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ABSTRACT: In this work we have introduced an importance sampling methodology in the framework of
the single chain mean field theory (SCMF), to describe the adsorption of moderately long polymers onto
solid surfaces. Since the method is based on the generation of self-avoiding chain conformations, excluded
volume correlations along the chain backbone are maintained, leading to the proper scaling behavior in
the properties depending on one-chain statistics, unlike the self-consistent field theories based on ideal
(Markovian) chains. The formulation presented is general and is expected to be very useful for future
applications. Because of its mean field nature, the methodology does not require large computer
capabilities. As an application of the methodology given here, we present novel results on the profiles of
the end-monomer distributions for two chain lengths and different bulk concentrations.

1. Introduction

Polymer adsorption has been extensively studied in
recent years, from both experimental and theoretical
points of view,! due to the great number of applications
of polymers near interfaces. Polymer adsorption also has
a fundamental interest since it represents a case of a
confined polymeric system, together with polymers in
pores, grafted layers, microstructures in polymer blends,
and copolymer solutions, among many others. In forth-
coming papers, we will address the behavior of relatively
short polymers (on the order of 102 Kuhn segments)
adsorbed onto flat? and curved interfaces.® Our work
embraces (i) the development of a suitable non-Mark-
ovian self-consistent field theory, (ii) a comparison of
the results for flat interfaces with Monte Carlo data
from independent authors, and (iii) an analysis of the
behavior of polymers adsorbed onto curved interfaces.
This article is concerned only with the first point and
its overall goal is to demonstrate the utility of this kind
of non-Markovian mean field theory and give novel
results in polymer adsorption.

Polymer adsorption has attracted a lot of attention
for a long time.*~7 In the past decade, a new insight was
found in the analysis of the internal structure of the
adsorbed layer210 from mean field models based on
Edwards’ equation. However, despite the qualitative
interest, these mean field treatments did not properly
reproduce neither the scaling laws® nor the experimen-
tal data.!! The theoretical treatment that we will discuss
in this paper is based on the single chain mean field
theory (SCMF), introduced by Ben-Shaul, Szleifer, and
co-workers.'*15 This theory was originally developed to
study the structure of micellar aggregates in the absence
of solvent molecules and later was generalized to longer
chains in the presence of solvent.’617 The application
of the theory to grafted polymers as well as its use in
the treatment to micellar aggregates is given else-
where, 1819

The SCMF theory may be placed between full-scale
computer simulations (Monte Carlo and molecular
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dynamics) and simple analytical approaches based on
order-parameter theories of the Cahn—Hilliard—de
Gennes type.” Computer simulations provide a numer-
ical solution of the model system, although the detailed
description of all the molecular interactions dramati-
cally reduces the size of the systems to be simulated.
In addition, the existence of topological barriers between
conformations requires long simulations to obtain an
adequate sampling of the conformational space. Because
of these intrinsic difficulties, MC studies on polymer
adsorption are rather scarce in the literature. The
Cahn—Hilliard—de Gennes approach, despite being
limited to very long polymers, is illustrative. Effectively,
this approach can correctly reproduce the scaling expo-
nents in these properties based on the one-chain be-
havior, if the excluded volume correlations are properly
taken into account by a local swelling of the chain.'®
One has to keep in mind, however, that its validity is
limited to the N — o scaling limit and that it is mean
field in essence.

The SCMF approach is also a mean field theory
constructed from the free energy of a self-avoiding chain
in a self-consistent field. Thus, intrachain interactions
are exactly described while interactions with other
molecules (other polymers and solvent) are calculated
in a self-consistent mean field approximation. Such a
procedure differs from the self-consistent field ap-
proaches based on Edwards’ equation (referred to as
SCF, from now on) in that it recognizes a non-Mark-
ovian nature of the conformational probability distribu-
tion of the chain. In the SCMF approach, distant
segments along the chain backbone can be correlated
due to their direct excluded volume interactions if they
are close in space. In other words, if one constructs the
SCMF propagator in the same spirit as in Edwards’
theory,1213 then

Gseme(rr;N) =

Jdr" Geepe(r,r"in)Geepe(r,r';N — n) (1.1)

indicates that the propagator is thus non-Markovian.
The chain propagator has been defined as the statistical
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weight of a self-avoiding chain in the mean field, as
given from the expression

Gsemp(r r'sN) = frizrr’ @) ye HmDIKT (1 2)

o

where y denotes an arbitrary self-avoiding conformation
of the chain, @y is an integration only over these self-
avoiding conformations of the chain, and Hm¢[y] is the
mean field energy (to be given later on). Therefore, the
calculation of any average property of the system
requires the knowledge of all (or a representative
sample) of the possible single-chain configurations of the
chain model, and not only of the statistically indepen-
dent partial propagators G(r,r';n), with n < N, as is
the case in the Markovian self-consistent field (SCF)
theories. Therefore, in view of this fact, we will explicitly
make the distinction between Markovian SCF theories
and the non-Markovian SCMF.

The application of the SCMF theory to polymer
adsorption has some of the difficulties encountered in
MC simulations as, for instance, the treatment of
narrow and deep adsorbing wells. In this paper, we will
review the mathematical framework of the SCMF
theory and further develop an optimal sampling strat-
egy of the polymer configurational space for the sam-
pling to be statistically significant for the properties that
we want to describe. Previous versions of the SCMF
theory use a homogeneous sampling of the one-chain
conformational space, a strategy that gives good results
in situations such as micellar aggregates of short
molecules,’® as well as in tethered polymeric layers.18
However, in polymer adsorption problems, where bulk
as well as interfacial properties have to be properly
described, a homogeneous sampling for chains of about
100 monomers already requires an overwhelmingly
large number of conformations to be significant.

The rest of the paper is organized as follows. In
section 2, we introduce the theoretical details of the
SCMF theory, in a point to point formulation, together
with the importance sampling method used for the
evaluation of the configurational space integrals. Section
3 is devoted to a qualitative analysis of polymer adsorp-
tion onto a flat solid surface, as predicted by our method,
and a brief discussion of the novel results obtained for
the end-monomer distribution. Finally, section 4 is
reserved for a discussion of the topics that have arisen
in this work as well as to the conclusions that can be
drawn.

2. The Single Chain Mean Field Theory

The starting point of the theory is to consider that
all polymer molecules are statistically independent so
that the state of the system is completely characterized
by the knowledge of the one-chain configurational
probability distribution, P[y], together with the solvent
molecule number density field c¢(r). One can obtain the
polymer density profile and all other average confor-
mational and thermodynamic properties from the knowl-
edge of these two magnitudes. A given configuration of
the polymer is denoted by y, standing for the set of
vectors, {ri[y]}, indicating the position of the centers of
the i = 1 ... N monomers of the chain, N being the
polymerization index.

The Helmholtz free energy functional of the system
is then written in terms of the probability distribution
function of one single chain and the density profiles of
polymers and solvent molecules. The minimization of
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the free energy provides the functional form of the latter
guantities in terms of the parameters describing the
system. Thus, the free energy is constructed by consid-
ering a term corresponding to the internal energy, U[y,
cs(r), c(r)], which takes into account the inter- and
intramolecular interactions, including the interactions
of the polymer segments with the adsorbing surface. The
entropic contribution to the free energy contains the
conformational entropy of the chains as well as the
entropy of mixing of the polymer and solvent molecules.
Hence, the mean field free energy functional of the
polymer—solvent system in a given volume of space is
given by the expression!’.23

FIP[Y]. ci(n] = KTA, [ @y (Ply] In P[y]) +
KT [y drcy(r) Ingy(r) + [ @yP[y]ULy, cy(r), c(r)] (2.1)

In this equation, k is Boltzmann’s constant, and .1, is
the number of polymers in the volume. The local volume
fraction of solvent molecules is given by ¢s(r) = vscs(r),
where cs(r) is the local solvent number density, and vg
is the volume occupied by one solvent molecule. More-
over, the symbol @y denotes here an integration with
respect to all the allowed configurations of the chain,
which may be both ideal or self-avoiding configurations,
depending on the model used. The independent macro-
scopic variables in the free energy functional eq 2.1 are
T, Vp, and V, since the system is considered to be
incompressible. Hence, the accessible volume is filled
either by solvent molecules or by polymer segments. If
N;s denotes the total number of solvent molecules in the
volume, the incompressibility assumption implies that

V = V,N A7+ VgNg (2.2)

where v, and vs are the volumes of a polymeric and
solvent molecule, respectively.

In eq 2.1, U[y, cs(r), c(r)] is the energy of a given
configuration y in a solvent density field cs(r) and local
monomer density c(r). Thus, here we assume that the
interaction energy can explicitly depend not only on the
configuration but also on the local monomer number
density,

N
o) = [DyPly] 5 o(r = rily]) (2.3)

as well as on the solvent density cs(r). This interaction
energy can include both intrachain and interchain
interactions, as well as interactions with external fields
(as for example, adsorbing surfaces). Hence, the energy
term can be further decomposed into three contribu-
tions, according to

ULy, cs(r), e(N] = Uneraly] + Uineeely, c5(r), c(n)] +
Uexlr] (2.4)

The first term on the right-hand side of this equation
corresponds to the intrachain monomer—monomer in-
teractions, which is a function only of every configura-
tion. The second term stands for the interactions of the
chain with the solvent as well as with monomers of
other chains. The third term in eq 2.4 corresponds to
the interaction with external fields (for example, inter-
action with adsorbing surfaces).
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The short-range hard-core repulsions are taken into
account by means of both the generation of self-avoiding
configurations of the chains, as well as through the
volume filling constraint, describing the repulsive in-
teraction with the molecules of the environment. This
condition has to be satisfied at every point in the volume
(volume filling constraint) and is stated as

P(r) +o(r) =1 (2.5)

satisfied in a mean field way. The average monomer
volume fraction is given by

N
¢(r) = [DyPly] vaa(r = rily]) = vie(r) (2.6)

Hence, the mean field interaction is nonhomogeneous
and varies depending on the distribution of the mono-
mers of polymer and solvent as a function of the distance
from the surface. In this work, we have assumed that
the excluded volume per monomer is constant and
independent of the chain conformation. The importance
of such an approximation will be discussed later on.

Thus, introducing the constraint as a Lagrange
multiplier field 7z(r), one can finally write

FIP[y]. ci(n)] = KT.A; [ @y(P[y] In P[y]) +
KT [y dr cy(r) Ingy(r) + [ @yP[y]ULy, c(r), c(r)] +
Sy dra(ry{g(r) + ¢ (r) — 1} (2.7)

The free-energy functional given by eq 2.7 deserves
some comments. In the first place, our description
involves some degree of coarse-graining. Effectively, eq
2.5 is meaningful only in a coarse-grained sense since
it cannot be strictly satisfied at a length scale smaller
than the size of the monomers or solvent molecules.
Notice that the constraint eq 2.5 introduces into the free
energy functional eq 2.7 the effect of the hard core
repulsive forces between particles, which are not in-
cluded in U. In density functional theories of inhomo-
geneous fluids (DFT), the repulsive forces are accounted
for by the inclusion of the appropriate excess contribu-
tions to the free energy functionals.2°=22 These excess
contributions may depend on the density at a given field
point (local DFT) or on a weighted average of the density
in a given environment of the field point (nonlocal
DFT).2425 Regarding eq 2.5, our SCMF formulation is
therefore local, in the DFT terminology, due to the fact
that monomers as well as solvent molecules are con-
sidered as point particles. However, eq 2.7 also depends
on the self-avoiding conformations of one chain. Hence
eq 2.7 is in this respect nonlocal, since the finite size of
the monomers is fully accounted for in the chain
conformations. This character is of great importance in
the description of the effects of the excluded volume
correlations along the chain. For consistency, however,
we will consider our formalism as local, and phenomena
such as the oscillatory density profile near an attractive
hard wall, with a wavelength on the order of the
monomer (solvent) size, lie beyond the scope of this
work.?0 In the second place, since interchain interactions
are considered only through the local average monomer
density, both in the expression of Uinter[y, Cs(F), c(r)] as
well as in the volume-filling constraint eq 2.5, the
interchain correlations are ignored in the SCMF theory.
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It is thus expected that our formalism reproduces mean
field results in properties such as the dependence of the
critical density with the temperature in polymer phase
separation. Nevertheless, our theory is suitable for the
description of properties related to the long length scale
features of the polymers, in the spirit of the usual
mesoscopic descriptions of polymers in solution. It is also
important to realize that, due to the fact that our
formulation keeps the self-avoidance of the chain into
account, it is expected that the description of properties
related to one-chain features will yield the appropriate
exponents, unlike mean field theories based on Mark-
ovian statistics (SCF).

In this work, we concentrate on the description of the
structure of polymer adsorption onto a planar surface,
when the polymers are flexible and moderately long. To
simplify the forthcoming analysis, it is convenient to
introduce here the specific model that we will use in
this paper. We will consider here polymers composed
of N monomers described as a sequence of spherical
particles of diameter | freely joined with each other by
rigid connectors at a fixed distance | between their
centers, and exerting hard-core repulsions between
themselves and with the solvent molecules. Thus, the
intrachain contribution to the energy U is zero. As far
as attractive intermolecular interactions are concerned,
we make no distinction between the solvent molecules
and polymer segments (they are energetically identical);
thus, the solvent—solvent and solvent-segment interac-
tions can be ignored by properly defining the origin of
the energies. Therefore, on the right-hand side of eq 2.4,
only the contribution due to the interaction of the
monomers with external fields will be nonzero. In
particular, we will consider an attractive square well
potential of an energy depth ¢ and a width d, on the
order of magnitude of the monomer size, located at the
surface of the adsorbing wall, to model the adsorption
of monomers at its surface. Therefore, the energetic
contribution is simply given by the expression

U[Vv CS(I’), C(r)] = Uext[V] = Ef dr 9(d -
N

1z —200) ) o(r — rily]) (2.8)

where zp is the position of the solid repulsive surface
and 6 is the Heavyside function, 6(x), which is 0 when
the argument x is negative and 1 elsewhere. The effect
of the infinitely repulsive wall is implicitly taken into
consideration by discarding any polymer conformation
such that the center of at least one monomer i is |zj| <
|zo| in the sums over the conformational space of the
chain. With this restriction, no contribution of the hard
wall should appear in eq 2.8.

From eq 2.1, by evaluating

oF _
W_O (2.9)
oF _
o) (2.10)

one obtains the equations satisfied by the fields that
minimize the free energy eq 2.1 subject to the constraint
given in eq 2.5. The solution of eq 2.9 yields the
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probability distribution of a given conformation y

Ply] = AeHmlIkT (2.11)

The second equation, eq 2.10, gives the solvent density
profile
cy(r) = Be VKT (2.12)

In eq 2.11, A is a normalization constant arising from
the condition

JoyP1=1 (2.13)
and Hniy] is the mean field Hamiltonian for a given
conformation y

Hody] = [dr [vya(r) + ef(d —
N
1z = 2z5))] ) o(r — rily]) (2.14)

In eq 2.12, the constant B is given by the condition

Ny = fdrcy(r)

where Ns is the total number of solvent molecules in
the volume.

Equations 2.11 and 2.12 explicitly depend on the yet
unknown Lagrange multiplier field zz(r). This field can
be determined by substituting the expressions for the
probability distribution as well as the solvent concen-
tration into the constraint eq 2.5. We then obtain

(2.15)

e—vsn(r)/kT
VN—— +
fdl" e—vsn(r)/kT

N
S @ ye TN o(r = rily])

Vp,\; =1 (2.16)
f@}/e_Hmfm/kT

The solution of the previous equation permits the
calculation of the Lagrange multiplier field z(r), which
completely determines the mean field probability dis-
tributions and, from the latter, all relevant properties
of the system.

2.1. Calculation at a Fixed Chemical Potential.
As previously mentioned, the choice of the total number
of chains in the system _i; and the volume V is required
to obtain the solution of the mean field 7z(r) from eq 2.16.
However, since we want to describe inhomogeneous
systems, fixing the total number of chains in the volume
does not give us a priori the knowledge of the bulk
polymer density. Thus, it is convenient to eliminate .,
in eq 2.16 in favor of the bulk polymer density, through
the chemical potential u.

With this purpose in mind, let us consider the
partition function of one chain in the mean field, as
given by the configurational integral

-1
2y = =5 Dye I (2.17)
p

where I, stands for the de Broglie wavelength?® of one
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monomer and D is the dimensionality of the chain
configurational space. From the mean field point of view,
we can relate the statistical weight of one chain with
the chemical potential from the relation

> (ra—tp/KT
o =8 e (2.18)
where u, is the polymer chemical potential. For the
solvent field, one has

Z,= I% [y dr e O = NeKT (5 19)

S

where here |5 corresponds to the de Broglie length for
the solvent molecules and us is the solvent chemical
potential. In an incompressible system, however, the
only independent chemical potential is the so-called
exchange chemical potential 4 due to the fact that the
addition of one chain to the system has to be compen-
sated with the removal of the equivalent volume of
solvent molecules. Thus, in our context u is given by

V
w= ity =N Jiug (2.20)

Therefore, without loss of generality, we can choose
us = 0 in eq 2.19, which fixes the scale of the chemical
potential of the polymer, and can identify u, with the
exchange chemical potential « in eq 2.18. In addition,
it follows that

(2.21)

S

I_l3 IV dr e T OVKT

S

We will further consider that our system is in
thermodynamic equilibrium with a homogeneous sys-
tem of the same volume. Hence, both systems share the
same chemical potential. For such a homogeneous
system, the one-chain partition function Z,° can also be
evaluated from eq 2.17, with the corresponding mean
field Hamiltonian given by

N
Hoilyl = [drvz°(n) y o(r — rily]) = v,2°N - (2.22)

where no interface potential has been introduced. The
second equality follows from the fact that #° is a
constant if the system is macroscopically homogeneous.
Thus, the equilibrium condition between the inhomo-
geneous and the homogeneous systems allows us to
write

o

zZ, Z

e KT = ‘—E= ’ (2.23)
Mo ‘p
with
0
ZPO — I|:IV(§) efvpnON/kagAV —
AL 1PV
v | 3 NVp/vs
p S 0 v
=1 - ¢ Dy (2.24)
IpD(pOV VS f

where we have defined the bulk monomer volume
fraction, from the properties of the homogeneous system
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as being ¢° = vpNI1p%V. The second equality follows
after eliminating e~° using eq 2.21, together with the
incompressibility condition eq 2.5. Hence, the constraint
equation to be solved after the introduction of the bulk
monomer density as an independent parameter is

V. 0
e VerkT vé

13 N

S

N
S @ye TN o(r = riy])

Jor

Notice the conformational space volume included in the
denominator of the second term on the left-hand side
of this last expression. This volume has also to be
sampled by means of Monte Carlo techniques, as we will
see in the next subsection. In addition, the value of v/
Is in eq 2.25 is immaterial for our purposes since it can
be absorbed into s, which is the quantity to be deter-
mined. Of course, the numerical values of both I, and Is
will affect the total free energy of the system, but this
will not be reflected in the profiles that we calculate
since they are carried out at a fixed temperature.

2.2. Importance Sampling of the Phase Space of
One Single Self-Avoiding Chain. The solution of the
constraint equation, eq 2.25, involves integrations over
the one-chain configurational space. These integrations
can, in principle, be carried out analytically for ideal
chains, where monomers can overlap. However, in the
case of self-avoiding chains, such an analytic evaluation
is virtually impossible for chains with more than a few
monomers. One way to overcome this difficulty is to
evaluate the configurational integrals by means of the
Monte Carlo method. It is crucial to realize at this point
that the exact description of the self-avoiding chain
conformations maintains the excluded volume correla-
tions along the chain despite the fact that the interchain
interactions and the effect of the solvent is taken at the
mean field level. The use of ideal-chain conformations
in the evaluation of the configurational space integrals
transfers all the intrachain excluded volume repulsions
to the mean field 7(r), smoothing out these intrachain
correlations. Thus, properties depending on one-chain
statistics will be sensitive to the method of evaluation
of the configurational space integrals, something that
will be seen in the values of the exponents in the power-
law behavior of the different properties that we will
discuss later on. On the other hand, the numerical
nature of the generation of self-avoiding chain confor-
mations limits the length of the chains that can ef-
fectively be treated in the framework of SCMF by
several orders smaller than with calculations based on
Markovian statistics.?

In our case, the presence of an adsorbing potential of
strength on the order of kT and of a narrow width on
the order of the monomer size, makes the uniform
sampling of the one-chain configurational space inef-
ficient, since most of the configurations generated in this
way have an irrelevant statistical weight. Therefore,
here we develop the theory for a general biased sam-
pling and discuss the optimal sampling for a given
situation of interest.

To evaluate the integral of a given function f[y] over
the configurational space of a chain by means of the

3 | vpN/ivs
v/l

=1 (2.25)
1—¢°
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Monte Carlo method, we use the formula?’

f
S Dyfly] = g rd
Aé=mr Pglyal

(2.26)

where A is the total number of sampling points in the
configurational space and g[y] is the probability
distribution of the biased sampling. It is convenient for
our purposes to relate g[y] with a statistical weight
wly], which we refer to later on

wly]
S Dywiy]

Therefore, aiming at a numerical evaluation of the
constraint equation, the conformational space integra-
tions in the second term on the right-hand side of eq
2.25 can be rewritten in terms of a sum over the Monte
Carlo samples, giving

Fely] = (2.27)

N
J@ye TS o (r = ri[y])

Jor
A

N
wawrw—mwmm

A
Z‘l/W[Va]

Notice that the phase space volume in the denominator
has also been calculated by means of the same biased
Monte Carlo sampling, so that the normalizing factors
S 9yw[y] cancel out.

The averages of a given variable A(r,ri[y]) can then
be performed in a similar way

(2.28)

A(NO=
A

—Hmilyo]/KT
[ Dye A )) az\e A(r,rly Dwly,]

C

_ _ A
f{ﬂ 'J/e Hindly KT Ze—Hmf[y(x]/kT/W[y ]
Q.

- (2.29)

Furthermore, considering eq 2.28, the constraint eq
2.25 is rewritten as

0
—Vs(r)/KT + Vi
N

e

1 VpN/vs
X
1-¢°

N

A
Ze—Hmf[Va]/kT (S(r - ri[ya])/W[Va]
a= =

A
Z\llW[Va]

where the factor v¢/ls® has been absorbed into z(r).
Finally, to end this section, it is important to also

realize that the most efficient sampling of the confor-

mational space is that done with a distribution given

=1 (2.30)
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by the absolute value of the integrand itself, i.e., using®’

wlyl = Ifly]l (2.31)

in integrals of the form of eq 2.26. Hence, the choice
w[y] = e HalVKT will be a convenient choice to make the
samples relevant for the problems at hand.

3. Results

In this section we will describe the procedures em-
ployed to numerically implement the importance sam-
pling SCMF previously given, which will be applied to
the case of adsorption of polymers onto a plane wall. In
particular, results for loop monomer as well as tail
monomer volume fraction profiles are obtained. Fur-
thermore, end-monomer distributions are obtained for
the first time, to the best of our knowledge.

3.1. Numerical Calculation Details. The solution
of the SCMF problem has been done from a sampling
of the configurational space of off-lattice polymers of 100
and 200 monomers, in cubic boxes of size L = 115.32I
and L = 226.92l, respectively, | being the monomer
length. The adsorbing wall has a thickness of 2.72l and
its mid plane is located at z = 0, occupying the center
of the simulation box. Hence, the repulsive hard sur-
faces are at the planes z = £ 1.361 (which corresponds
to |zo| = 1.861 with respect to the position of the centers
of the monomers). The wall is rigid and cannot be
penetrated by the chain beads. The wall has a certain
thickness, larger than the size of a monomer, to prevent
that chains could be divided by the wall in the process
of numerically generating and modifying the conforma-
tions. Adsorption takes place because we have intro-
duced a square well potential at the surface of the plane,
according to eq 2.8, whose width available to monomers
is d = 1.861 and different values of ¢ on the order of kKT
have been used. Since periodic boundary conditions in
the three directions of space are considered, the size of
the box has been chosen such that the chains never
reach the two adsorbing surfaces at one time, even when
fully extended.

The chains are modeled as pearl necklaces of non-
overlapping beads of diameter I, whose centers are
separated a fixed distance equal to the bead diameter,
and where the chain is fully flexible. As mentioned, the
excluded volume per monomer has been taken as being
independent of the conformation of the chain, and is
estimated to be vy = 1.8613, assumed as constant in this
work. This value corresponds to an estimate of the net
excluded volume per monomer in a chain (approxi-
mately one-half of the volume excluded by an isolated
monomer). In this work, we have chosen that the
excluded volume of the whole chain be independent of
the conformation y and equal to vyN, for simplicity
requirements, and instead focus our attention on the
importance sampling methodology. This assumption is
taken to simplify the problem as much as possible,
although it is rather crude. We will see in ref 2, however,
that this approximation is enough to properly describe
the monomer volume fraction profiles of adsorbed chains
due to the fact that the loops and tails, formed upon
polymer adsorption, only marginally overlap.® Due to
this effect, the excluded volume correlations are not
screened by the local density. The scaling results
obtained for polymer adsorption are usually constructed
upon this fact.

Because of the macroscopic translational symmetry
of the system in the directions parallel to the wall, the
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Figure 1. Variation of the energy of the configurational file,
E = —3,Hm(y), with Monte Carlo (MC) steps for a system with
N = 100, f° = 0.058, and ¢ = — 0.35KkT.

mean field Lagrange multiplyer z(r) is considered to be
a function of the z coordinate only. Hence, the box has
been divided into layers of thickness 6 = 1.86 I, parallel
to the plane, inside of which x is taken as constant. This
choice permits us to have a reasonable precision on the
spatial variation of 7 and, at the same time, the volume
of the layer is large enough for eq 2.5 to make sense.

To evaluate the configurational space integrals in eqs
2.28 and 2.29 by means of a Monte Carlo procedure, a
configurational file is created. In this file, the coordi-
nates of all the monomers of the polymer, corresponding
to a large number of different configurations (usually 2
x 10%), are stored together with the numerical value of
its bias weight w[y]. The sums over all the configura-
tions in the averages (eq 2.30) will simply be replaced
by sums over the sample of configurations stored in the
configurational file. At the beginning of the simulation,
this configurational file is filled by a uniform distribu-
tion, w[y] = 1, of conformations. It contains a collection
of statistically independent self-avoiding chains whose
first monomer is randomly located inside the simulation
box. It is clear that the direct use of this initial sample
in eqs 2.28 and 2.29 will be rather inefficient. Ef-
fectively, due to the narrow and deep adsorbing well,
only a few of these configurations will be statistically
relevant for the adsorption problem (in particular those
that have monomers inside the adsorbing well). To
overcome this difficulty, a bias field is introduced aiming
at gathering together a large number of configurations
around the most relevant part of the chain configura-
tional space. Once the bias field has been chosen, the
configurational file is transformed so that the chains
are distributed according to the selected bias w[y]. To
obtain this new equilibrated configurational file, a chain
is randomly selected and its configuration modified by
an elementary movement picked at random (crankshaft,
reptation or simple overall translation of the chain). The
statistical weight of the new configuration with respect
to the bias field is then compared with the old one, and
accepted or rejected according to the Metropolis rule.?8
The procedure is repeated a large number of times, until
indicators such as the sum of the energy with respect
to the bias field of the conformations in the configura-
tional file (Figure 1) or that of the conformations in
contact with the adsorbing well are stationary in a
statistical sense (see Figure 2). Once this point is
reached, the stored configurations are distributed ac-
cording to the prescribed statistical weight w[y]. With
respect to multichain Monte Carlo simulations, the
acceptance rate is much larger since the topology of the
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Figure 2. Variation of the average number of adsorbed
monomers of the configurational file with respect to Monte
Carlo (MC) steps for a system with N = 100, f° = 0.058 and ¢
= —0.35kT.

energy space is smoother for a chain in a mean field
than in a multichain system.

In our calculations, with the purpose of obtaining a
statistically significant configurational file, we have
chosen the Boltzmann weight of the chains in the mean
field

wly] O e~ HmlIkT (3.1)

where Hney] is given in eq 2.14, as the bias. Of course,
since z(r) is not known a priori, an iterative procedure
has to be used to recalculate the field while relaxing
the conformations of the configurational file, until a
stationary value is obtained. In fact, we initially choose
a0(r) = 0in eq 2.14 and define wO[y] from eq 3.1. After
about 108 Metropolis steps, eq 2.30 is used to recalculate
a@(r) and, hence, wib[y] from the actual sample in the
configurational file. The Metropolis process is initiated
again for other 108 steps. The whole process is repeated
until a stationary value of & is obtained. The dynamic
process of relaxation of the configurational file toward
the optimal sample is analogous to a diffusion process
in a nonlinear potential field. The detailed balance
property of the transition probabilities satisfied by the
Metropolis rule ensures that the proper thermodynamic
equilibrium distribution will be reached after a large
enough number of steps are taken.?82° In Figures 1 and
2 are shown, respectively, the evolution of two indicators
(energy and adsorbed monomers) of the relaxation of
the configurational file, as functions of the MC steps.
Notice the sharp jumps due to the recalculation in the
iterative procedure of the mean field Hamiltonian used
as a bias field.

It is crucial to realize that performing averages by
means of sums over the configurations in the configu-
rational file has some advantages with respect to the
usual procedure used in Monte Carlo simulations, since
the configurations are recorded and the probability
distribution of each one is known. Effectively, once the
samples are correctly distributed in the configurational
file, eq 2.30 can be solved for different values of the
parameters that define the physical problem, i.e., the
adsorption energy ¢ and the bulk density f° This
produces a new Lagrange multiplier field z(r) from
which the mean field Hamiltonian Hm¢[y] as well as the
physical probability distribution P[y] are determined for
the new conditions. Hence, the range of applicability of
a given sampling is only limited by its statistical
relevance for the physical conditions that one wants to
analyze. Effectively, a sampling suitable for a dilute
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Figure 3. End-to-end distance corresponding to self-avoiding
and Markovian chains, obtained from SCMF method, as a
function of chain length. Solid lines show the fitted power law,
N = 100; Reng/l = 1.27N°5%87, for the case of self-avoiding walk
chains (triangles), and Rend/l = 1.02N%4% for Markovian chains
(circles).

Table 1. Values of Radius of Gyration and End-to-End
Distances Corresponding to Self-Avoiding Walk (SAW) as
Well as Markovian Chains, Obtained from the Single
Chain Mean Field Method, for Different Chain Lengths?

N

32 100 200 1000 A v
R3AW)| 3.69 7.45 11.29 2934 049 0.593
RgAWn 9.33 1879 2822 7328 127 0.587

end

RMakov 232 406 570 1292 041  0.499
RUeroyy 552 985 1388 3107 102 0495

2 The coefficient A and the exponent v are the results of a fit of
the data plotted in Figure 4, for N = 100, of the form Rgend/l =
AN

bulk solution may not be statistically relevant when
concentrated solutions are used, although it could still
be relevant at intermediate concentrations. In practice,
only two sets of samples with different biases have been
used to cover the range of concentrations from dilute to
close to melt conditions.

In the case that ideal overlapping instead of self-
avoiding chains are generated in the sampling, the
procedure followed is the same except for the fact that
there is no energy penalty if monomers overlap. Notice
that the generation of ideal chains in the sampling
effectively eliminates the excluded volume correlations
along the chains, due to the fact that the intrachain
excluded volume repulsions are incorporated into the
mean field zz(r). This fact leads to a sampling with more
compact conformations that will produce a different
gualitative behavior. In this case, the results issued
from SCMF theory should quantitatively agree with
SCF calculations.

3.2. Structure of the Adsorbed Layer As Pre-
dicted by SCMF. Let us first consider the predictions
of the one-chain properties for a homogeneous system.
In Figure 3, we show the functional dependence of the
end-to-end distance of the chains with respect to the
number of segments N, in a system with a homogeneous
polymer density, as obtained from our SCMF methodol-
ogy. We compare the SCMF results obtained from the
generation of self-avoiding (or non-Markovian) chains
with those of overlapping (Markovian) chains. The
numerical results of the end-to-end distance as well as
the radius of gyration for both kinds of chains are listed
in Table 1.

Notice that the physical problem posed in both cases
is exactly the same, but the methodology differs in the
allowed conformations of the chains in the mean field,
that is, in the choice of the reference state on which the
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Figure 4. Representation of loop, tail and adsorbed monomer
volume fraction profiles, obtained from the single chain mean
field method (SCMF), corresponding to chains of N = 100
(circles) and N = 200 (triangles) at bulk monomer volume
fractions ¢° =~ 0.058 and ¢° =~ 0.033, respectively. In both cases,
€ = —0.35KT.

mean field is built. The power law behavior found for
the radius of gyration with self-avoiding chains in the
sampling is very close to that observed in excluded
volume statistics, Rg~IN”, with v = 3/5.3031 On the other
hand, the results for ideal chains are compatible with
Gaussian (ideal chain) statistics, yielding an exponent
V= 1/2.

It is important to mention that the results found for
Ry as well as for Reng, by means of the SCMF calcula-
tions for both, self-avoiding and ideal chains, are
independent of the bulk monomer concentration c® used
in the calculations. Therefore, the SCMF formulation
used in this work cannot properly describe the crossover
between excluded volume statistics in dilute solution
and ideal chain statistics in a melt, as given by the
scaling expression

Rg ~ I(I3c0)—l/8Nl/2 (32)

Thus, the theory cannot properly predict the screening
of the excluded volume correlations along the chain
backbone by the local monomer concentration® in the
bulk. Thus, the chains are excessively swollen even at
large bulk concentrations.’® This effect is especially
noticeable when long chains in semidilute solutions are
considered. However, it is irrelevant for short chains
where the SCMF method has mainly been applied®®
since the overlap concentration is then much higher. It
is also irrelevant for the structure of the adsorbed layer
due to the marginal overlap of loops and tails in the
inhomogeneous region; i.e., no screening of the excluded
volume correlations occur in the region of the inhomo-
geneity. SCF calculations, in turn, predict ideal chain
statistics at all concentrations.

Let us consider adsorption on a plane wall using only
self-avoiding chains from now on. Figure 4 shows typical
results of the internal structure of the layer obtained
by means of SCMF. In this case, we present results for
loop, tail and adsorbed monomer volume fractions for
two different chain lengths, N = 100 and N = 200, at
bulk monomer fractions ¢°(N = 100) = 0.058 and ¢°(N
= 200) = 0.033, corresponding roughly to half of the
overlap concentration ¢* = 3v,N/47R¢® in each case. The
adsorption energy is e = — 0.35kT, above the threshold
of adsorption, the latter estimated to be around ¢ = —
0.28KT from our calculations (a similar value is obtained
in MC simulations reported in ref 33). Below this energy
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Figure 5. Representation of the adsorbed monomer volume
fraction profiles corresponding to chains of N = 100 (circles)
and N = 200 (triangles), obtained from single chain mean field
approach (SCMF), at bulk monomer volume fractions ¢° =
0.058 and ¢° = 0.033, respectively. In both cases, e = —0.35KT.
The dashed line corresponds to a power law of —1.33.

value, monomer depletion in the first layer near the wall
is observed. In Figure 5, we have represented the
adsorbed monomer volume fraction profile of the previ-
ous systems using a logarithmic scale. The figure shows
that there is a regime near the wall that can be
considered as following a power-law decay. The expo-
nent obtained from the fit is —1.26 for N = 100 and
—1.23 for N = 200, both very close to the scaling
exponent —4/3 =~ —1.33, obtained in the limit N — «.”

Although there is a reasonable agreement between
our numerical exponent and the scaling results (valid
in the N — o limit), we have found that indeed the
initial apparent power-law decay depends in fact on the
bulk concentration in this regime of chain lengths2. This
fact indicates that we are not in the asymptotic long
chain N — o scaling regime. In our case and for the
studied chain lengths the —%/3 exponent is only found if
the concentration is near the crossover. This fact has
already been pointed out in refs 34 and 35, with which
our results quantitatively agree. A detailed discussion
of the structure of the adsorbed layer predicted by this
methodology in comparison with Markovian SCF as well
as Monte Carlo simulations will be given in ref 2. In
this latter reference, the concentration dependence of
the exponents in the decay of the monomer density is
discussed.

Together with the monomer volume fraction profiles,
we have also obtained the end-monomer distribution
profile, which is shown in Figure 6 using a logarithmic
scale. The end-monomer distribution is a difficult
guantity to obtain from simulations, since the relevant
property scales as the number of chains in the system,
instead of as the number of monomers. This number is
usually too small to obtain good statistical sampling for
an acceptable computer time. The reasonable quality
of our data indicates the adequacy of the importance
sampling method introduced in this work in the solution
of the SCMF problem. The end-monomer distribution
is of special theoretical interest since its decay near the
adsorbing wall involves the so-called magnetic suscep-
tibility exponent y = 1.162ind=3 (ory=1ind =4,
which is also the value corresponding to the Markovian
mean field), which is independent of the Flory exponent
v.% Scaling arguments for N — o predict a decay of the
form

Cend(z) ~ Ziﬂ/v (33)
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Figure 6. End-monomer distribution profiles, corresponding
to the adsorbed chains obtained from single chain mean field
method (SCMF), for N = 100 (circles) and N = 200 (triangles)
at bulk monomer volume fractions ¢° = 0.058 and ¢° = 0.033,
respectively. The dashed line corresponds to a power law of
—0.532. In both cases ¢ = —0.35KT.
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Figure 7. End-monomer distribution profiles, corresponding
to the adsorbed chains obtained from single chain mean field
method (SCMF), for different bulk monomer volume fractions
(f°=10.001, 0.03, 0.13). N = 200 and € = —0.35kT. The dashed
line corresponds to a power law of —0.532.

where = (dv — y)/2, d being the dimension of space.
The numerical value obtained here is /v = 1.4 and Slv
= 1.18 for N = 100 and N = 200, respectively, while
the scaling predictions are /v = 0.532. For this par-
ticular property, the asymptotic predictions and the
numerical SCMF results in the initial decay rate are
more disparate than in the case of the total monomer
density. Again, this apparent power-law behavior is a
function of the concentration, giving a flatter profile as
concentration increases. This fact indicates that our
results cannot be directly compared with scaling predic-
tions because the latter are only valid in the asymptotic
limit N — o, and the finite size effects seem to be very
important for the polymer lengths considered here.
Scaling predictions for Gaussian chains (d = 4, v =1/,
and y = 1) give an exponent g/v = 1, valid only in the
limit N — o, which seems to be closer to our results.
However, SCF calculations with Gaussian chains for a
chain length N = 200 give an exponent f/v = 1.6%6
higher than our SCMF results with self-avoiding con-
formations.

To end this section, the end-monomer distribution for
different bulk concentrations is represented in Figure
7, in which N = 200 and ¢ = — 0.35KkT. As already
observed in the case of the monomer profiles, the initial
power-law decay depends on the concentration and,
therefore, we can again conclude that such short chains
do not display the asymptotic regime expressed by the
scaling exponents.
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4. Discussion and Concluding Remarks

In this paper we have reviewed the single chain mean
field methodology and introduced an importance sam-
pling strategy that has allowed us to find new results
for the case of polymer adsorption onto a flat interface.
In ref 2, a detailed comparison with Monte Carlo data
as well as self-consistent field calculations will be done,
in support of the validity of our mean field methodology
as far as quantitative results are concerned.

In comparison with previous applications of the SCMF
methodology, the importance sampling introduced here
has allowed us to find results for difficult quantities
such as the end distribution of the adsorbed chains, even
with the use of a limited number of conformations in
the sampling. In our calculations, different bias fields
have been tested, all aimed at gathering a large number
of polymers in the vicinity of the adsorbing wall.
However, the most efficient sampling, has been a bias
field that coincides with the mean field energy of chain,
Hmily], according to eq 2.14. When the configurational
file has been relaxed to the Boltzmann weight, in view
of eq 3.1, we can consider that all the samples are
equally relevant for the averages.

A point that is in need of further improvement in our
methodology is that we have chosen a dynamical
procedure to relax the chains in the configurational file
to the desired distribution based on the Metropolis rule.
Because of the nature of the topological barriers ap-
pearing in polymer adsorption this procedure is com-
putationally expensive, although more efficient than in
equivalent Monte Carlo calculations, due to the smooth
variation of the mean field.

One of the major advantages of the procedure dis-
cussed in this work comes from the fact that the physical
problem and the sampling of the phase space are
independent events. In this way, similar in spirit to
histogram reweighting techniques in Monte Carlo simu-
lations,3” the same sampling in the configurational file
can be used for different physical conditions. The
problem reduces to computing the Lagrange multiplier
field & for the actual conditions but from a sampling
obtained under different conditions. In fact, the ability
of this procedure is limited by the relevance of the
sampling for a given physical problem. In the range of
bulk concentrations that we have currently analyzed,
ranging from very dilute to semidilute, two sample sets
have been used. One set is obtained under dilute bulk
conditions and the other set at conditions near the
crossover concentration. In the same way, the adsorp-
tion energy used in the generation of the sampling has
in general been set to be smaller than kT to increase
the probability of desorption and permit a faster relax-
ation of the structure of the layer as well as to have a
reasonably populated bulk. However, the sample ob-
tained in this way can be used to describe reversible
but strong adsorption situations with ¢ up to 1kT.

As far as the results are concerned, we have obtained
a qualitative description of the adsorbed layer that is
in agreement with the actual picture, based on the SCF
calculations of Scheutjens and Fleer! as well as with
the theoretical work of the two order parameter theory
and scaling.8® Furthermore, original results on the
polymer end distributions are presented. The quality
of our results are indicators of the adequacy of the
importance sampling method that we have developed
in this work. The results, however, do not agree with
the predicted scaling behavior and show a dependence
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on the bulk concentration, as has also been reported for
other properties of polymers of similar length.3®> The
agreement of the results of our methodology with Monte
Carlo simulations for these properties will be discussed
in ref 2. Thus, it seems that finite size effects are very
important in the properties of adsorbed layers of mod-
erately long polymeric chains. Finally, the lack of
screening of the excluded volume correlations in the
SCMF theory employed in this work is due to the fact
that the overall excluded volume of a given conformation
has been considered to be independent of the conforma-
tion itself. Here we have focused our attention on the
development of an importance sampling treatment that
has allowed us to obtain clear results for adsorption
problems. In forthcoming works, we will explicitly take
such an effect into consideration in the theory.
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