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ABSTRACT: The single chain mean field theory (SCMF) with importance sampling methodology has
been applied to study homopolymer adsorption onto flat interfaces. A comparison with recent Monte Carlo
data reveals that the excluded volume correlations along the chain are crucial in quantitatively reproducing
the observed structure of the layer. The SCMF approach introduces a sampling of the self-avoiding one-
chain conformations in a self-consistent mean-field, that allows for the local swelling of the chain. Unlike
classical self-consistent field approaches, based on ideal chain statistics, the correct spatial as well as
bulk density dependence of the profiles and structure are recovered by the SCMF approach.

1. Introduction

The internal equilibrium structure of reversibly ad-
sorbed polymers is still a matter of debate that is in
need of much clarifying experimental and theoretical
work to reveal all of its internal complexity. Pioneering
works on this topic include those of Jones and Rich-
mond?! which, starting from the mean-field treatment
of Edwards,?? introduced the ground-state dominance
approximation.*® In this formalism, a free energy
functional for a one-order parameter is constructed from
which the monomer density profile is derived. Later, de
Gennes,® using a free energy functional based on the
Cahn—Hilliard theory, was able to reproduce the proper
scaling laws in the profile. Both free energy functionals,
however, are essentially mean-field and depend on one
single-order parameter and no finite size effects are
described since the chains are formally infinite.

Subsequent numerical” and theoretical®-1° work, based
on the self-consistent field approach of Edwards, but
without some of the simplifications of the free energy
functionals described, indicated that the structure of the
layer is more complex than suggested by the one-order
parameter approaches mentioned. This complexity is
due to the important finite size effects that give a
particular importance to the polymer end points, com-
pletely disregarded in the one order parameter theories,
which essentially describe the formation of polymeric
loops on the surface. Results from the self-consistent
field numerical method of Scheutjens and Fleer on
polymer adsorption onto flat surfaces, as well as the
theoretical treatment based on two-order parameters of
Semenov, Joanny, Johner, and collaborators, show a
division of the layer into a inner loop-dominant and an
outer tail-dominant subregions. A consequence of this
segregation is the existence of a characteristic length
of the layer, namely z*, that governs the scaling of the
central region of the adsorbed profile. However, al-
though the qualitative information given by the mean-
field theories based on Edwards equation is of great
interest, they fail in reproducing the scaling exponents?®
and experimental data.!* The ideal character of the
chains in the mean field is a description which is only
valid in d = 4, and the exponents found by these theories
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are thus consistent with this fact. The excluded volume
correlations along the reference chain backbone are
treated only on average and the chain keeps the
Markovian character of an ideal (overlapping) chain.

In this paper, we will use the SCMF approach
developed in ref 12 to analyze the equilibrium behavior
of polymer adsorption onto flat interfaces. We will pay
special attention to the comparison with recent Monte
Carlo data!? that has revealed many interesting aspects
of the adsorbed layer behavior, especially for relatively
short chains, far from the scaling limit N — o, where
no simple analytical theory exists to predict the depen-
dence of the profiles with the bulk density.

As far as the effect of the excluded volume correlations
is concerned, one can say that the ideal (Markovian)
nature of the Edwards approach is responsible for the
fact that the exponents obtained in the different power
law regimes disagree with scaling results® and experi-
mental data.l! Thus, in addition to the aforementioned
self-consistent field calculations, more detailed theoreti-
cal analysis, based on the renormalization group,415
and computational work, such as Monte Carlo simula-
tions (MC), have been required,’6-20 aiming at a more
quantitative comparison with the experimentally ob-
servable power-law decay of the profiles. In addition,
scaling laws are concerned with very long polymers, N
— oo, often lying out of the range of experimentally
accessible polymer sizes. Thus, it is also of crucial
interest to analyze the behavior of shorter polymers.

Monte Carlo simulations of polymer adsorption are
very difficult due to the large energetic barriers to be
overcome by polymers in the sampling of its configura-
tional space. The relaxation of the structural details of
the adsorbed layer is a difficult matter that has been
responsible for the fact that only a few MC analysis have
been done for the adsorption of relatively long polymers
(hundreds of segments). In fact, MC results are found
only from the beginning of the past decade. One has,
for instance, short polymers of N = 3217 adsorbed onto
a flat wall, or results for longer chains,'® which have
some disagreements with respect to most of the modern
MC data.?® In this context, the SCMF theory appears
to be a suitable tool to analyze long polymer adsorption.
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The advantages of this method are, on one hand, that
it includes excluded volume correlations along the chain
and thus proper scaling laws are expected to be found
in the long chain limit. On the other hand, the sampling
of the configurational space of one single chain in a
mean field is much simpler than many body MC
simulations and, thus, can be more efficiently carried
out.

In this paper, we will apply the SCMF theory, with
the importance sampling developed in ref 12, to polymer
adsorption onto a plane wall. The results obtained will
be compared with Monte Carlo simulations under the
same conditions in order to analyze the differences
between the two methods and prove the predictive
nature of the method. Moreover, SCMF results with the
generation of overlapping (ideal) chains will be com-
pared with Markovian self-consistent field data obtained
from the application of the Scheutjens—Fleer theory.
This comparison will serve us to study the importance
of the excluded volume correlations along the chain and
thus the role of the Markovian/non-Markovian nature
of the conformation of the chain used as the reference
state, as far as the layer properties are concerned.

The rest of the paper is organized as follows. In
section 2, we will summarize the theory underlying the
SCMF theory with the importance sampling develop-
ment discussed in ref 12. In section 3, the structure of
the adsorbed layer will be analyzed from our SCMF
methodology and compared with MC simulations data
as well as with data from the Scheutjens and Fleer
method, for different bulk volume fractions. Finally, in
section 4, we will discuss the main points arising from
this work.

2. The Single Chain Mean Field Theory

The most important characteristic of the SCMF
theory is the generation of independent self-avoiding
chain conformations of known statistical weight, de-
pending upon the physical conditions, from which the
relevant averages are calculated.?1=26 By retaining the
explicit self-avoidance of the chain conformation, the
non-Markovian nature of the chain propagator can be
accounted for even at a mean field level. Classical self-
consistent field theories (SCF) are based on the calcula-
tion of a Markovian chain propagator, which follows
ideal chain properties, disregarding correlations along
the chain backbone.23:57:27.28

In the framework of the SCMF theory, the state of
the system is described by the free energy functional

F[P[y], ¢(n)] = KTN, [ Dy (P[y] In P[y]) +

KT f., dr cy(r) In ¢4(r) + [ Dy P[y] U[y, cy(r), c(r)]
2.1)

whose minimization gives the one chain probability
distribution P[y] as well as the solvent number density
cs(r). In this equation, v denotes a given configuration
of the chain, described by the set of the vectors pointing
at the positions of all the N monomers of the chain
{rily]}. Np is the number of chains in the volume and
¢s(r) = vsCs(r) is the solvent volume fraction, vs being
the volume of a solvent molecule. Furthermore, Dy
denotes an integration over all the self-avoiding con-
figurations of the chain and KT has its usual meaning.
In eq 2.1, U[y, cs(r), c(r)] is the energy of the system
due to potential interactions. This term accounts for
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three types of contributions, that is, the interaction
between monomers of the chain, interactions with
monomers of other chains as well as the solvent
molecules and, finally, the interactions with external
fields. As in density functional theories, the hard-core
repulsive interactions are not contained in eq 2.1 but
are accounted for by means of the incompressibility
constraint, expressed as

P(r) + oy(r) =1 (2.2)

where ¢, defined as

N
¢(r)=N, [ DyP[y] Z Voo (r = rily]) = v,e(r) (2.3)

is the volume fraction of the polymers in the system. In
this paper v; is considered here as constant, for reasons
of simplicity. According to ref 12, such an approximation
does not properly describe the screening of the excluded
volume correlations by the local monomer concentration
in the semidilute regime. However, due to the marginal
overlap of loops and tails at the inhomogeneous region,
these correlations are not screened and this approxima-
tion suffices to quantitatively reproduce the volume
fraction profiles.

Along this work, we have considered that the interac-
tions between monomers and also between monomers
and solvent are chosen to be identical. With a proper
choice of the energy scale, the energetic term only
contains the interaction between the monomers and the
adsorbing wall, according to the expression

U[V! Cs(r)a C(r)] = Uext[V] =
N

e [drod — |z - z,) > or —rily]) (2.4)

where z; is the position of the hard wall, ¢ is the depth
of the energy well, and d is the width of the well, 6(x)
being the Heavyside function. The effect of the infinitely
repulsive wall is implicitly taken into account by reject-
ing all conformations such that the center of at least
one monomer i, say, is |zi| < |Zo|.

Minimization of eq 2.1 subject to the constraint given
in eq 2.2 gives the single-chain probability distribution

P[y] = Ae~"mlIkT (2.5)

where A is the normalization constant and the mean-
field Hamiltonian is given by

Holyl = [ dr [vya(r) +
N
€t(d — |z = zo])] ) o(r — rily]) (2.6)

In this last equation, notice the yet unknown constraint
field 7z(r) introduced as a Lagrange multiplier to satisfy
the constraint given in eq 2.2. For the solvent number
density profile one has, in turn

c(r) = Be kT (2.7)
where B is also a normalization constant fixed by the

fact that the volume integration of eq 2.7 is precisely
the total number of solvent molecules Ns.
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Finally, to determine the spatial variation of the
constraint field z(r), we substitute in eq 2.2 the prob-
ability distribution function for the chain configuration,
together with the solvent density profile, given in egs
2.5 and 2.7, respectively. One finally writes

0 V /I 3 VpN/VS
—ver(r)KT | Ve s’s

VS
—€
|3 N [1—¢°

S
N
J Dye "L S o(r = iy

J Dy

According to ref 12, in this last equation we have
introduced the monomer volume fraction in a homoge-
neous system in equilibrium with our system, ¢°, as a
free parameter. The point to point solution of eq 2.8
gives the profile of the constraint field s(r) from which
all the other properties can be determined.

To end this short overview of the SCMF technique,
we calculate the configurational integrals by a Monte
Carlo technique. Effectively, if one samples the configu-
rational space of a self-avoiding chain producing a
number A of different samples with a statistical weight
w[y], then eq 2.8 can approximately be given by

X

=1 (2.8)

0
—Vvgrt(r)/KT 4 V¢
N

e

1 VpN/vs
X
1-¢°

N

A
Z e b KT ST 50 — 1y DIy, ]
a= =

A
Z\ Twly,]

where the factor vd/ls® has been absorbed into z(r).
Finally, any average of a given configurational space
function A(r, ri[y]) is calculated from the relation

=1 (2.9)

J Dye " KTA(r, ri[y])

[ Dye Hmt T
A

Z e Pl TA(r, 1y IWy,]

A(N=

- (2.10)

Z e*Hmf[Va]/kT/W[,ya]

o=

2.1. Numerical Calculation Details. The solution
of the SCMF problem has been obtained here from a
sampling of the configurational space of off-lattice
polymers of 100 and 200 monomers, in a cubic box of
size L = 115.321 and L = 226.92I, respectively, | being
the monomer length. The adsorbing wall has a thickness
of 2.721 and is located at z = 0, occupying the center of
the simulation box. The repulsive hard surfaces are then
located at the planes z &+ 1.36l. The wall is rigid and
cannot be penetrated by the chain beads such that |z]
< 1.861 = |zp|]. We have introduced a square well
potential at the surface of the plane, according to eq 2.4,
whose width available to monomers is d = 1.861 and
different values of ¢ on the order of kT have been
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regarded. Since periodic boundary conditions are con-
sidered, the size of the box has been chosen large enough
so that the chains never reach two surfaces at the same
time.

The chains are described as pearl necklaces of non-
overlapping beads of diameter |, whose centers are
separated a fixed distance equal to its diameter. The
excluded volume per monomer has been taken as being
independent of the conformation of the chain, and
estimated to be v, = 1.861%, assumed as constant
throughout this work. This value corresponds to an
estimate of the net excluded volume per monomer in a
chain. As we have already noticed in ref 12 and
mentioned above, this is the crudest approximation in
this work.

The mean-field constraint zz(r) is considered as being
a function of the coordinate z only, due to the symmetry
of the system. The box has been divided then into layers
of thickness 1.861, parallel to the plane, inside which
is taken as constant. This choice permits us to have a
reasonable precision of the spatial variation of the fields
and keeps eq 2.2 meaningful.

The Metropolis rule®® is used to relax an originally
chosen distribution of one-chain conformations to the
desired biased distribution, according to the weight w[y],
as has been described in detail ref 12. With the purpose
of obtaining a statistically significant configurational
file, we have chosen the Boltzmann weight

w[y] O e—Hmf[V]/kT

(2.112)
where Hy¢[y] is given in eq 2.6. The physical conditions
chosen to relax the configurational file, where the one-
chain biased conformations are stored, have been se-
lected to be not too far from the physical conditions that
we have analyzed, aiming at having significant enough
samples for every case.

In the case that ideal instead of self-avoiding chains
are generated in the sampling, the procedure followed
is exactly the same. The main difference is found in the
set of allowed conformations of the chain, something
that will give significant differences when comparing
the results obtained by means of both points of view.

3. Structure of the Adsorbed Layer

Let us introduce the characteristic length scales for
polymer adsorption onto flat walls. First of all, the bulk
correlation length & defines the distance at which
density perturbations die out. The numerical value that
we use in this section is calculated from the expression

0\-3/4
nff

as obtained from scaling arguments for excluded volume
chains,* with ¢°, the volume fraction of monomers in
the bulk, and ¢*, the monomer volume fraction at the
overlap distance c*, defined as

(3.12)

3N
47R

C*

(3.13)

where Ry is the radius of gyration of the chain numeri-
cally obtained in a homogeneous system. In the case of
ideal chains, we still use eq 3.12 but with exponent —/,
(instead of —%/4) and the radius of gyration correspond-
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ing to that of an ideal chain. The overlap volume fraction
is thus, ¢* = vpc*.

Second, the thickness of the layer that we use in this
work is obtained from the expression

[ Z¢,(2) dz
[ ¢ dz

where ¢, is the volume fraction of monomers belonging
to adsorbed chains. Similarly, from the volume fraction
of monomers belonging to loops and tails their corre-
sponding root-mean-square thickness, A and 1, respec-
tively, are obtained.

As far as the inner structure of the adsorbed layer is
concerned, it is customary to define loops as being
portions of the adsorbed chain between two monomers
in contact with the wall and tails as portions of the chain
between the last adsorbed monomer and an end, while
trains are sequences of monomers all in contact with
the wall.” Here, however, we will make no distinction
between trains and loops. The density profiles of mono-
mers belonging to loops and to tails are, therefore,
indicators of such an internal structure. Then, third and
last, the crossover length z* is defined in this work as
the distance at which loop and tail monomer concentra-
tion profiles, ¢; and c, respectively, cross each other,8
separating the adsorbed layer into loop and tail sub-
layers. This can be formally stated as

A2 (3.14)

6(2%) = c(z¥) (3.15)

With regard to the bulk concentration, different
regimes are also usually distinguished. We have already
defined the overlap concentration c* in eq 3.13. Since
the thickness of the layer scales as the size of the
polymeric coil, Rq, the layer starts to be significantly
affected by the presence of free chains in its vicinity
when the bulk concentration approaches the overlap
concentration, that is, when & ~ Rg. In the second place,
the concentration c; is defined as the concentration at
which & ~ z* so that the loop layer starts to merge into
the bulk free polymers.® At higher polymer densities a
concentration c, can also be introduced,3° but its analy-
sis lies beyond the scope of this work.

As far as the single-chain properties in a homoge-
neous system are concerned, in ref 12 our SCMF theory
predicts a dependence of the end-to-end distance as well
as the radius of gyration in the polymerization index N
consistent with the self-avoiding chain statistics, i.e.,
Ry ~ N3%5, if nonoverlapping chains are used in the
sampling.1431 If overlapping chains are used instead,
then the size of the polymeric coil scales as N2, as
corresponds to ideal chain statistics. Moreover, it has
also been observed that the results are independent of
the bulk monomer concentration, which implies that the
model cannot properly account for the screening of the
excluded volume correlations due to the simplistic
formulation used in this work.2* The reader is refered
to ref 12 for a detailed discussion of this point. It is
interesting to point out again the substantial difference
between the use of self-avoiding vs overlapping chains
in the sampling although the problem posed is identical
at the mean field level. Effectively, if ideal chains are
generated, all the effects of the excluded volume inter-
actions are charged on the value of the molecular field
7. Instead, when nonoverlapping conformations are
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Table 1. Volume Fraction at Contact with the Wall for
Different Bulk Monomer Volume Fractions®

#° ¢SCMF N =100  ¢SCMF; N =200  ¢MC; N =200
0.0026 0.47 0.48 0.62
0.022 0.50 0.50 0.62
0.11 0.56 0.56 0.67
0.81 0.91 0.91 0.92

2 The results correspond to an adsorption energy ¢ = —1KkT,

being obtained by means of single chain mean field (SCMF) for
polymer lengths N = 100 and N = 200, as well as for Monte Carlo
(MC) simulations for chains N = 200.

considered, the molecular field &z only accounts for the
effect of the excluded volume interactions with mono-
mers of other chains, since the intrachain interactions
are exactly accounted for in the self-avoidance restric-
tion.

3.1. Comparison with Monte Carlo Simulations.
Since one of the main objectives of this work is to check
the ability of the SCMF method in producing reliable
data on polymer adsorption, in what follows we will
focus our analysis on the behavior of polymer adsorption
as a function of the bulk concentration considering only
a chain length N = 200. The comparison is done with
data obtained from multichain lattice Monte Carlo
simulations as given in refs 20 and 32. There are,
however, intrinsic difficulties in the comparison due to
the different nature of the models. We have chosen to
identify the spacing of the cubic lattice defined in these
references with our monomer length I. With this iden-
tification, the obtained radius of gyration from both
methods for isolated chains are rather close, Rgy(MC)/I
= 9.37 as compared with Ry(SCMF)/l = 11.29 (one can
also compare the parameters of the fitting Ry/l =
0.42N05% given in ref 13, with those given in Table 1
of ref 12). Furthermore, we will compare the monomer
volume fractions by simply multiplying our monomer
concentration by the monomer volume 1.8613, according
to eq 2.3. For chains of 200 monomers, the overlap
concentration is obtained from eq 3.13, giving ¢*(SCMF)
= 0.061 and ¢*(MC) = 0.051.12 In addition, the adsorp-
tion energy is chosen to be the same in both models and
equal to ¢ = —1KT. To compare the profiles we have
chosen that the layer 1 in the MC simulations coincides
with the external border of the adsorbing well. Obvi-
ously, this choice of monomer length and excluded
volume parameter can distort the one to one comparison
of the data. However, in our analysis we will center our
attention on intrinsic properties of the layer, expressed
in the natural lengths in each case in order to be
independent of the particular values chosen. In addition,
aiming at a closer comparison with MC data, we have
introduced a finer division in the simulation box, with
layers of thickness 0.93l, inside which the value of the
Lagrange multiplier field z(z) has been calculated from
the SCMF, eq 2.9.

In Figures 1—3, we show the comparison between
monomer fraction profiles obtained from SCMF and MC
simulations. In both methods the bulk monomer fraction
is ¢ = 0.0026, corresponding to a very dilute solution.
Despite the fact that the models used are rather
different, the results for the total monomer volume
fraction are very good, as can be seen in Figure 1. The
difference in the volume fraction of monomers at contact
with the wall could be attributed to the fact that the
value of the volume fraction at this point is strongly
dependent on microscopic details of the models, as far
as the monomers and the potential well are concerned.
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Figure 1. Comparison of the total monomer volume fraction
profiles obtained from single chain mean field (SCMF) and
Monte Carlo (MC) simulations. System conditions are N = 200,
¢° = 0.0026, and € = — 1kT. The dashed line corresponds to a
power law —4/3. Key: SCMF, triangles; MC, squares.

Table 1 summarizes the volume fractions at contact with
the wall for four different concentrations.

Despite the numerical differences in the volume
fraction at contact with the wall, MC and SCMF results
are consistent. In the case of SCMF values for N = 100
and N = 200, they indicate that this magnitude is rather
independent of the size of the chain and only depends
on the bulk concentration, for fixed adsorption energy
€. Furthermore, it is interesting to observe that, with a
smooth increase of the bulk concentration, both models
show a saturated surface at high bulk monomer con-
centration. However, a detailed analysis of this effect
lies beyond the scope of this work.

The straight dashed line plotted in Figure 1 corre-
sponds to a slope of —4/3 which is the scaling prediction
for N — o0, according to ¢(z) ~ z&=9" v being the Flory
exponent and d the dimensionality of the space. The
agreement between MC and our SCMF results is very
good. The analysis of both sets of data indicate that the
existence of a power-law regime is not obvious (the
exponent in the central region of the profiles is near —2,
and is less negative near contact). Without any doubt,
the decay presented in both results is steeper than the
scaling predictions, N — o, for self-avoiding chains.
Although this decay seems to be close to that predicted
by scaling arguments for ideal chains (z72, with d = 4
and v = 1/, in the scaling formula), one should not infer
that the decay is correctly given by Markovian mean-
field calculations. Effectively, the solution of the SCMF
equations with Markovian overlapping chains shows an
even steeper decay for this chain length. The same kind
of behavior is observed in the solution obtained with the
Scheutjens—Fleer method.?° This power-law regime,
therefore, depends on bulk concentration for such
moderately long chains, very far from the asymptotic
limit where the scaling results would be valid. This
effect has already been discussed in refs.1332 and our
data are in agreement with this fact.

In Figure 2, we compare the SCMF and MC results
for the loop monomer volume fraction profile using a
logarithmic scale. The MC data suppresses the value
at contact with the wall, attributed to trains. We observe
that again, the agreement is very good, although the
SCMF produces a slightly thicker layer. It is also
noticeable that no power-law regime is identifiable in
any of the data sets. Although scaling predicts a power-
law decay of —#/3 for this quantity near the wall, the
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Figure 2. Comparison of the loop volume fraction profiles
obtained from single chain mean field (SCMF) and Monte
Carlo (MC) simulations. System conditions are N = 200, ¢° =
0.0026, and ¢ = —1KT. Key: SCMF, triangles; MC, squares.
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Figure 3. Comparison of the tail volume fraction profiles
obtained from single chain mean field (SCMF) and Monte

Carlo (MC) simulations. System conditions are N = 200, ¢° =
0.0026, and ¢ = — 1kT. Key: SCMF, triangles; MC, squares.

observed behavior in the numerical data is in agreement
with a faster initial decay, close to a power of —3.

Figure 3 represents the volume fraction profiles of
monomers belonging to tails in a semilogarithmic scale.
In this profile, the differences between the SCMF and
MC results are more pronounced. The decay in the
distal part of the layer is close to a single-exponential
decay in the MC data. SCMF data is affected by
statistical inaccuracy at the low-density part of the
profile, but it is rather obvious that the data shows a
much slower decay. The exponential fit ¢ = A exp(—
oz) to the distal region of the tail layer gives an
exponent o = —0.244 for the MC data, and —0.160 for
the SCMF. This difference can be analyzed from another
perspective, taking into account the fact that this
exponent has to be inversely proportional to the char-
acteristic size of the tails which can be defined as IN¢3°.
Thus, we can write

o(MC) _ 0.244 _

N,(SCMF)
a(SCMF) 0.160

3/5
1.53 ~ Nt(MC)) (3.16)

where the Flory exponent 3/5 has been used since the
bulk is very dilute and there is no physical screening of
the excluded volume correlations. From this equation
we can infer that N¢{SCMF)/N{(MC) = 2.03, which
means that the size of the tails predicted is approxi-
mately twice that of the MC data. For consistency, we
have verified, in addition, that our tail profile for N =
100 agrees very well with the tail profile obtained from
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Table 2. Characteristic Dimensions of the Adsorbed
Layer, in Units of I, Obtained from Single Chain Mean
Field (SCMF) and Monte Carlo (MC) Methods, for
Various Bulk Volume Fractions

¢ z* A Py It 3 Rq

0.0026 MC 4.79 3.85 3.19 8.35 91.50 9.76
SCMF 7.53 445 426 1150 121.53 11.29
0.022 MC 4.71 5.36 3.58 9.91 18.44 9.76
SCMF 7.60 6.91 4.41 14.88 2449 11.29
0.11 MC 4.04 733 4.09 10.77 5.56 9.76
SCMF 6.32 10.66 5.21 15.91 7.33 11.29
0.81 MC 344 793 4.62 9.56 1.25 9.76
SCMF 538 1352 6.23 16.19 1.65 11.29

lllll T T T T T TIrr T T T T T T1IT
) T

\ A—A SCMF
\ O—4 MC

0.1

z/1

Figure 4. Monomer volume fraction profiles obtained from
single chain mean field (SCMF) and Monte Carlo (MC)
simulations. System conditions are N = 200, ¢° = 0.11, and ¢
= —1kT. The dashed line corresponds to a power law —*/.
Key: SCMF, triangles; MC, squares.

MC data but with N = 200, confirming our estimation
of the size of the tails. This discrepancy of a factor near
2 is surprising. Although the statistics in the distal part
of the tail profile is rather poor, where the volume
fraction is around 10—23 and below, the overall discrep-
ancy suggests that the decay of the tail profile for this
system has to be more carefully studied. In fact, as we
will see later on, the agreement of the tail profile
between our SCMF calculations with overlapping chains
and the SCF results agree very well except for the distal
region, which suggests the correctness of our predictions
in the region near the wall for the tail profile also in
the case of self-avoiding chains under discussion. Other
sources of disagreement are the differences between the
radii of gyration between MC and in our SCMF,
although this is too small to justify the difference.

In Table 2, the characteristic lengths of the layer for
four different concentrations are shown. The thickness
of the layer for ¢° = 0.0026 is found to be 1 = 4.451 while
for the tails its value rises up to At = 11.50l, which is
close to the value of the radius of gyration of the chain,
11.291. Notice also that the crossover length z* = 7.53I
is larger than the thickness of the layer, which corre-
sponds to what is expected in the starved regime.® Thus,
the profile in the central and distal regions is dominated
by one single length, namely 133 or, equivalently, z* .
In the limit N — oo, the crossover length in the central
regime is z* while 4 is important only near the cutoff of
the layer in the distal region, since z* < 1.8° For our
range of chain sizes, both characteristic lengths are
comparable.

Figures 4—6 correspond to a higher volume fraction
¢° = 0.11, above the overlap concentration, considering
the same chain length and adsorption energy as before.
The general analysis goes along the same lines as in
the previous case. The total monomer volume fraction
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Figure 5. Loop volume fraction profiles obtained from single
chain mean field (SCMF) and Monte Carlo (MC) simulations.
System conditions are N = 200, ¢° = 0.11, and ¢ = — 1KkT.
Key: SCMF, triangles; MC, squares.
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Figure 6. Tail volume fraction profiles obtained from single
chain mean field (SCMF) and Monte Carlo (MC) simulations.
System conditions are N = 200, ¢° = 0.11, and ¢ = — 1kT.
Key: SCMF, triangles; MC, squares.

of the adsorbed chains obtained from SCMF deviates
slightly from the MC results in all the regimes. This
fact is reminiscent of the nonscreening of the excluded
volume correlations in semidilute solutions in our
methodology. Effectively, the increase of the osmotic
pressure with concentration in the bulk favors more
compact configurations, due to the effective reduction
of the excluded volume per chain. Our model, with a
constant excluded volume per monomer, cannot properly
account for this effect. The difference, however, is not
significant for the conditions analyzed here.

For this bulk concentration (¢° = 0.11), the major part
of the tail layer is embedded in the bulk fluid. Ef-
fectively, the bulk correlation length has been calculated
from eq 12 obtaining & = 7.33l, while the thickness of
the layer is 1 = 10.661 (see Table 2). The thickness of
the tail profile is in turn A = 15.91l. In this case, the
comparison between MC and SCMF data for the tail
monomer profile is better near contact. However, the
decay of the tails is significantly slower for the SCMF
data. This is also influenced by the nonscreening of the
excluded volume correlations of the model, although a
lack of representative statistics in the distal region
seems to be the major cause. Finally, the calculated
value of the crossover length is z* = 6.32l. Notice that
& is very close to z* which indicates that this concentra-
tion is very close to ¢; = vpcy at which the loop layer
enters into contact with the bulk polymers.

In general, one can say that the SCMF and MC
results increasingly deviate as the concentration in-
creases and that the behavior of the MC chains tends
to be more ideal as the concentration approaches that
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Figure 7. Variation of the rms thickness as a function of bulk
volume fraction. Conditions of the system: N = 200 and € =

— 1kT. Single chain mean field results (SCMF) are represented
by triangles and Monte Carlo results (MC) by squares.

of the melt. To illustrate this point, in Figure 7, we
present the dependence of the root-mean-square (rms)
thickness of the adsorbed layer with the bulk volume
fraction, as obtained from both SCMF and MC methods.
The overall thickness of the layer increases with con-
centration essentially due to the progressive competition
between chains to cover the same surface, which induces
a decrease in the adsorption energy per chain. The rise
becomes important near and above the overlap concen-
tration (¢* = 0.061 from SCMF data used here). The
discrepancy between the two curves is due to the
different extension of the tail layer between MC and
SCMF data. The loop layer is only slightly influenced
by the bulk monomer density up to concentrations close
to that of the melt. Tails contribute significantly to the
overall thickness of the layer due to their long extension,
despite the fact that their contribution to the density
profile is very low. In the SCMF calculations, there is
no shrinkage of the conformations due to the nonscreen-
ing of the excluded volume correlations, leading to larger
values of the calculated thickness. Notice that this
shrinkage of the overall layer is responsible, for in-
stance, for the slight decrease in the layer thickness of
the MC data at high concentrations.

In Figure 8, we present the adsorbance, defined from
the adsorbed chain monomer concentration c,(z), as

r= ["cy2)dz (3.17)

as a function of the concentration, for the conditions of
chain length and adsorption energy previously used. We
observe a good agreement between the qualitative
behavior displayed by both series of data. The increase
of the adsorbance starts near the crossover concentra-
tion, where the competition between the polymers to
cover the surface causes them to prefer more elongated
conformations, with larger loops and tails. This is the
same effect that causes the thickness of the layer to
increase, as has been previously mentioned.

3.2. Comparison with Markovian Self-Consistent
Field Calculations. To end this section, we have
performed SCMF calculations with overlapping chains,
to compare with results obtained by means of the SCF
method of Scheutjens and Fleer.” In this limit, both
mean field theories should be equivalent since the chain
propagator is Markovian. In all cases we have used the
same set of parameters as before, N = 200, ¢ = —1KT
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Figure 8. Variation of the adsorbance (number of monomers
per I?) in function of bulk volume fraction. Conditions of the
system: N = 200 and ¢ = — 1KT. Single chain mean field
results (SCMF) are represented by triangles and Monte Carlo
results (MC) by squares.

and different bulk monomer volume fractions. For the
SCF model, the data correspond to the same value | for
the monomer length, identifying the parameter ys with
the adsorption energy e of our calculations.33:34

Parts a and b of Figure 9 show, respectively, loop and
tail monomer volume fraction profiles from SCMF
equations, using overlapping chains in the sampling, in
comparison with the SCF data of Scheutjens and Fleer,
at very dilute solution ¢° = 0.0026. To emphasize the
role played by the excluded volume correlations, i.e., the
Markovian or non-Markovian nature of the chains, in
the same figures we have plotted (lines without symbols)
the MC profiles as well as the SCMF results with self-
avoiding chains. Focusing our attention on the Mark-
ovian data, one can see in Figure 9a that the agreement
between SCF and SCMF data is excellent. Moreover,
we observe a significant difference between self-avoiding
and overlapping chain calculations, the latter always
presenting a much faster decay, as has already been
indicated in the discussion of Figure 1.

In the case of the tail monomer volume fraction
profiles given in Figure 9b, the agreement between SCF
and SCMF calculations is very good in one decade, and
deviates at the distal part of the layer, where the values
of the volume fraction due to tails are very low. At has
been already pointed out, we attribute this discrepancy
to the lack of statistical sampling of the data. Again,
the corresponding values obtained from nonoverlapping
chains are significantly higher, indicating a less compact
structure caused by the direct excluded volume correla-
tions along the chain backbone. In this figure, the
already mentioned overall discrepancy of the MC data
of ref 13 for this particular set is rather noticeable,
which seems to better correspond to chains of N = 100
monomers than N = 200.

Higher bulk concentrations lead to results that are
gualitatively similar to those shown and will not be
further discussed. Bitsanis and collaborators?%-32 have
already pointed out this general difference in the
behavior of the adsorbed layer by directly comparing
SCF calculations and MC simulations. One of the more
important results of this work is in fact to show that
the effect is entirely caused by the intrachain excluded
volume correlations, neglected in the classical SCF
approach. Effectively, the SCMF formalism disregards
the interchain correlations as in SCF calculations.
However, the fact that the reference chain can be



1150 Bonet Avalos et al.

(a) ] E E
0.1 E
s ok §
0.001 y
0.0001
(b) Otg— I I
F OO SCF ]
VRS —- MC b
0.01 4558 A_A SCMF Mark |
T — SCMF SAW |3
0.001 - 4
1 | Il | 1 hd | 1
X 1
0.000 0 10 20 30 40

Figure 9. Loop (&) and tail (b) monomer volume fraction
profiles corresponding to markovian and self-avoiding walk
(SAW) chains. System conditions are N = 200, ¢° = 0.0026, €
= —1KT. Markovian results are obtained from the Scheutjens—
Fleer method (SCF) (circles) and single chain mean field
(SCMF) method (triangles). In the case of the self-avoiding
walk results (SAW), they are obtained from Monte Carlo
method (MC), dashed line, simulations and single chain mean
field method (SCMF), full line.

nonoverlapping permits us to properly account for the
correlations along the chain backbone, unlike the clas-
sical mean field theories based on the solution of the
Edwards equation.

4. Conclusions

The main purpose of this paper has been to present
the results obtained from the SCMF method for the case
of the adsorption of polymers at flat surfaces, in
comparison with two well-known methodologies, which
respond to two different approaches to the problem. We
have been able to show the efficiency of the importance
sampling method, introduced in ref 12, applied in the
framework of the known single chain mean field theory
for the reversible polymer adsorption problem. Further-
more, from our methodology, it has been possible to
obtain results corresponding to both self-avoiding and
overlapping Markovian chains, that have been com-
pared, respectively, with other known methodologies
such as Monte Carlo simulations and the self-consistent
field method of Scheutjens and Fleer. We will briefly
discuss both points in what follows.

The advantage of the importance sampling is that all
the samples of the one-chain configurational space
contribute to the averages with the same weight,
inducing a reduction of the number of samples required
for a problem such as polymer adsorption, characterized
by a narrow well near a repulsive wall. Our results have
been obtained with a reduced number of configurations
(2 x 104, that can be handled by common PC'’s. To relax
the probability distribution toward the desired bias, we
have introduced a Metropolis rule, viewing the configu-
rational file as a pseudo-system of independent chains
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in a biasing field. This procedure is clearly time con-
suming although efficient enough. In addition, the
procedure permits us to arrive at the optimal sampling
for each situation, something that has allowed us to
make a drastic reduction of the computer memory used
in our calculations. Other methodologies, such as the
Rosenbluth chain regrowth algorithm,3> are actually
being used in this context, with much less intensive use
of CPU time.36

As far as the results are concerned, we have shown
that the agreement between the SCMF results with self-
avoiding chains and MC simulations is very good,
despite the disparate nature of the models used in each
case. We have obtained practically the same density
dependence as found in MC simulations in both dilute
as well as semidilute solutions, for several properties
such as monomer density profile, loop density profile,
adsorbance, etc. However, the simplistic model used
here is unable to reproduce the screening of the excluded
volume correlations along the chain. The SCMF meth-
odology, with an appropriate model with conformation-
dependent excluded volume, should be able to also
describe this phenomenon. The nonscreening of ex-
cluded volume correlations leads to swollen chains
under all situations, independently of the local monomer
volume fraction. This effect is especially noticeable in
homogeneous concentrated solutions, where the chain
statistics is physically expected to be Gaussian (ideal),
but our SCMF results give self-avoiding statistics,
typical of dilute solutions. Hence, the density profiles
are slightly thicker than found in MC simulations,
especially for semidilute solutions. This fact has already
been recognized in the literature.2426 A refined model
to overcome this drawback will be addressed elsewhere.
The marginal overlap of loops and tails in the adsorbed
layer is responsible for the excellent agreement between
our SCMF and MC simulations in the inhomogeneous
region.* Notice that the screening of the excluded
volume correlations is a genuine issue of self-avoiding
chain statistics which has no counterpart in ideal chain
problems and can by no means be addressed in the
context of the SCF calculations.

Last, but not least, we have compared the results of
our mean-field approach when overlapping chains are
used. This procedure renders our approach conceptually
equivalent to the Markovian SCF methodology, based
on the Edwards propagator, widely used in polymer
chemical physics. Effectively, the profiles predicted by
matching the parameters of the model, with no further
adjustable parameters, is excellent. Only the distal part
of the adsorbed layer is affected in our case by a lack of
representative statistics, inducing deviations in the tail
profile in the last part. The formal relationship between
the SCMF and the SCF methods based on ideal chain
statistics is rather straightforward and has been already
addressed in refs 24 and 26. Here we have shown that
the fundamental difference between the two methods
is the explicit consideration of the correlations along the
chain in the former. The SCF methods based on the
Edwards propagator make explicit use of the Markovian
character of the chain propagator?® through a dif-
ferential (or difference, in the Scheutjens—Fleer method)
equation for the chain propagator. The monomers
interact only with the self-consistent field. On the other
hand, the SCMF technique with self-avoiding configura-
tions takes into account the non-Markovian nature of
the chain propagator with excluded volume interactions.



Macromolecules, Vol. 37, No. 3, 2004

Of course, when this point is relaxed by allowing the
generation of chains without internal excluded volume
interactions, the Markovian character of these confor-
mations is recovered, and therefore, Markovian SCMF
and SCF results completely agree.

By our analysis, it is thus made clear the nature of
the SCMF calculations and the importance of the one-
chain excluded volume correlations in the problem of
polymer adsorption. The agreement between our SCMF
calculations with self-avoiding chains and the MC
simulations indicate that the structure of the layer is
mainly determined by the excluded volume correlations
along one single chain, the many chain correlations
being of lesser importance. This behavior has its roots
in the local swelling of the chain, correctly accounted
for by the SCMF equations and the marginal overlap
of loops and tails at the inhomogeneous layer.

It is thus expected that a further development of the
method, to overcome the weaknesses of the model as
well as the efficiency in the sampling of the one-chain
configurational space, will lead to the possibility of
performing quantitative predictions of large systems.
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