
HAL Id: jpa-00248068
https://hal.science/jpa-00248068

Submitted on 4 Feb 2008

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Adsorption of random copolymer on surfaces
F. Aguilera-Granja, Ryoichi Kikuchi

To cite this version:
F. Aguilera-Granja, Ryoichi Kikuchi. Adsorption of random copolymer on surfaces. Journal de
Physique II, 1994, 4 (10), pp.1651-1675. �10.1051/jp2:1994223�. �jpa-00248068�

https://hal.science/jpa-00248068
https://hal.archives-ouvertes.fr


J. Phys. II France 4 (1994) I651-1675 OCTOBER 1994, PAGE 1651

Classification

Physics Abstracts

05.20 05.50 82.65D 61.25H 82.20W

Adsorption of random copolymer on surfaces

F. Aguilera-Granja (~ and Ryoichi Kikuchi (~

(~) Instituto de Fisica "Manuel Sandoval Vallarta", Universidad Aut6noma de San Luis Potosi,
San Luis Potosi, S.L.P. 78000, M6xico

(~) Department of Materials Science and Engineering, University of California, Los Angeles, CA

90024-1595, U-S-A-

(Received 2 December 1993, revised 27 May 1994, accepted 13 July 1994)

Abstract, The conformations adopted by random copolymers of two components adsorbed

on a
flat surface are studied by the use

of
a simulation technique. The simulation technique

is based
on

the analytical equilibrium calculation of the Cluster Variational Method and is
a

generalization of the Cluster Growth Probability Method to the case
when the probabilities

include chemical bonds. The model used here
assumes that the two copolymer components

have different interaction energies with the surface. The changes in the physical and geometrical
properties are studied

as a function of the copolymer length and the interaction energies with

the surface. The configuration of the adsorbed copolymers depends strongly on the interactions

with the surface. The behavior of the copolymers shows some similarities with homopolymers,
but also some differences

are shown. The results shown here
can be regarded

as a guideline for

controling some specific configurations adopted by the adsorbed copolymers on
colloid particles.

1. Introduction.

Spatial properties of adsorbed polymers have been the subject of numerous experimental and

theoretical studies [1-30]. However, most of the time the homopolymers are the main subject
of theoretical work [11-20]. It has been only very recently that the study of polymer adsorption
has treated polymers with a much more complex architecture than the simple homopolymers
[21-30]. Many of the theoretical studies are based on numerical simulations due to the diffi-

culties of the analytical techniques to formulate statistical treatment that is able to represent
polymers with complex structures like polymers with lateral branches, comb like polymers,

star like polymers and copolymers with long alternating sequence of components and block

copolymers [21-30]. Another advantage of the simulation technique is that it provides us with

a physical representation of the system not only at the surface but also on the subsequent
planes parallel to the surface. With the simulation we can visualize systems that otherwise

will be practically imposible to see in laboratories. The understanding of the role that the
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architecture of the complex polymers plays in the adsorption will ultimately indicate us how

to design the polymers so that we can get the optimal polymer conformations for applications
like the steric stabilization and the adhesion.

The random copolymers of different components are of interest due to the fact that different

segments (monomers) which are used in building (synthesizing) copolymers can have different

properties, and hence they may see the surface, on which the copolymers are adsorbed, in very

different ways. For instance in a random copolymer made of two different kinds of segments (A
and B) in an aqueous solvent, the A segments may have affinity to the surface (hydrophobic),
while the B segments may have repulsion from the surface (hydrophilic). This different behavior

in the polymer segments opens the possibility to control the type of configurations of the

adsorbed polymers by changing their affinities to the surface. This property is expected to allow

us to design copolymers for required specific configurations and as a consequence to control

the interaction between colloidal particles coated with polymers. For an extensive review of

the polymer adsorption problem the reader may consult the review papers by Takahashi [5],
Fleer [17] and Pincus [30] as well as references quoted therein.

In the present paper, we study a type of random copolymers built of two types of segments

in an aqueous solvent, the hydrophobic A segments and the hydrophilic B segments. We focus

our attention in the change of configurations of the adsorbed copolymers as a consequence of

the change of the surface affinity of one of the segments (B). Particularly, we choose for our

study the layer thickness of the adsorbed copolymers and the area covered by them in the

adsorption process. We pay special attention to these properties because it is generally belived

that in the steric stabilization of the colloidal particles, these two properties play predominant
roles. In addition, we also study other geometrical properties like fractions in the trains, tails

and loops as well as the average number of tails of these linear copolymers. The polymer
concentration in the solution (bulk)

we work with is 1$l, the parameter we use for the average
bulk lenth is L

=
44 [18, 19, 31, 32], and the system size used in the simulation is 50 x 50 x 20

lattice points. The length of a copolymer generated by the simulation is denoted by I. The

energy unit we use is kBT.

2. Model and method.

Before we start the simulation, the equilibrium state of the copolymers close to the surface is

to be determinated using the Cluster Variational Method (CVM) [33, 34]. This is to calculate

the analytical input for the simulation [18-21]. Since the method and all the details about the

way in which the analytical calculation and the simulation are done can be found elsewhere

[18, 19], we simply highlight the important points of this method.

2.1 ANALYTICAL INPUT. In the present case, we use the pair approximation of the CVM

in the simple cubic lattice [18, 19, 31, 32]. The lattice planes parallel to the substrate are

numbered by n, n =
being the first plane closest to the substrate (solid surface). The

configurational probabilities of
a lattice point (the single site probabilities) in the plane n are

written as xn;~, for a solvent ii
=

-1,0), for an end copolymer segment ii
=

1,2,3), for an

A copolymer segment or hydrophobic monomer ii
=

4, 5, 6, 7) and for a B copolymer segment

or hydrophilic monomer
ii

=
8, 9,10, ii ). This is listed in table I, where all species and their

statistical weights in the case of a simple cubic lattice are shown [18-19]. A polymer segment

has connecting bonds. A pair of adjacent segments are either connecting or non-connecting.

When they are in the same plane n, their probabilities are written as
yf/

~

and yf(
~

for

connecting and non-connecting, respectively. For pairs perpendicular to
thi'substratel'when

the segment I is on the plane n and j on n +1, their probabilities are written as zfj~,~
~
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Table I. Definition of the subscript I and the statistical weight factors for the single site

probabilities for the simple cubic lattice used in our model. The surface is located in the

down direction. The horizontal bonds are parallel to the surface, and the vertical bonds are

perpendicular to it.

Definition of the subscript I and the weights Wi

Species and Connections I w;

Solvent molecule @~ -(

Solvent molecule @~ o

End monomer

@ 2 4

3

Hydrophobic
monomer

4 4

@
5 6

6

#F
7 4

Hydrophilic monomer
8 4

@ 9 6

lo

4

and zfj~,~
~

(with h e 1/2, and hence
n + h being the middle point of the two planes). The

probabiliiiis
on the plane n =

I need special attention; because a chemical bond cannot point
downward toward the solid surface, the probabilities with bonds pointing toward the surface

are zero. The number of equivalent configurations due to the different type of pairs (connecting
and non-connecting) are listed in tables II and III; those pairs not shown in the tables are zero.

In the simulation, it is important to point out that each configuration of the connecting arm

is treated as distinguishable [19, 32].

The energy of the system is made of two contributions. The two energy parameters that

control the surface-polymer interactions used here are denoted by e(~) and el~), in which e(~) is

the hydrophobic attraction of an A segment to the surface and e(~) the hydrophilic repulsion
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Table II. (a) The statistical weight factors for the connecting pairs within the same plane

(wj(/,~ ). For the first layer
n =

I the statistical weight vanishes when I or j is 4 or 8. (b)

The statistical weight factors for the connecting pairs between planes (w)[/
~

). For the first

layer
n =

I the statistical weight vanishes when I is 6 or 10. Those pairs II, j) not shown in

the tables are zero. The subscripts y and z indicate the direction of the bond; y for horizontal

(I,e., parallel to the solid surface) and
z

for vertical, respectively.

( j 2, 8, 11 4, 7 5 9

2, 8, 11 0 3 0

4, 7 1 3 3 a)
5 3 3 9 9

9 0 3 9 0

I on n
( jon (n+I) 1,10 4 6 8

3, 10 0 4 1 0

6 1 4 1 4 b)
7 4 16 4 16

11 0 16 4 0

Table III. (a) The statistical weight factors for the non-connecting pairs within the same

plane (wjf/
~

). For the first layer n =
I the statistical weight vanishes when I or j is 1, 4, 6, 8

or1o. In
Ii) the statistical weight factors for the non-connecting pairs between planes (w)f/

~

).
For the first layer n =

I the statistical weight vanishes when I is 1, 4 or 8. Those pairs Ii, j )
not shown in the tables are zero. The subscript y indicates the horizontal direction, and z the

vertical.

( j -1, 0, 1, 3, 6, 10 2, 4, 5, 7, 8, 9, 11

-1, 0, 1, 3, 6, 10 3 a)
2, 4, 5, 7, 8, 9, 11 3 9

I on n
( j on (n+I) -1, 0, 3 2, 7, 11 5, 9

~j ~ / 6 4
~~

5, 9 6 24 36

of a B segment from the surface. The surface-polymer interaction in our model can be written

as follow:

(~)
e(~) for the hydrophobic segments or

A ii
=

1, 2, 3,...7),
~~~~ el~) for the hydrophilic segments or B ii

=
8, 9, lo,11).

The interactions in equation ii) are extended to the segments on n =
1 only as is shown in

figure 1. Notice that in this model we assume that the end segments are of the A type. The

convention for the energy parameters is that they represent attraction when they are positive
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n= 3

n= 2

n =~(l)

surface

Fig. 1. Two-dimensional representation of the model used in this simulation. Black segments
correspond to A

or
hydrophobic segments, while white

ones correspond to B
or

hydrophilic segments.
This figure also illustrates the energies of interaction with the surface used in this model. e~~l is the

interaction energy of
an

A segment, and el~~ is the interaction energy of
a B segment.

and repulsion when negative. The energy of the system based on this convention can be written

as follow:

ii

E
=

-L~je(~~w~xi,~
,

(2)

~=i

where xi,
~

(i
=

1, 2.., ll) is the probability to find a copolymer segment I on the plane
n =

I

and L is the number of lattice points within a plane parallel to the solid surface. Notice that the

energy contribution from xi,
z

for I
=

1, 4 and 8 vanishes due to the fact that such probabilities

are not allowed on the plane
n =

I.

The entropy of the system is written in the pair approximation of the CVM for the simple
cubic structure as [18, 19, 31, 32]

Ill
S

=
kB L ~j 2 + 5 ~j

w~ £(xn,
~

n z =
0

-2 jj w(a) £(yla) + w(b) ~(~jb)
~'~'~ ">~'~ ~"~'~ ">~'J

~ '°~~~z,z,
j

£(Z~~~n+h;~, j) + '°~~~z;z,
j

£(Z~~~n+h;z, j)j Ii (~)

Z,J

where the w~, w))/,~, w[)~(~ are the statistical weight factors (number of equivalent configura-

tions) of the single site probabilities (xn,~), pair probabilities within the same plane (y~/,~)
and pair probabilities between plains (z~j~.~ ~) as shown in tables I, II and III, respectively.
The function £(x) is defined

as x In x x
[3ij. This expression reduces to the case of the bulk

formula when the variables do not depend on n [31].
The equilibrium distribution of the system is calculated from the minimization of the grand

potential Q with respect to the pair probabilities for given values of the interaction energies,
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Fig. 2. An intermediate stage of the construction of the simple cubic lattice used in
our

simulation

model.

the temperature T, the copolymer length L, and the chemical potential values. The grand
potential Q can be written as follows:

Q
=

E TS L ~l~pn
z ,

(4)~
,

n,z

where E is the internal energy defined in equations (I) and (2), S the entropy as in equation
(3),

~1~
the chemical potential and pn,~ the density of the i~~ species on the plane n. After all

the cluster equilibrium distributions ((xn,~), (yf/ ~), (z~j~.~ ~)) are known we can proceed
with the simulation. ' ' '

2.2 SIMULATION PROCEDURE. When all the cluster probabilities of the system are know,

we are ready to begin the simulation process using the Crystal Growth Probability Method

(CGPM) [32, 34]. Although we use the same information contained in the output of the ana-

lytical CVM, the CGPM simulation reveals the information that is not demonstrably available

in the analytical results. In order to make the presentation concrete, we explain the simu-

lation method based on the pair approximation for the simple cubic lattice. The simulation

procedure is done as follows: we construct the system from bottom to top beginning next

to the substrate, from left to right, and from back to front, by placing a species at a lattice

point one at a time. Let us suppose that the lattice has been built up to the edge formation

j k I m n in figure 2, and the next one to be placed is I. Around the I point, three out

of the total six nearest neigbours have been placed and known. We can show that the nature

of correlation in the pair approximation is equivalent to writing the probability for placing I

in the superposition form [32, 34] as

1~4,n(~i)i k, I)
# ~/n;jz Yn;kz Zn-h;lz / (Xn;z)~ (5)

The subscripts in the probability P4,n indicate the number of points in the cluster (4) and the

plane number (n), respectively. The expression in equation (5) contains an inherent approxi-
mation due to the nature of the CVM [32, 34].

Starting with the probability expression P4,n(I,j,k,I), we can proceed to formulate our

basic relations for this simulation. When j,k, and are known, the conditional probability
p~(I; j, k, I) of placing the species I at the circled point in figure 2 is defined as

iJn(~iji ~> l) "1~4,n(~iji k, I) / ~j P4,n(m, j, k,1) (6)

m

This holds for n > 2. For the first plane n =
I next to the surface, we use a relationship similar

as equation (5) without the point I. We construct the lattice beginning from the surface in
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such a way that the conditional probabilities
are satisfied at every point. We use a random

number to choose the probabilities to be placed in each one of the lattice points. This is the

general recipe of our CGPM simulation based on the CVM pair approximation. However, with

this type of simulation, it is required to construct the simulation pattern many times to avoid

bias in the different statistical patterns [19, 32, 34].
In the present polymer simulation, we need a special constraint to take care of the direction

of chemical bonds, as was done for the case of polymers in the solution [32]. It can occur in

figure 2 that m and n are polymer segments and their bonds are going through another segment
at h (next

corner to be formed). In this case, we cannot place at I a polymer segment with

a bond directed towards h. In order to avoid such conflict, in choosing a species to be placed
at I, we need information not only for the three nearest-neighbor points j, k and I but also for

two more points m and
n.

In short we can say that we are working with a pseudc-six-point
cluster I j k I m n [32]. Similar consideration is also needed for the surface point.

The system size used in this simulation is 50 x 50 x 20 lattice points, and the system is

truncated in five of the six faces. Because of the truncation of the system, some polymers near

the truncation surface have only one ending point inside the simulation field. For the sake of

simplicity, when the statistical count is done these polymers are disregarded. Another anomaly
of this simulation is the existence of closed loops of polymers, which are also disregarded in the

statistical counting. The probability of closed loops decreases when bigger clusters are used

[32].
We postulate the following rules on distribution of the A and B segments inside copolymers.

The edges (head and tail) are segments of type A, and the segment next to an edge is also

an A. For the internal segments the rules are that A may sit next to A or B, and A always

comes after B, or in other words no two B's are allowed to sit next to each other. In polymers
generated by the simulation, A and B are almost alternated when the A fraction is equal to the

B fractions, but in any other concentration the distribution is almost random. In the present
work, the B fraction (a

=
number of B segments in a

chain/number of all internal segments
in a

chain) depends on the polymer length because of these rules. The dependence of the B

fraction (a) in this simulation is shown in figure 3. The B fraction for long polymer chains is

0.48.

The average length of a copolymer in our paper for the analytical calculations is specified
by the ratio of the total number of segments to a half of the number of end segments [31]. In

the case of the average bulk length L, this ratio is calculated far away from the surface (in the

bulk). In this paper L is fixed at 44 in the plane n =
20 [18, 19, 31, 32], which is assumed to

be close to the bulk. The L value can be changed by changing the number of end segments
which are controlled by the chemical potential associated with the end segments.

The sample of the polymers generated by this simulation method is a polydisperse sample

[18, 19, 32], which is made of copolymers with a length (I) distribution as will be illustrated

later in figure 8. In the simulation the average length of the generated distributions (Fig. 8)

can be changed by varying the L in the analytical results.

3, Results.

3.1 ANALYTICAL RESULTS. We present some of the analytical results of the CVM on which

our simulation is based in figures 4, 5, 6 and 7. In figure 4a, we see the density profile as a

function of the distance from the surface, for a fixed e(~)
=

2.0 and three different e(~) (=0.0
circle, -1.0 square, -2.0 triangle ). For the sake of simplicity, we call these three cases CRL for

circle, SQR for square, and TRI for the triangles. We keep these definitions throughout the

paper unless otherwise specified. The density profile of polymers decreases monotonically and
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o

o o

~
o

o

o o

o

O

o

O.3

o

4 '° Length '°° ~°°

Fig. 3. The B fraction (a
=

n~tmber of B segments in
a

chain / n~tmber of all internal seg-

ments in a
chain) of the copolymers generated by this simulation

as a function of the polymer length
(t). The continuous line is an aid to the eye.

approaches the bulk value as we move away from the surface. We found that near the surface

the profiles depend strongly on the surface interactions as have been pointed out by de Gennes

and Pincus [35, 36]. Our density profiles presented here are in qualitatively good agreement
with those reported by Balazs and coworkers for random and alternating copolymers [25]. It is

also relevant to mention that some calculations on the density profiles for random copolymers
with a few stickers (low o) by Marques and Joanny predict an exponential decay for the

penetrable wall case [37]. However in our case (high a) we did not find a simple function that

describes the density profiles. The surface coverage 0 and the adsorbed amount of polymers
r~~~ (as defined by Roe [11] decrease as the repulsion felt by B segments increases. The surface

coverage in these cases are 0.61, 0.318 and 0.0705 for CRL, SQR and TRI, respectively. The

adsorbed amount r~x~ changes from 0.95 for the CRL, 0.59 for SQR and finally 0,164 for the

TRI case. It is worth mentioning that the TRI case shows that some polymers are adsorbed on

the surface even when the average attraction is zero. The reason is that the last two segments
at an edge of a copolymer always feel attraction from the surface. The percentage of end

segments as a
function of the distance from the surface is shown in figure 4b. The probability

to find the end segments close to the surface increases as the repulsion to the B segments
increases. The high percentage of end segments close to the surface in the TRI and SQR cases

implies that as the repulsion increases it is less probable to find long chains close to the surface,
since longer chains have a larger fraction of B segments and hence feel stronger repulsion from

the surface.

In the homopolymer case there is a critical energy below which there are not adsorbed

polymers [18] as Binder and coworkers found in analogy with a semi-infinite magnetic systems

[38]. However, in the copolymer case due to the existence of two energy parameters there is a

curve of critical values. For a more extensive review the reader may consult references [18, 38]
and references quoted therein.
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(Parallel bonds/Perpendicular bonds)

~°°
o CRL

a
SQR

~

n
TRI

f~,,
/ ~

,.o
o 5 io ,5

Distance

(Parallel non-bonds/Parallel bonds)

,

o CRL

a SQR
~

n
TRI

0.'

~
A,

' 'A,
'A,

o.o>
>o

Distance

Fig. 5. (a) Ratio of the pair of parallel polymer bonds to the pair of perpendicular bonds
as

a function of the distance form the surface. (b) Ratio of the parallel polymer pairs that are not

connected to the parallel pairs that
are

connected as a
function of the distance from the surface.

surface. It is worth noting that in the TRI case even when the average attraction is zero the

system is still anisotropic, the reason of this being the entropy effect near the surface. In (b)

we calculate the ratio of the parallel polymer pairs that are of no-bonds to those of bonds

(£* w)f) ~y(I(
~

/ £* w$/ ~y(")~.~
~

). This ratio is remarkably similar to the density concentra-

tion pri(le ((own in fiiire 4a.'i~ie calculate the ratio of figure 4a to figure 5b and call it
y~,

which is plotted in figure 6. We find that the curves for CRL, SQR and TRI are practically

the same except the few planes near the surface.

In figure 4b we present the percentage of end segments as a function of the distance from

the surface. Now we present the normalized end fraction as a function of the distance from

the surface for the three different types of end segments we have in our model (species 1, 2
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>.>
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o CRL

i'/ ~~ ~il~

o.s

0.7

o.s
0 5 >0 >5 20

Distance

Fig. 6. The ratio ~ of figure 4a to figure 5b
as a function of the distance from the surface.

and 3 in Tab. I) in figure 7. The end segments whose arms are pointing toward the surface

(downward direction) are represented by a triangle down (or "down " the for sake of simplicity),
end segments with the arms pointing away upward from the surface (or "up " are represented
by a triangle up, and end segments with the arms parallel to the surface by a diamond (we
present one of the possible four directions since all of them are equivalent). Notice that the

fraction is normalized as i7 + 4Q + li
=

I in every plane. Since the end-down segments are

not allowed on the
n =

I plane, a big anisotropy in the down and up directions occurs. This

anisotropy disappears approximately in ten planes away from the surface. The normalized end

fraction is not very sensible to the change in the e(~) surface interaction since for the three cases

in figure 7 we have practically the same values. Far away from the surface the end fractions

tend to 1/6 since all six possible directions are equivalent (in the case of a simple cubic lattice).
For

a more extensive discussion on the anisotropic behavior in the perpendicular and parallel
directions, the reader may consult references [38] and [39].

3.2 SIMULATION RESULTS. For homopolymers, it is well known theoretically [15, 19] and

experimentally [2] that when the polymers are polydispersed, there is a preferential adsorption
for longer chains. To examine the corresponding properties for random copolymers is one of

the main purposes of this paper. The results of this simulation are shown in figure 8, where the

adsorption probability as a function of the polymer length (I) is shown. The distribution of the

adsorbed copolymers shows a preference for shorter polymer chains as the repulsion of the B

segments increases. This is a consequence of the low fraction of the B segments in short chains.

The average length of the adsorbed polymers are iCRL
"

56, isRQ
"

40, and iTRi
=

19. The

polydisperse indices [32] are NCRL
"

1.50, NSQR "
1.64, and NTRI

"
1.36. As a reference, the

average length in the bulk (far away from the surface) is ibuik
=

22.

Information about the conformation of the adsorbed copolymers and their changes with the

energy of interaction can be inferred when we study the end-to-end distance. Examples of

the possible end-to-end distance for two adsorbed polymers on a flat surface are illustrated in

figure 9. The bulky configurations (more condensed) correspond to small values for the end-

to-end, while the extended configurations present large values for this distance. This quantity
for polymers in the solution in this type of simulations based on the CVM obeys a power law

JOUR~AL DE PH> siouE ii T J h' lo rJrTrJBER iv~,J
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Fig. 7. The normalized end fraction
as a

function of the distance from the surface for the three
different types of end segments.

[32] as follow:

([ri r2()
"

ci~
,

(7)

where c is a constant that depends on the model and u is an exponent independent of the

lattice model. This exponent u may not necessarily correspond to the one calculated by Fisher

[40] and de Gennes [41] (u
=

3/(d + 2)) as a function of the dimensionality of the system
(d) for polymers in the bulk, due to the fact that the latter evaluation is for infinite length
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Fig.
8. - istribution of the

adsorbed

function
of polymer ength (t) for the

same
interaction energies as those in

figure 4.

iir< r> 1),,~
~'''',,,

iir< r> 1)

Fig. 9. Illustration of two possible
cases of the end-to-end distance for an

adsorbed polymer
on

a
flat surface. The short end-to-end distance indicates

a
coiled shape configuration while

a
large

end-to-end distance indicates an
extended configuration.

polymers while our evaluation of the u is for finite length polymers close to the surface. The

behavior of the
u in our simulation is useful to understand the change of the configurations as

the interaction energy changes. In the case of copolymers adsorbed on a flat surface, it is clear

that we do not have either a pure two-dimensional system nor a three-dimensional system,

and hence if a power law as equation (7) is obeyed the u exponent (u~) should be between the

three-dimensional value (u3d) and the twc-dimensional value (u2d)1 that is u3d < u~ < u2d.

The result of the direct counting from this simulation are shown in figure 10. The exponents

obtained here are ucRL "
0.64, usQR "

0.66~ and uTRi "
0.72. The change in these exponent

values means that the configurations of the adsorbed copolymers are of curly shape (bulky) for

the small exponent, and extended for the large exponent. A typical extended configuration is

the case in which the copolymer has one of the edges attached to the surface and the rest of the

polymer body extend into the solution. As a reference we may mention that the
u exponent

of the homopolymer case (when all segments feel the same energy) is 0.62 [19]. Although
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Fig. 10. The end-to-end distance of the adsorbed copolymer as a
function of the polymer length

for the same interaction energies as those in figure 4.
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Fig. 11. Illustration of the two definitions used to characterize the layer thickness of the adsorbed

copolymers. Zmax gives information about the farthest segment of the adsorbed polymers as is illus-

trated in (a), (b) and (c), while the thickness T gives information about the average height of the loops
formed by the adsorbed polymers

as
in (b) and (c). We also illustrate names for loop, train and tail.

the exponents found here for the CRL and the SQR are close to the homopolymer case, the

conformations for the copolymers may be different from those of the homopolymers. It is to

be noted that our simulation does not try to verify any asymptotic behavior for infinitely long
copolymers, and that we rather present the relative behavior of the end-tc-end distance for a

limited range of lengths computed within the reasonably available CPU-time.

Before finishing this topic, it is worth pointing out that in this type of CVM simulations

the volume exclusion is taken into account in two steps [19, 32]. The first step is that we

avoid disallowed configurations by using a pseudo-six-point cluster as mentioned above [19,

32]. The second is that forbidden closed loop chains are discarded when we count chain

configurations, These preventive steps make our simulation capable of taking into account
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long-range correlations of the lattice statistics which are not incorporated in the original CVM

pair approximation.

In order to study the differences in the conformations, we examine the layer thickness.

The two definitions of the layer thickness
we use here

are
illustrated in figure 11. The first

one (shown in (a)) is called Zmax, and is related to the adsorbed copolymer segment located

farthest from the surface. The second definition is called the thickness T and is related to the

average height of the loops formed by the adsorbed copolymers as is illustrated by figures I16

and c. In the case of Zmax we proceed as follow: we record the largest
n

(layer) number of each

of the adsorbed copolymer chains, for which the largest
n may be at the end of the adsorbed

polymer (Fig. llc) or at an internal segment (Figs. lla and b). The results are shown in

figure 12a in the log-log scale. The Zmax shows a dependence on I that seems more complex
than a simple power law. The simulation results suggest the existence of two regions with

the boundary located at I
ci 50. The existence of two regions may be related with a

change
in the copolymer conformations with the length. Even when a simple power law (ci~) is not

obeyed for the entire length range, it is interesting to compare the exponents when a power
law is followed approximately. The values are 7CRL "

0.57, 7sQR "
0.61 and iTRi "

0.66.

Comparison with the i exponent in the homopolymer case
(1

=
0.50) [19, 21] shows that the

exponent for the homopolymer is always smaller than those for copolymers. The difference in

the exponent i for copolymers and that of the homopolymers increases as the difference in the

energy of adsorption of the segments (A and B) increases.

For the second definition of the thickness T, we use the polymer length I, its fraction in

loops fjoop and its average number of loops (Njoop). It is defined as follow:

T
=

I troop / 2 (Nioop) 18)

The factor of two in the demominator appears because in every loop about a half of the

segments are for going up and a
half for going down. The results are shown in the log-log scale

in figure 12b. Different from the Zm~x, the thickness T obeys a power law very nicely (ci").
As the repulsion of the B segments on the surface increases, the height of the loops increases

and the adsorbed layer becomes more sparse (Fig. 4a). In this case the A segments are the

ones that favor the loop formation due to the fact that this type of segments is attracted to the

surface while the B is repelled. The ~1exponents in this case are ~ICRL "
0.43, ~ISQR "

0.54,

and ~ITRI "
0.79. As a reference we may mention that the ~1exponent in the homopolymer

case is 0.51 [19]. The exponent ~1 seems to be more sensitive to the changes of the energy of

interactions than the i exponent. It is important to notice that in the homopolymer case the

exponents i and
~1

(for the Zm~x and T respectively)
are very similar numerically. However,

in the copolymer case the equality in the exponents 7 and
~1 seems to be broken.

It is important to mention that some recent Monte Carlo Simulations (MCS) [25] on random

and alternating copolymers of two components with I
=

33 give for Zm~x an average layer
thickness of 5.5 (in units of the lattice constant) for a case similar to our CRL calculation.

When we compare Zm~x from the MCS with the one we obtain from our simulation, we find that

Zm~x from MCS is a little smaller than the value in our case, Zm~x
=

6.2, for copolymers with

the same length. The surface coverage (0) values are practically the same in both simulations,
0Mcs

=
0.59 and 0.56 for alternating and randon copolymers, respectively, and 0CvM

"
0.61 in

our case. The small differences between them may be due to the polydispersity of the sample in

our case. This agreement indicates that both MCS and the CVM simulations predict mostly
the same behavior for this type of systems. In general in our model we observe that the

repulsion of B's away from the surface enhances the height of the polymer film [21, 25]. Similar

results have been observed by Marques and Joanny in the case of copolymers with a
few A
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the simulation output.
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stickers regularly distributed along the chains [37].
The number of loops of the adsorbed chains also gives us information on the conformations

adopted by the polymers. The average number of loops ((Njoop)) in the log-log scale are show

in figure 12c. The number of loops follow approximately a power law (ci~). The result shows

that the number of loops is big in the case when the height of the loop is low (Fig. 12b), and

vice versa. The exponents are KCRL "
1.12, KSQR "

0.90, and KTRI "
0.41, the results indicate

that as the repulsion in the B increases the
K exponent decreases, therefore the number of loops

decreases. When we compare the K exponent in the copolymer case with the homopolymer

case [19], the
K in the homopolymer (1.57) is bigger than in any of the copolymers we worked

with. When the number of loops is smaller than one, this number can be interpreted as the

fraction of copolymers that at least have one loop.

It has been pointed out that in many of the experimental data the thickness of the ad-

sorbed polymer layer depends on the technique used in the measurement [6, 42-44]. Different

experimental techniques give information about different aspects of the layer thickness: hy-

drodynamic layer thickness from hydrodynamics measurements and static layer thickness from

static measurements. The experimental data indicate that the hydrodynamic thickness is al-

ways larger than the thickness determinated by the static techniques [6, 42-44]. In particular

a very interesting observation was made by Cosgrove and coworkers who found that the profile
measured by the small angle neutron scattering vanished completely at a distance which is

about half of the hydrodynamics thickness. Cosgrove's observation supports the idea that the

adsorbed polymer layer has two parts; a dense part close to the solid surface and a sparse part

(sponge like) at the top of the dense part. The dense part of the layer thickness may be related

to the static measurements while the outermost (exterior) may be related to the hydrodynamic

measurements. Since in our simulation results the thickness T is related to the average height
of the loops, we associate this with the dense part of the adsorbed layer while Zm~x which is

related to the farthest polymer segment is interpreted as the hydrodynamic layer thickness.

For the purpose of comparing our results with the experimental observation made by Cosgrove,

we calculate the following ratio:

Zmax

The C gives us
qualitative information about the structure of the adsorbed polymer layer;

there are three cases as is illustrated in figure 13a. I) When C < I the adsorbed polymer layer

has two parts, a dense part close to the solid surface composed mainly of loops and trains and

a sparse part (sponge like) at the top of the dense part composed mainly of tails; the energy

is the leading factor in this type of conformations. ii) When C cf I the adsorbed polymer

layer is made of just one compact uniform stratum like a step function near the surface, in

this stratum we have mixing of trains, tails and loops; there is a balance between the energy

and the entropy. iii) When C > I the adsorbed polymer layer is made of just one very sparse

stratum, made of few very large loops with much meandering close to the surface and /or very

long tails; the entropy takes over the energy in this case. It is important to notice that in the

last case
(C > I) due to the meandering around of the loops near the surface T is larger than

Zm~x in equation (9). The results for the CRL and SQR indicate in figure 13b that for a very

short polymer length there is a balance between the energy and the entropy, and as the length

increases the energy dominates the process and C decreases gradually until I cf 60 where it

reaches a very shallow minimum, beyound which the entropy takes over the energy part and

C increases very slowly. In the TRI case due to the weak adsorption the entropy dominates

in the whole range of the polymer length. The fluctuations in the TRI case are due to the

reduced number of polymers used in the simulation; the fluctuation vanishes as we increase
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Fig. 13. a) Three possible
cases for the C ratio. b) The simulation results for the C ratio as a

function of the polymer length (t). The lines
are aid to the eye.

the number of polymers used in counting. We cannot answer the question whether or not the

C ratio keeps on growing or levels off as the polymer length increases, because our simulation

results are [imitated to a
finte length range.

We calculate the area covered by the adsorbed copolymers. The area we call Am~x is the

rectangular area that circumscribes the copolymer segments on the
n =

1 plane for every
adsorbed copolymer chain, and we take the average for all chains with the same length I. The

results of this calculation in units of square lattice constants are shown on the log-log scale in

figure 14. The results show clearly that Am~x follows a power law (ci~) very nicely in all cases.

The exponents b are 1.23, 1.12 and 0.65 for the CRL, SQR and TRI, respectively. The results

are as expected, the area decreases as the repulsion increases. The exponents b in these cases

are smaller than the one in the homopolymer case (b
=

1.42). The results shown in figures 12

and 14 suggest that in most of the cases the exponents of the power law are very sensitive to

the surface interactions.

We can get more information about the conformation and its variation with the copolymer
length using Am~x and Zm~x. We calculate the following ratio:

R
=

fi(10)
Zmax

This R gives us
information about the lateral view of the adsorbed copolymers; there are three

cases as illustrated in figure 15a. I) When R < 1, a small part of the adsorbed polymer touches
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the surface and the rest of the body is mainly extended into the solution. The polymer can

be contained in a vertical rectangle, and the entropy effect is more important than the energy

effect in this case. ii) When R ci 1, the adsorbed polymer can be contained in a square,

and there is a balace between the entropy and the energy contribution and both effects are

important. iii) When R > 1, the adsorbed polymer is mainly kept close to the surface and

the polymer can be contained in a horizontal rectangle, so that in this case the energy effect

is more important than the entropy effect. In figure 15b we show the result of our simulation.

In the CRL and SQR cases the R presents a very shallow minimum due to the competition

between the entropy and energy effect, this minimum corresponding to the point where the

energy contribution takes over the entropy contribution. For this reason the R begins to go up

for copolymers whose length are above this point (I
ci

50). This observation is in agreement

with the results presented for Zmax in figure 12a that suggest a change in the conformation of

the adsorbed copolymers with the length. Whether the R ratio in the CRL and SQR cases

continue to increase with the length or
levels,off, we cannot answer because of the limited range

of length studied here. In the TRI case, due to the weak energy of adsorption, the entropy

has a major role than the energy. The low R values indicate that the conformations adopted
by the adsorbed copolymers are mainly extended into the bulk (away from the surface). The

result suggests that in the TRI case the R ratio levels off for very long copolymers. These

results suggest a way to tailor the copolymers to obtain specific conformations in the adsorbed

layer.

It is also informative to examine the evolution of the fractions in trains, tails and loops as the

repulsion of the B monomers changes. The fractions are shown in figure 16a, b and c for the

CRL, SQR and TRI, respectively. The results indicate that in the case of short polymers the

fraction values do not depend much in the repulsion of the B segments, because there are only

a few B's in short chains as is shown in figure 3. The differences in the behavior in the fractions

become noticeable for chains with I > 10. The train fraction decreases as the repulsion of the

B segments increases as shown in (a), (b) and (c). For a given interaction of the B segments
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the train fraction decreases as the the polymer length increases and later the fraction levels

off. As the B interaction changes, the train fraction for long polymers changes from 0.27 in the

CRL to 0.035 in the TRI case. The tail fraction for a given B interaction increases with the

length, goes through a maximum when the repulsion is not very strong (CRL and SQR), and

later decreases and levels off. For the strong repulsion (TRI) the maximum seems to disappear
and only the leveling off behavior is shown. When we look at the tail fraction through the

series (a) to (c), it is clear that the repulsion changes the copolymer conformations drastically.
For very long copolymers the dominance of the tail fraction is noticeable in (c), while the three

curves are almost the same in (a). The loop fraction for a given repulsion of B increases with

the polymer length. The loop fraction as a funcion of the repulsion of the B segments increases

slightly, but after some value the loop fraction begins to decrease.

The evolution of the number of tails as a function of the polymer length is presented in

figure 17. Since the polymers studied here are linear polymers with no branching, the number

of tails can be zero, one or two as is illustrated in figure 11. The results are presented in

figures 17a, b and c for CRL, SQR and TRI, respectively, in the increasing order of the li

repulsion. The fraction of adsorbed polymers with zero tails for a given interaction decreases

with the polymer length. The fraction of polymers adsorbed with one tail for a given interaction

increases with the length, goes through a maximum and later levels off. When the repulsion

of the B segments increases the fraction with one tail increases and becomes the dominant



N°10 ADSORPTION OF RANDOM COPOLYMER ON SURFACES 1671

»
(a)

W.8 *Train +Tail
~
o
a
~

U- ~

,,~
j+

~,,
,, +

~,'~
,,

,,j),"'~
O

LOOp

lo loo zoo

Train
~~~

~
_o

+
To il

G
f,, ~S*~*~++~$~+~~

p ,," +

O LOOP

$+

~%

,,'
~,'i

~"'

lo loo zoo

«Train (C)
+

~+-~+++
* ~+.-,~

,,c ~+o+>--~+
~+

+

w
cI +Tail
o
a

,'
W~ °

LO Op

,'
,'

,,'(
~ ~

~,1
~~~)f~

+,,"'~
/~/~~~~~~~T°°°°ff ~

ie
~ '"~**.,

~~

~°Length ~°° ~°°

Fig, 16. The fractions in train, tail and loop of the adsorbed copolymers as
functions of the length

(t), a) CRL, b) SQR and c) TRI. Lines
are an

aid to the eye.



1672 JOURNAL DE PHYSIQUE II N°10

0

S'
'°,

+
On e

o
Zero °'~ ~~,,+-,±,~

o
t' '$+~

« .,(~,~' ~j j~,«'~
,'i ~

~

3if~
,,l' l~ l'~ ~~

,~ 4,
,+' ~,

~~,,,
"'

w
Two ~o~~,~

'°°°°/ob>$fl»
o

O-O O

lo loo ZOO

o,
(b)

'~
,~

o
Zero ~.o ~

°~~

',
,~'W'+-f~

~~'
'+,

~~ +~
~-,x~

g4 °~
,<'

~'~~
,'

l'~
_<

t"" W
Two

O

o

lo loo zoo

°N ~
~~~ ~~~

'~
__~

~

+l' ~'~%,~
o

Zero '~ _m~~ b+,
+++t

~Ko r'
~~,+ +' 4'

~~~'

,X ~

( ~$
XX~'o. ,/ ~

~ ~~ ~ ~
.+ ~j W4'

/
,S

,'
~'

o

' '°Length ~°° ~°°

Fig. 17. The fractions with zero, one and two dangling tails for the adsorbed copolymers
as

functions of the length (t), a) CRL, b) SQR, and c) TRI. Lines are aid to the eye.



N°10 ADSORPTION OF RANDOM COPOLYMER ON SURFACES 1673

(a)

O 25 50 75 loo 125 150

,na~
a~

~a~
~a~

a

< a~
a~

(b)

O 25 50 75 loo 125 150

Length

Fig. 18. a) Simulation results for the average number of tails (Nta<is) per polymer as a function of

the polymer length for the CRL, SQR and TRI cases. b) Simulation results for the average tail size

(ATS) per adsorbed polymer as a function of the polymer length for the CAL, SQR and TRI
cases.

fraction. The fraction with two tails for a constant B interaction increases with the length and

later levels off. When the repulsion with the surface is larger, this fraction is smaller in the

entire range of lengths.
It is of interest to calculate the average number of tails ((Ntaiis)) per chain based on the

results presented in figure 17. The results of this calculaton are in figure 18a. From the results

in figure 18a we can see that the conformations adopted by the copolymers in the three cases

are such that they have approximately the same number of tails for the three cases. The (Ntaiis)
increases as the copolymer length increases, approximately approaching I-s for the case of the

largest copolymers presented here.

Since many authors have pointed out the importance of the tails in the hydrodynamic thick-

ness [6, 17, 42-44], we calculate the Average Tail Size (ATS) per polymer using the following
definition:

~~~
~

i~~~~ (~~)
tails

where ftaii is the average tail faction in every copolymer (see Fig. 16). The results of this

calculation shown in figure 18b are as expected; the largest ATS value corresponds to the TRI
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case. In this case there is a large entropy contribution due to the meandering of the long tails.

As the repulsion of the B segments decreases, the ATS decreases and the energy contribution

makes the copolymer conformation more flat for the SQR and CRL cases.

4. Comparison with experimental work.

The comparison with experimental work seems difficult at this moment. However, there are

two possible candidates for comparison of the model with the experimental results: I) the

copolymers of polyethylene oxide (PEO) and polypropylene oxide (PPO), and ii the copoly-

mers of poly(vinylpyridine) (PVP) and polystyrene (PS). The PPO (PVP) segments show a

hydrophobic behavior, and the PEO (PS) segments show a hydrophilic behavior in the similar

way as our A and B segments, respectively. The PEO-PPO copolymers can be used for com-

parison. This copolymer is named commercially Ucons. There are some evidence that Ucons

are random (statistical) copolymers [9]. This makes it an possible candidate for comparison
with the theory. However, we did not find information of the configurations adopted by Ucons

when they are adsorbed on the surfaces. The only information about the configurations we

found says that they are adsorbed with configurations that promote the train, tail and loop for-

mation [9]. For the PVP-PS copolymers most of the experimental results [7, 8] are for diblock

and triblock copolymers rather than a statistical copolymer. We did not find any experimental
work for statistical copolymers of PVP-PS.
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