the
rigidity “induced” by the interaction of the side chains
(and /p) is small due to repartitioning of grafted chains
from the concave to the convex side of a bent bottle
brush. Similar behavior was demonstrated in model
calculations for planar polymer brushes.2* This implies
that in molecular bottle brushes with intrinsically
flexible backbone the segments of the backbone with the
size ~D keep stretched (extended proportionally to the
contour length) conformation, whereas on the length
scale larger than D it is randomly coiled. Hence, the
bottle brush retains its local cylindrical symmetry only
on the length scale of the order of D. Then, the solution
of the molecular bottle brushes possesses no ability to
lyotropic order even at high concentrations. Moreover,
for two-dimensional bottle brushes Monte Carlo (MC)
simulations2122 and mean-field analytical calculations2®
indicate that excluded-volume repulsions of the side
chains may even induce spontaneous curvature which
leads to helical in-plane conformations of bottle brushes
with flexible backbones.

Finally, MC simulations of Saariaho et al.18-20 have
demonstrated that, upon an increase in the degree of
polymerization of the side chains, the apparent persis-
tence length of a 3-dimensional bottle brush with a
flexible backbone only grows proportionally to the
thickness of the bottle brush, showing that the effective
asymmetry of the segment (the ratio between the
apparent persistence length and the thickness of the
bottle brush) does not increase as a function of, e.g., side
chain length.

The aim of the present paper is to apply the powerful
numerical self-consistent-field (SCF) computational ap-
proach and in particular the method of Scheutjens and
Fleer (SF-SCF) for the analysis of structural and me-
chanical properties of molecular bottle brushes, in
particular, those of PLL-g-PEG copolymers in water.
The benefit of the SCF method over the MC simulations
is its very high computational efficiency combined with
practically the same accuracy. Moreover, within the SF-
SCF method, the mechanical properties of the bottle
brush, such as bending modulus, can be directly com-
puted from the partition function, whereas they are only
indirectly accessible in MC simulations from the analy-
sis of the shape of the molecular bottle brushes. As a
result, using the SF-SCF method, we can examine bottle
brushes with a high density of long side chains (high
grafting density) and significantly go beyond the limits
of MC or molecular dynamics (MD) simulations.

2. Results of Analytical Mean-Field Theory

2.1. Conformations of Polymer Chains in a Bottle
Brush. We start with a brief review of the results of
analytical theory describing conformations of polymer
chains in a cylindrical (bottle) brush, that is, an array
of flexible polymer chains with degree of polymerization
n > 1, end-grafted onto a thin long cylinder (a backbone)
with a grafting density 2~1. The crowding of neighboring
chains along the cylinder (chain overlap) is significant
when the distance between the grafted chains, A, is
much smaller than the characteristic chain dimension
along the backbone, i.e., A < n'2a (cf. Figure 1). The
grafted chains are assumed to be intrinsically flexible;
i.e., the Kuhn segment length is of the order of the
monomer size, a.

On the contrary, for the main chain of the graft-
copolymer we consider both possibilities, to be semiflex-
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Figure 1. Parameters defining the local architecture of a
molecular bottle brush: 2 = extension of backbone spacers;
n = number of monomers in grafted side chain; a = size of a
monomer.

ible (stiff) or flexible. An isotropic wormlike chain in
3-dimensional space is characterized by a single bending
modulus «, which is directly related to the persistence
length [ = «/kpT. The persistence length characterizes
the length scale beyond which the chain is randomly
bent (coiled) by thermal fluctuations.

The “bare” stiffness (and the “bare” persistence length,
Ipare) of the backbone may arise due to intrinsic (struc-
tural) stiffness, which can be additionally enhanced by
long-range Coulomb repulsive interactions of charged
monomers of the backbone, as is the case for ionic/
nonionic graft-copolymers like PLL-g-PEG. In the latter
case, the bare rigidity of the backbone can be tuned by
variation in pH and/or salinity of the solution. In the
case of intrinsically stiff and/or strongly charged poly-
electrolytes, the electrostatic contribution to the bare
rigidity of the backbone is given by

where OSF refers to the pioneers in this field, Odijk,
Skolnik, and Fixman,?6:27 rp is the Debye screening
length, Ig = e?/ekgT is the Bjerrum length, and 7 is the
linear charge density on the main chain measured in
number of elementary charges per unit length. Remark-
ably, the electrostatic repulsion of charged monomers
induces stiffening of the main chain on the length scale
~losr = kosr/kpT, exceeding the characteristic range ~rp
of the electrostatic interactions. Hence, by an increase
in the ionic strength of the solution (leading to a
decrease in rp) or by varying pH (leading to the change
in the fraction of charged monomers in the main chain),
one can alter the flexibility of the main chain of the PLL-
g-PEG copolymers over a wide range. In particular, the
copolymers can be transformed from a molecular bottle
brush with a rigid backbone into one with a flexible
backbone.

We start our discussion with the case of a stiff, /pare
> h, backbone. In this case the segments of the main
chain separating neighboring grafting points exhibit
straight conformations. The bending of the main chain
due to thermal fluctuations occurs on distances com-
prising multiple grafts. This situation is directly ad-
dressed in our numerical SCF modeling, where a
homogeneous curvature with a radius R > h is imposed
on the backbone in order to calculate the bending
rigidity of the bottle brush induced by interactions of
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side chains. Effects arising in the case of flexible, lpare
< h, backbones will be discussed at the end of this
section.

The structure of a polymer brush of any morphology
is characterized by stretching of the grafted chains in
the direction perpendicular to the grafting surface. This
extension of individual chains is nonuniform and the
chain end position is subjected to strong fluctuations.
In planar polymer brushes these fluctuations extend
over the whole brush thickness and lead to monotoni-
cally decreasing (parabolic under good solvent condi-
tions) polymer density profiles.28

In contrast, in the case of cylindrical (as well as
spherical) polymer brushes a “dead zone”, where no
chain ends are present, appears.?? This dead zone is
located deeply inside the brush, i.e., near the grafting
points. The appearance of a region free of chain ends is
the reason why (in contrast to planar brushes) the
asymptotic analytical self-consistent-field solution is not
available for the cylindrical (as well as for spherical)
brush.

As an alternative, the Flory-type or the scaling
approach can be applied, which provides power-law
dependences of the main structural and thermodynamic
properties of the brush as a function of architectural
parameters (h, n) and external conditions. This method
leaves the numerical factors and nonpower dependences
undefined. As our aim is to compare the exact (within
the mean-field approximation) results of the numerical
SF-SCF approach to the analytical theory predictions,
we present below the mean-field version of the theory.?0

Within the mean-field approximation the free energy
of repulsive monomer—monomer interactions per unit
volume in the brush can be presented as a function of
local (number) density of monomers c(p) at distance p
from the axis of the brush as

Fleo} _

T va’c®(p) + wa’c®(p) (2)
B

where v and w are dimensionless second and third virial
coefficients of monomer—monomer interactions, respec-
tively. The second virial coefficient (the monomer ex-
cluded-volume parameter) is related to the Flory—
Huggins y(T) parameter via v = 0.5 — ¥(T) and vanishes
under theta solvent conditions, v(T=0) = 0. For PEG,
like for most of nonionic, water-soluble polymers, the
quality of water as a solvent decreases (i.e., y(7T)
increases) upon increasing temperature. At room tem-
perature water is a good solvent for the PEG grafted
chains, while an increase in temperature decreases the
quality of water as a solvent for PEG, thus approaching
theta solvent conditions at about 100 °C. The third virial
coefficient is fairly independent of 7" and is of the order
of unity, w ~ 1.

Within a Flory-type approach one can obtain the
average thickness of the brush D(k) and the free energy
per chain in the brush F(h) by balancing the free energy
of repulsive interactions per chain with the contribution,
FoonD(h)/RT = D%(h)/n, that arises due to the confor-
mational entropy penalty resulting from chain exten-
sion. The corresponding result is

n3/4v 1/4h—1/4a5/4

D(h) = 23,18, 413 3
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(nU/h)1/2a1/2
(n/h2)1/3a2/3

FWIkgT = [ (4)

with the first and second lines referring to the cases of
good and theta solvents (v = 0), respectively.

The single-exponent (power law) radial decay of the
monomer concentration, c(p), with a cutoff at p = D(h)
is given by

—13/3 \—2/3 —5/3
h
c(p) = {U 7(1/5)—2 ¢ (5)
(hp) "“a
The omitted (that is reflected by the sign “ = ”)

numerical prefactors in eqs 3—5 are of the order of unity.
As follows from eq 3, grafted chains are strongly
stretched, D(h) > n'2q, provided h < n'2q.

We remind the reader that the Flory-type approach
described above captures the most essential features of
the bottle-brush structure (e.g., eqs 4 and 3 for the free
energy and the thickness of the brush are asymptotically
exact with the accuracy of numerical factors of the order
of unity) but is based on rather severe approximations.
In particular, it assumes equal and strong, D(h) > n12q,
stretching of the chains in the brush with respect to the
Gaussian dimensions. The equal stretching assumption
implies that all the free ends of grafted chains are
localized at the edge of the bottle brush within a thin
cylindrical shell at p ~ D; i.e., the fluctuations in the
radial positions of the free chain ends are neglected.
Expressions 3—5 can be derived also using local force
balance (or Daoud—Cotton type3!) arguments, i.e., con-
sidering any thin cylindrical shell within a bottle brush
as a quasi-planar polymer brush.32

In the case of the stiff backbone the average axial
distance, h, between the side chains coincides with the
distance between the grafting points along the contour
of the main chain. In the opposite case of a flexible
backbone, the “bare” persistence length of the backbone
is of the order of the monomer size, lpae ~ a < h. Each
spacer is a (semi-)flexible chain, which is stretched
(partially or completely) to such an extent that the
elastic tension built up in the spacers counterbalances
the axial stress induced by the repulsions of the side
chains. Equations 3—5 remain valid, but 4 is a function
of both the number of monomers in a spacer and the
number of monomers in a grafted chain. Under the
condition A& < n'2q the local cylindrical symmetry of the
molecular bottle brush on the length scale equal to or
larger than the brush thickness, D, is ensured by the
combined effects of the bare rigidity of the backbone and
repulsive interactions of grafted chains. When the
repulsion of the side chains is not strong enough to
induce complete stretching of the spacers, the spacers
retain their random coil conformation on a local scale.
In this case the extended spacers can be presented as
strings of so-called Pincus blobs?? (see refs 11—13 for
details).

2.2, Large-Scale Conformation and Coarse-Grain-
ing Approach. As has been discussed above, a suf-
ficiently long graft-copolymer molecule can be envi-
sioned as a wormlike chain with an apparent (effective)
contour length, Ly, effective thickness 2D, and an
apparent (effective) persistence length, /,,,. These coarse-
grained structural characteristics determine the large-
scale conformational properties of the graft-copolymer
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chain such as the mean-square gyration radius or the
end-to-end distance for the main chain.

The apparent contour length, L,p,, of the effective
wormlike chain coincides with the contour length, Lo,
of the main chain of the graft-copolymer in the case
where the main chain is sufficiently stiff, i.e., the “bare”
persistence length of the main chain, lpae = A. In the
opposite case of a flexible, lyae < h, backbone the
apparent contour length L.y, is smaller than L., due
to local flexibility of the spacers.

The thickness, 2D, of the effective wormlike chain
determines the lower cutoff limit for the coarse-grained
model. It is equal (with the accuracy of a numerical
prefactor of the order of unity) to the characteristic
dimensions of the grafted chains in the direction per-
pendicular to the axis of the bottle brush. When, as a
result of thermal fluctuations, two segments of the
molecular brush that are separated by a large distance
along the backbone approach each other, a large crowd-
ing free energy penalty must be paid. This free energy
of overlapping of grafted chains makes the segments of
the copolymer chain effectively impenetrable over the
distance ~D. A similar free energy penalty arises upon
bending of the brush with a radius of curvature R < D.

The interaction between the grafted chains affects the
conformation of the main chain of the bottle brush
similar to an effective long-range repulsion between the
main-chain monomers. The characteristic range of this
repulsion is of the order of the side-chain dimensions.

The bending of the bottle brush with respect to a
straight configuration necessarily leads to extra crowd-
ing of grafted chains on the concave side; it enhances
the repulsive osmotic interactions and leads to further
conformational entropy losses. The free energy penalty
for the bending of the bottle brush with a curvature
radius R > D gives rise to the “induced” bending rigidity
or induced persistence length of the bottle brush.
Because of symmetry reasons, the increase in the free
energy (per unit length of the bottle brush) upon
bending with a curvature radius R > D can be presented
as

K
AF(h,R)/h =—+ ... (6)

2R®
where “...” corresponds to (neglected) terms of higher

order in curvature and «p, is the induced bending rigidity
modulus. The bending of the bottle brush leads to its
local compression on the concave side complemented by
local extension on the convex side. Applying the general
relation®® «, = D?h(0°F(h)/0h?) between bending and
longitudinal extension/compression moduli, one can
derive a simple scaling form for the induced bending
rigidity modulus for the cylindrical brush of thickness
D:

nZva’/h?

2
K, = F(h)D*(h)/h = kBT{ 15134, 1008/7,7/8 (1)

where F(h) and D(h) refer to the unperturbed (straight)
configuration and are given by eqs 3 and 4. The
numerical factor omitted in eq 7 depends on the internal
structure of the bottle brush and also on its rearrange-
ment (repartitioning of chains from the concave to the
convex side) upon bending. The corresponding contribu-
tion to the persistence length of the molecular bottle
brush is given by
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Zp = Kp/kBT (8)

Note that the induced persistence length is defined as
a local characteristic of the copolymer chain flexibility
only on the length scale larger than the effective
repulsion range ~D. Comparing eqs 7 and 8 to eq 3, we
find that in scaling terms (neglecting prefactors) [, >
D provided that the grafted chains in the bottle brush
strongly overlap, h < n'2a. However, as follows from
the results of our subsequent analysis, the numerical
factors in eq 7, which remains undefined within the
scaling approach, are significantly smaller than unity.

In the case that the backbone is sufficiently stiff, i.e.,
lpare = h, the contribution to the bending rigidity
induced by interactions of grafted chains, «, is added
to the bare rigidity, xpare, of the backbone, and the
apparent persistence length (manifested in the large-
scale conformational properties) is given in this case by

Kp + Khare
lapp = kB—T = lp + lbare (9)
The intrinsic stiffness of the backbone together with
repulsions between the grafted chains results in a
straight configuration of the backbone and cylindrical
symmetry of the bottle brush on the length scale of the
order of lapp = lpare T p > D, beyond which the bottle
brush is randomly bent by thermal fluctuations.

Even if the effect of an induced rigidity on the chain
conformation is negligible at relatively small values of
n (dominance of the bare rigidity), it may become
progressively more important upon an increase in n.
Moreover, as follows from eqs 3 and 7, «, (and [p)
increase faster upon an increase in n than the brush
thickness D. Consequently, the total rigidity of the bottle
brush is determined by the rigidity of the backbone, /45,
~ lpare, at small n, while at large n the total rigidity is
dominated by the contribution from the grafted chains,
lapp ~ lp > lbare-

In the case of an intrinsically flexible (or semiflexible)
backbone, lpare < h, the main chain gets stretched (up
to the size proportional to the number of monomers in
the corresponding main-chain segment) due to repulsion
of the side chains on the length scale of the order of D,
whereas on a smaller length scale ~<h the main chain
can retain its flexibility and remain subjected to local
bending fluctuations. As a consequence, even molecular
bottle brushes with an intrinsically flexible backbone
retain a local cylindrical symmetry on the length scale
>D. The apparent (effective) persistence length, which
determines the large-scale conformation of the macro-
molecule, scales as [, ~ max{l,,~D}. Hence, in the case
of relatively small n, the apparent persistence length
scales as the bottle-brush thickness, /a5, ~ D, and no
extra stiffening results on a coarse-grained level. Be-
cause the ratio /,/D is an increasing function of n, the
effect of the induced rigidity of the molecular bottle
brush becomes important, l,, ~ I, > D, only for
sufficiently large n. In the latter case a coarse-grained
model of a semiflexible wormlike chain with I, ~ I,
applies.

3. Calculation Method (SF-SCF Approach)

3.1. General Formalism. As outlined in the preced-
ing section, the Scheutjens—Fleer self-consistent-field
(SF-SCF) approach assumes that the chains are flexible
and composed of spherically symmetric segments with
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characteristic length a. The segments fit on a lattice
with corresponding characteristic dimension a. This
length is used to make the concentrations dimension-
less; i.e., we will work with volume fractions ¢ = ca?.
The target of the SCF calculations is to deduce the
optimal volume fraction profiles that minimize the free
energy of the system under the constraint that the
system is incompressible, i.e., ps(r) + @(r) = 1, where
@s is the volume fraction of a monomeric solvent and r
is a coordinate referring to a set of L(r) lattice sites
within which a mean-field averaging is applied. As we
will discuss below, this averaging procedure depends on
the specific lattice geometry used. We will first outline
the generic features of the SF-SCF method for end-
grafted chains before we present the lattice geometry
details.

Here we will concentrate on the side-chain properties
of the bottle-brush molecules. The arms have segments
with ranking number s = 1, ..., n. As the first segment
of these arms is grafted to the line at coordinate r*, the
inversion symmetry is broken; i.e., the distribution of
the end-segment s = n is obviously different from the
grafting segment s = 1. This is reflected in the way the
volume fraction profiles ¢(r) are computed. The volume
fractions of segment s at coordinate r; are calculated
on the basis of the composition law with the constraint
that the first segment is grafted. This is done within a
Markov approximation, which ensures that neighboring
segments along the chain occupy neighboring lattice
sites, but ignoring positional correlations of segments
that are not neighbors (freely jointed chain). Keeping
in mind that the first segment of the chain is at position
r; = r*, we write the composition law as

_ C G(r5’8|r17 l)G(rsas |M
o(r,,s|r;,1) = GO Glr.s) (10)

where the geometry-dependent normalization C is cho-
sen such that the grafting density 2! is obeyed. In this
equation we introduced (i) the two-point Green’s func-
tion G(rp,k|r;,l) which gives the combined statistical
weight of all possible walks from segment s = & at
coordinate r = r; to s = [ at coordinate r = r;, (ii) the
Green function integrated over one “starting” coordi-
nate, i.e., G(rp,k|l) = Y L(r)G(rp,k|r,l), (iil) the single
chain partition function G(N|ry,1) = 3, Lrn)G(rn,N|r1,1),
and the free segment distribution function G(rg,s) =
G(rs,s|rs,s). The latter quantity is simply given by the
Boltzmann law G(r) = exp—u(r)/kgT featuring the self-
consistent segment potential u(r):

u(r)

fgT — 11— ¢ — 2@ (1)

where we have made use of the incompressibility
constraint gs(r) = 1 — ¢(r). The overall volume fraction
of polymer units is given by ¢@(r) = Y s¢(rs,s|r1,1)0(rs —
r) where we have dropped for convenience the informa-
tion that the first segment is pinned on the line. The
angular brackets in eq 11 refer to a local site average,
which is lattice-type dependent. The Green functions
obey the Edwards diffusion equation, which on a lattice
transforms in a set of propagator equations:

G(r,slry,1) = G(r,,s)G(r,_,s — 1jr,, DO (12)
G(r,,sIN) = G(r,,s)G(r, 1,5 + 1IN)O (13)
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where the angular brackets again depend on the lattice
geometry. These recurrence relations are started by
G(ry,1iry,1) = G(r1)o(r; — r*) and G(ry,N|IN) = G(ry).

The set of equations is closed and is routinely solved
numerically for a self-consistent solution, i.e., for the
fixed point where the volume fractions that are used to
compute the segment potentials are reproduced by the
composition law, up to high precision (at least 7 signifi-
cant units). In such a self-consistent solution the free
energy of the system is computed by F = ,.L(r)Ar),
where the free energy density f{r) is given by

_ o) Cn
flr) = ln(G(Nlrl,l)

) +In(1 — () + @r) )0
(14)

3.2. Implementation Issues. For infinitely long
bottle brushes in the straight-backbone configuration
we may ignore the end effects. In this case we are
interested in the free energy per unit length, and the
problem can be solved in a one-gradient cylindrical
coordinate system. The normalization constant of eq 10
is given by C = a/h, where a equals 0.5 nm. In this case
r is replaced by the radial coordinate r =1, ..., ry, where
r = 1is the central lattice layer (where the first segment
is grafted, i.e., r* = 1) and r = ry is a lattice layer
sufficiently far from the backbone where bulk solvent
is present, i.e., @s(ry). In the cylindrical coordinate
system the number of sites per unit length is simply
L(r) = n(2r — 1). The site averages, expressed above by
the angular brackets, are given by

X(rO=A_,)X(r —1) + 1,(nX(r) + A,(r)X(r + 1)
(15)

It is possible to show that X(r)O~ X(r) + YgVX(r)
(assuming X(r) is continuous). The transition prob-
abilities obey the internal balance equation L(r)A1(r) =
L(r + 1)A—1(r + 1). The contact area between the lattice
layers r and r +1 is given by A(r) = 2ar. Using this area,
we write for a simple cubic lattice

1A

1A®) 1A -1
6 L(r)

() = 6 L

) = (16)

and the remaining transition probability follows auto-
matically from Ao(r) = 1 — A1(r) — A—1(r) = 1o = 4/6.

The bending rigidity of the molecular bottle brush is
probed by imposing a homogeneous curvature to the
backbone. This system requires the development of an
advanced SCF formalism that keeps track of two
gradients in a self-consistent field.

In the two-gradient SCF system, the parameter r is
substituted by a pair of coordinates (z,r) where z = 1,
..., 2y 18 the coordinate along the axes of the cylindrical
coordinate system and r = 1, ..., rys is the radial direction
as used above (Figure 2). The number of sites in each
coordinate is computed by L(z,r) = L(r) = 7(2r — 1). The
chains are grafted at some coordinate r* = (z*,r*), and
we consider a perfect ring-shaped molecule with an
imposed curvature given by JJ = 1/r*. The normalization
constant of eq 10 is C = L(r*)a/h. This results in nine
transition probabilities that are given by 4;(r), where i
= —1, 0, 1 for steps in the z-direction and j = -1, 0, 1
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e wd
/ \r

Figure 2. Two-gradient cylindrical lattice system used for the
SCF calculations. Mean field is applied along the backbone
which gets bent into a torus (only part of the torus shown for
clarity reasons).

for those in the r-direction, and the site fraction is found
to be

X(z,r)O= Z A Xz +ir+) A7)
i=4T0,1 j=%To.1

Next, it is assumed that the steps in the z and r
directions are independent and 4;;(r) = 4;4,(r), where the
a priori transition probabilities in the z-direction are
given by the flat lattice values A—; = 1; = /s and those
in the radial direction are given by eq 16.

The model of end-grafted chains in the one-gradient
cylindrical lattice is not exactly identical to the two-
gradient result for the radius r* — . This is because
in the one-gradient system the number of sites per unit
length in coordinate r = 1 equals L(1) = & and not unity.
However, the noncurved limit is exactly recovered in the
two-gradient flat lattice. In this case r is given by the
pair of coordinates (z,x), where the mean-field averaging
is done in the y-direction. The step probabilities are 4;;
= Ai/j, where in both directions the transition prob-
abilities are given by the flat lattice values. This results
in L(z,x) = 1 Oz,x and the normalization constant C =
alh.

Although the two-gradient SF-SCF calculations are
efficient in CPU time, the memory usage may become
limiting, e.g., for very large arms. To optimize the range
of molecular weights that can be considered, in the case
of a bottle brush in solution one may make use of the
symmetry of the problem. As the reflecting (Neuman)
boundary conditions on all system boundaries are
implemented, one can pin the arms of the bottle brush
to the coordinate r* = (1,r*) and consider only one-half
of the bottle brush to be in the system; the mirror image
corresponds then to the other side of the system bound-
ary. In this way one can accommodate longer chain M,
x M, systems compared to the situation of chains pinned
in the center of the coordinate system, e.g., at r* =
(M_*/2,r%).

Below we will also examine the bottle brush adsorbed
onto a solid substrate. In this case the absorbing
boundary condition is imposed at one of the (flat)
interfaces.

Obviously, it is possible to minimize the computation
time by disregarding all lattice coordinates where the
bottle-brush segments cannot possibly enter. This is
used to model weakly curved bottle brushes, i.e., for
large values of r*.

4. Results of the SCF Calculations

4.1. Conformations of Grafted Chains. We start
with the description of conformations of grafted chains
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Figure 3. Radial end-segment distribution of grafted chains
for (a) different degrees of polymerization (n) of the side chain
at constant grafting density (A = 1 nm) and (b) different
grafting densities (k) at constant number of monomers per side
chain (n = 140). Calculations done for good solvent conditions
(Ypol-H,0 = 0).

in a bottle brush with a straight or weakly bent
configuration of the backbone for which the conforma-
tional structure of the brush remains virtually unaf-
fected by the small curvature of the backbone.

In Figure 3 we present the radial distribution function
for the end monomers of the chains (volume fraction of
the end segments vs distance from the grafting line p)
for a given grafting density (A = 1 nm, corresponding
to one grafted chain per two monomers of the backbone)
and different chain lengths (Figure 3a) and for constant
chain length (n = 140) and variable grafting densities
(Figure 3b). All curves in Figure 3a fulfill the condition
h < n'2q;i.e., the grafted chains are forced to overlap.

The distributions presented in Figure 3 demonstrate
the large-scale fluctuations in the positions of the end
segments of the grafted chains in the radial direction.
For nonoverlapped or weakly overlapped chains (small
n or/and large h), the end-segment density does not
vanish in the vicinity of p = 0. This shape of the
distribution is similar to that for a single grafted chain
and indicates that the chain conformation is weakly
perturbed by the interactions with other chains in the
brush; the weak depletion zone near the origin appears
because of the steric restrictions imposed for the mono-
mers of the grafted chain by the backbone. Upon
increasing the grafting density, the maximum in the
end-segment distribution (characterizing the average
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Figure 4. Average extension of grafted side chains compared
to a Gaussian chain, expressed via the first moment of the
end monomer distribution, reduced by (8na?3m)V2: (a) effect
of polymerization degree of the side chain (n); (b) effect of
grafting densities (271). Calculations done for good (@, ypoi—m,0
= 0) and theta (O, ypo-m,0 = 0.5) solvent conditions.

end-segment position) gets displaced to larger p values.
This indicates the progressive stretching of the chains
due to the growing interchain repulsion in the brush.
Simultaneously, a “dead zone”, where no end monomers
are located, appears in the central region of the bottle
brush (at small p).

The first moment, [D[J,q4, of the end-monomer distri-
bution (reduced by the first moment of the Gaussian
distribution, (8na2/3m)Y2) characterizes the average
extension of chains in the radial direction; the corre-
sponding log—log plots are presented in Figure 4a as a
function of n for constant 2~ = 1 nm and in Figure 4b as
a function of 2 for n = 140. The absolute values of the
ratio [D,e/(8na?/37)V2 > 1 again indicate the extension
of the chains in the bottle brush with respect to the
Gaussian (unperturbed) dimensions. As expected, upon
an increase in h, this ratio decreases approaching
asymptotically (at large h) a constant value slightly
larger than unity. Here the conformations of the grafted
chains are not perturbed by interactions with other
chains. However, the chain dimensions remain larger
than those for a Gaussian coil due to the intramolecular
repulsions and steric restrictions imposed by the back-
bone.

Remarkably, the curve in Figure 4b follows ap-
proximately a single-exponent power law dependence
only in the range of small A, where the chains overlap
considerably. The slopes of the curves in Figure 4a
increase weakly but progressively as a function of n and
asymptotically approach the values of the corresponding
exponents predicted by eq 3.

Additional insights in the internal structure of the
bottle brush is given by the radial monomer density
distribution presented (in double-log coordinates) in
Figure 5. The monomer density profile is a monotoni-
cally decreasing function of p. One can clearly distin-
guish between the internal region, where the monomer
density decreases as a single-exponent power law (linear
part in double-log coordinates), and the peripheral
region near the edge of the brush, where the density
profile does not obey a simple power-law dependence
on p. The log—log slopes of the monomer density profile
in the internal region are in agreement with exponents
predicted by eq 5.
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Figure 5. Radial monomer density distribution of grafted side
chains. Degree of polymerization n = 1000; grafting density A
=1 nm.

4.2. Bending of the Bottle Brush. Upon an increase
in curvature (decrease in R), the bottle brush progres-
sively loses its local cylindrical symmetry, as a response
to bending. The effect becomes most pronounced for
curvature radii comparable with the characteristic
thickness of the bottle brush.

The repartition of a fraction of chains from the
concave to the convex side of the brush is illustrated in
Figure 6 and reflects the minimization of the free energy
penalty induced by the additional crowding of chains
at the concave side as a consequence of the bending of
the bottle brush. The ratio between the average number
of monomers (as well as end segments) localized on the
convex and concave sides of the brush monotonically
increases as a function of curvature.

The bending moduli have been calculated for two
systems: (i) a nonconfined bottle brush in solution and
(ii) a bottle brush with the main chain strongly adsorbed
onto an impermeable and inert for the grafted chains
flat surface. For the latter case, one mirror in the lattice
system has been replaced by an impermeable plane
(Figure 7).

The difference in the free energy of a brush (per unit
length), AF(h,r)/hkpgT, where R = r*, between the
reference (“straight”) and bent configuration was com-
puted as a function of the curvature, 1/R, of the
backbone for small ratios D/R. In our calculation scheme
the reference state corresponds to the ring-shaped bottle
brush with such a large curvature radius R that the
conformation of the grafted chains and the free energy
virtually do not depend on R. This is the case when R
exceeds D by an order of magnitude. The corresponding
bending modulus, «p/ksT, describing induced rigidity of
the bottle brush according to eq 6, was calculated from
the AF(h,R)/hkgT vs 1/R? curves presented in Figure 8.

In Figure 9 the bending modulus is presented in log—
log coordinates as a function of n for constant and high
grafting density (A = 1 nm) and also as a function of &
for the longest chains investigated. The exponents of the
power law dependences of the bending modulus on n
and & can be compared with the mean-field theory
predictions, eq 7: The higher the degree of overlapping
of the chains in the brush, the better the agreement
between the SCF calculations results and the asymp-
totic theory predictions. Figure 10 demonstrates that
the bending rigidity grows stronger (upon an increase
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Figure 7. Bent molecular bottle brush in solution (left) and
adsorbed on a flat surface (right). Bending modulus increases
upon adsorption due to confinement of grafted chains in a
semispace.

in n) than the characteristic thickness of the brush
[Dlhg; this is again in agreement with predictions of eqs
3 and 7.

5. Discussion

The results of our SCF calculations provide quantita-
tive insights into the conformations of grafted chains,
polymer-induced bending rigidity, and large-scale con-
formations of molecular bottle brushes. This is signifi-
cant for a better understanding of the adsorption
behavior of the PLL-g-PEG molecular bottle brushes
and the mechanical and biointeractive properties of
adsorbed polymeric layers. Furthermore, the induced
rigidity of the bottle brushes determines their potential
ability for lyotropic ordering in solutions and in ad-
sorbed interfacial layers.

5.1. Conformations of Grafted Chains in the
Bottle Brush. As discussed above, the analytical mean-
field theory provides an adequate description (in terms
of power-law dependences) of conformations of the
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grafted chains in the asymptotic limit of their strong
extension with respect to the Gaussian dimensions. This
strong extension arises when the degree of overlap of
grafted chains in the bottle brush is large enough, n'2a/
h > 1. The overlap of the side chains is achieved by a
high grafting density (small 4) and/or a large degree of
polymerization of the grafted chains (large n). Because
the grafting density is limited by the monomer size, &
> a, the asymptotic limit of strong chain overlap and
corresponding strong extension is reached upon an
increase in n. However, because of the cylindrical
geometry of the bottle brush, the free energy of repulsive
interactions per chain grows only weakly as a function
of n. In the range of 10! < n < 102, which is relevant
both for experimental systems and in numerical model-
ing (MC, MD, or SCF-SF), the extension of chains,
measured e.g. by the ratio D/n2a, is not very large. This
explains why the deviations between the asymptotic
analytical theory predictions and more accurate (free
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of approximations of strong and equal chain stretching)
SCF modeling are found to be significant in this range
of n, in particular with respect to the internal confor-
mational structure of the bottle brush.

Considering Figure 5 and Figure 3, we can conclude
that a bottle brush consists of two regions: (i) A central
region, depleted from the end segments; in this region
all the chains are stretched approximately equally
(though nonuniformly), giving rise to an approximate
power law radial decay of the monomer density with
exponents close to those predicted by the mean-field
analytical theory. (ii) A peripheral region where the end
segments are distributed and the polymer density
vanishes smoothly at the edge of the brush. This result
is consistent with earlier theoretical predictions.?® We
emphasize that this two-region structure of the brush
is well-defined only under conditions of significant
overlap and extension of grafted chains (e.g., at given h
for sufficiently large n), while at moderate degrees of
extension these two regions are not distinguishable. The
internal structure of the brush predicted from SCF
calculations, with the chain ends being “allowed” to
fluctuate, is dramatically different from that assumed
in a simple analytical mean-field model, where the chain
ends are “pinned” at the edge of the brush. However,
the integral properties of the bottle brush, such as the
average thickness, are well described by simple power-
law dependences predicted by the approximate analyti-
cal theory, provided n is large enough.

The fact that the end-segment distribution fluctuates
over a wide range within the brush is especially relevant
when functional groups such as biotin are attached at
the end of the side chains. These large fluctuations of
the end segments can strongly decrease the availability
of (e.g., biotin) binding sites for molecular recognition
applications.3?

5.2. Induced Bending Rigidity and Apparent
Persistence Length. An important result of the SCF
modeling is an improved quantitative insight into
induced bending rigidity and large-scale conformations
of the bottle brushes as a function of the molecular
architectural parameters of the brush (n, h). This
bending rigidity, similarly to the average thickness, is
an integral property of the bottle brush. The power law
dependence of the induced rigidity (bending modulus)
on the architectural parameters of the brush (n, h)
predicted by analytical mean-field theory (section 2) is
in good agreement with our SCF calculations, thus
appearing to be relatively insensitive to the details of
the local conformational structure of the bottle-brush.
However, the absolute values of the induced bending
rigidity are determined by a delicate balance of different
contributions to the free energy of the brush, depending
on the cylindrically asymmetrical rearrangement of the
internal structure of the brush upon bending. Because
of the limited predictive abilities of the analytical
theories, this balance has not been properly (quantita-
tively) captured before. Our SCF calculations show that,
in accordance to the picture proposed in ref 11, the
repartitioning of the chains from the concave to the
convex side of the bent bottle brush causes a consider-
able reduction to the free energy penalty for the bend-
ing. Indeed, this leads to very small numerical prefac-
tors (<0.02) in eq 7 for the induced rigidity of the bottle
brush. (The scaling arguments alone used for derivation
of eq 7 did not enable us to quantify these prefactors.)
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As follows from the results of the SCF calculations
both the induced rigidity, «,, and the ratio [,/D increases
as a function of D. Upon an increase in the length of
grafted chains n, this ratio progressively increases. In
Figure 10 the ratio /,/D is presented as a function of n
for o = 1 nm. The total rigidity of the bottle brush with
intrinsically rigid backbone is dominated by the “bare”
rigidity of the backbone, lapp = lbare, at small n, while at
large n the total rigidity is dominated by the contribu-
tion from the grafted chains, lapp, =~ [, > D. For PLL-g-
PEG copolymers this situation occurs at low pH and
small ionic strength in the solution, where «ogr is large.
The large values of the ratio l.pp/D, characterizing the
asymmetry of the effectively rigid segment of the bottle
brush, attained for large n suggest that lyotropic order
may be observed in solution at sufficiently high polymer
concentration.

For molecular bottle brushes with flexible, Iy < A,
backbones (that is the case at high pH and/or large ionic
strength for PLL-g-PEG), the induced rigidity manifests
itself in the apparent persistence length (i.e., in the
effective segment asymmetry and large-scale conforma-
tional properties of the molecular bottle brush) only
when it significantly exceeds the characteristic length
proportional to the side chains dimensions (effective
brush thickness) D. The results of our calculations prove
that even for densely grafted bottle brushes this occurs
only in the limit of large degrees of polymerization of
the side chains (n of the order of 103). At smaller lengths
of the grafted chains the apparent persistence length
of the bottle brush scales proportionally to the dimen-
sions of grafted chains; i.e., on the coarse-grained scale
the graft-copolymer molecule can be seen as a flexible
chain with an effective segment size ~D.

In earlier numerical (MC) simulations!8~20 the ap-
parent persistence length was extracted directly from
the analysis of the large-scale conformational properties
of molecular bottle brushes with intrinsically flexible
backbones. Even though large grafting densities were
chosen, the length of the grafted chains was varied over
a limited range only. For those small n values, it was
reported that l.pp ~ D (with an approximately constant
prefactor larger than unity). As follows from results of
our calculations (Figure 10), the regime lyp, ~ I, > D,
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where the induced persistence length manifests itself
in large-scale conformational properties, is reached
asymptotically only for long side chains. Moreover, when
the apparent persistence length is determined from
large-scale structural characteristics, a large number
of grafted chains in the bottle brush must be modeled.
Therefore, it becomes clear that such analysis is ex-
tremely CPU-intensive when performed by MC or MD
simulations.

The same problem arises in experiments. Typically
only bottle brushes with relatively short grafted chains
are available. Recent small-angle neutron scattering
(SANS) studies®® on partially deuterated poly(chloro-
vinyl ether)-graft-polystyrene have indicated an increase
in apparent persistence length as a function of the
degree of polymerization of side chains, but the influence
of n on the ratio /,p/D was not investigated. Taking into
account the degrees of polymerization of the side chains,
we expect the effects of induced rigidity not to be
manifested in this experiment. The determination of
conformational properties of molecular brushes by
SANS still remains a challenging experimental problem.

We conclude that the effect of induced bending rigidity
on the large-scale conformational properties of molec-
ular brushes in solution is of marginal importance for
many experimentally relevant systems due to the
relatively low degree of polymerization of grafted chains
in typical copolymers.

5.3. Effects of Induced Rigidity on Adsorption
Behavior. The effects of induced bending rigidity of
molecular bottle brushes may become more important
if the graft-copolymer is strongly adsorbed onto a solid—
liquid interface as is the case for PLL-g-PEG, when it
is adsorbed on (negatively) charged oxide surfaces due
to electrostatic attraction of the (positively) charged PLL
backbone (Figure 7). The induced persistence length is
expected to be significantly larger in the adsorbed state
than in the solution due to (i) a larger bending rigidity
resulting from steric restriction imposed by the surface
and confinement of the grafted chains in a semispace
and (ii) a lower effective dimensionality of the adsorbed
polymer. Indeed, the persistence length 24 of the
wormlike chain confined in 2 dimensions is related to
its bending modulus « as [?® = 2x/kgT. This persistence
length characterizes in-plane thermal bending fluctua-
tions of the wormlike chain.

In Figure 9 the bending moduli for the bottle brush
whose backbone is lying (i.e., strongly adsorbed) onto
an impermeable plane are presented versus the length
of grafted chains, n, and versus the inverse grafting
density, h. As follows from eq 7, the bending moduli
should be larger than those of nonconfined chains (in
solution) by the factor of 2 and 243 under good and theta
solvent conditions, respectively. These ratios are ob-
tained by assuming that the bending free energy for the
bottle brush with the backbone localized on the surface
is equal to half of that for the free (nonconfined) brush
with a twice larger grafting density. However, because
of depletion of grafted chains from the proximal to the
surface region, the observed increase in bending moduli
is slightly weaker (1.6 + 0.15 for good solvent, 1.9 +
0.05 for theta solvent). Hence, the ratio l/D is larger
in the adsorbed state than in solution, which may
potentially result in a stronger tendency for lyotropic
orientational ordering of the copolymer molecules in the
adsorbed layer. This feature of the polymeric layer may
be important for understanding of complex phenomena
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of interactions of proteins with the polymer-modified
surface.

Our model assumes that there is no attractive inter-
action between side chains and the surface and no side
chain adsorption, as it is the case, e.g., for PEG and
oxide surfaces. An alternative picture arises when the
adsorption is induced by attraction of side chains to the
surface.?237 In the latter case both the backbone and
the side chains are localized (confined) on the surface,
and the molecular bottle brush exhibits quasi-two-
dimensional behavior. In particular, because of asym-
metrical distribution of the side chains with respect to
the backbone, the latter acquires spontaneous curvature
which leads to helical shape of the macromolecule as a
whole.

In the context of the adsorption behavior and struc-
ture of adsorbed layers formed by amphiphilic copoly-
mers, our findings imply that even under the condition
of dense grafting of the side chains the graft-copolymer
molecules in solution possess sufficiently large flexibility
and are therefore in principle, when adsorbed on
surfaces, capable of forming relatively short loops
separating adsorbed sequences. This phenomenon obvi-
ously highly depends on the ratio L/lapp. For L/l,p, > 1
this would then lead to an inhomogeneous structure of
the adsorbed layer. In fact, it has been shown for PLL-
g-PEG copolymers that protein resistance of the poly-
meric layer is lost for polymers with long PLL backbones
(MW 300 kDa).2 In the case of copolymers with a shorter
backbone (MW 20 kDa), the protein-resistant properties
strongly depend on the ethylene glycol (EG) monomer
density on the surface (i.e., combination of grafting
density of the PEG side chains, PEG MW, and adsorbed
polymer mass per unit surface area). Excellent anti-
fouling behavior is only found for high EG densities
(>20 EG monomers per nm?), stressing the importance
of a brushlike conformation of the side chains to achieve
protein resistance.
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