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a b s t r a c t

We present a systematic theoretical investigation of star-like polymers of various architectures near
adsorbing surface, using a new numerical self-consistent mean field theory. The comparison of the ex-
perimentally reported adsorption profiles with the predictions of our method shows excellent agree-
ment. The study of the structural properties of the formed brushes indicates that as the number of
branches is increased the number of adsorbed polymers is significantly reduced. Mixtures of different
kinds of star polymers show interesting behaviors as the more branched polymers try to develop in the
outer region of brush. We also estimate the forces obtained when curved surfaces come close as
a function of the distance between the surfaces.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Advanced methods in anionic polymerization have opened up
the possibility of creating numerous architectures of star polymers.
The star polymers belong to the family of ultra soft colloids and
have several industrial applications [1]. The conformational prop-
erties of star polymers are significantly different from those of
similar linear chains as a result of the influence of the central part of
star chains (very high polymer density in this region). Micelles
stabilized with the use of polymer brushes, consisting of linear
chains, resemble the behavior of this special category of polymeric
colloids when the size of the core is much smaller than the size of
the chains attached to it. The study of their behavior is an important
issue in the scientific area of soft matter.

Although linear polymer brushes have been the subject of many
theoretical and experimental studies [2–17], we know less [1,18–
25] about the behavior of star polymers when they are forced to
form brushes. The experimental study is limited, as their pro-
duction is not easy especially as the number of branches (func-
tionality) grows. In this work we intend to investigate the behavior
of these polymers when they are adsorbed on a solid surface from
a solution. Our tool is much cheaper than experimental techniques
and can guide the production and research for these polymers. We
use a new version of the numerical self-consistence mean field
method, which is proved to be efficient for the study of large
polymeric systems, where molecular simulations need too much
time or even fail to extract results. The new SCF method is
zis).

All rights reserved.
compared with experimental data and with results derived with
our previous version of nSCF method [26].

In details, we have recently presented a new approach to the
numerical self-consistence mean field method (named block nu-
merical self-consistence field (bnSCF) [27]). According to this new
version the polymer segments are contained in a ‘tube’ filled with
solvent, which allow the realization of several configurations of the
chain. The ‘tube’ is a chain of cubic sites, set on a cube lattice. The
conformation of each chain is developed on a lattice using Kuhn
segment, such that the volume of the polymer-chain is the same
with the one measured experimentally. As in each point of the
lattice the total polymer volume fraction is consisted of more re-
alistic polymer configurations than in previous methods, we can
obtain in a more efficient way the contribution to the total volume
fraction of each polymer configuration with important statistical
weight.

In the following section, we briefly review the bnSCF method
and the needed adjustments for the star architectures. Next we
compare results from both the theoretical methods (bnSCF and
nSCF) with the experimental from Neutron Reflectivity (NR).
Moreover, we make predictions for various other star architectures
and mixtures. Finally we discuss the results.

2. The block self-consistent field model

2.1. Theoretical formulation

The theoretical formulation was presented thoroughly in our
previous work [27]. It is based on an extension of the standard SCF
method introduced by Scheutjens et al. [28–32] and improved by
Theodorou et al. [33–36]. According to this approach, in the case of
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polymeric solutions, each lattice site is occupied either by both
polymer and solvent (polymer-blocks) or entirely by solvent (sol-
vent-blocks). The macromolecular chain placed on the lattice is the
block-chain (i.e. a collection of polymer-blocks), which contains the
polymer-chain. In this way the polymer-chain is developed in semi-
continuum space (see Scheme 1 in Ref. [27]), since the I, L and V
conformations of three successive lattice sites, restrict only the
block-chain.

We point out that the main advantage of this method is the
introduction of various segment conformations depending on the
demands of the polymeric system under investigation. In addition,
the energy of each block related to the conformation that segments
take, can be estimated by more accurate methods and in this way
the polymer chains would be more properly weighted. In this study
we take advance of the symmetry of the system and instead of the
3-dimensional representation of the polymer-blocks as done in our
previous publication [27], we substitute all the segment confor-
mations that are produced by the rotation around the z-axis with
only one (see Scheme 1, where we present the possible confor-
mations inside a polymer-block, used in this study). We also neglect
possible density fluctuations for the polymer-segment configura-
tions. In this way we reduce the number of combinations for a pair
of successive blocks and so the computational time.

The proper description of the system is given again in the con-
text of statistical physics by means of the grand canonical partition
function. In order to obtain an expression for the number of mol-
ecules nc

ði;jÞ of chain type i of size ri
j in conformation c, we minimize

the natural logarithm of the maximum term of the partition func-
tion with respect to nc

ði;jÞ, subject to the full occupancy constraint
applied layerwise [26,27]. In general, the nomenclature used in this
article is the standard one presented in our previous publications
[26,27] and in SCF books and articles [28–36].

In this study we deal with three different chemical species. An
ionic group (A), a polymer (B) and a solvent (C). We symbolize the
total volume fraction of each specie (Flory segments) in the solution
as, fA, fB and fC, respectively. The volume fraction of the block that
contains each specie is, fb

A, fb
B and fb

C. The volume fraction (con-
stant) of a specie inside a block is fin

A , fin
B , fin

CA
and fin

CB
. We point out

that the solvent may be contained inside an A-block, a B-block and
a C-block (full with solvent, fin

CC
¼ 1). If we set zero the interaction

(and conformational) energy in the reference state, then for the
Scheme 1. The seven possible polymer-segment conformations (sc) inside a cube
block. Each block is characterized by the side of the cube on which the ends of the
segment are put. The blocks are free to rotate around the vertical axis. Hence the
different blocks that are produced by this rotation are practically equivalent. The V
conformations start and end at the same side of the cube. The conformations sc¼ 1, 2
belong to the same segment group and have sg¼ I. All the others segment confor-
mations have sg¼ L.
inhomogeneous state at z layer for sites filled with polymer and
solvent, can be written as:

fAðzÞcABhfBðzÞi ¼ fb
AðzÞf

in
A cABfin

B

D
fb

BðzÞ
E
; (1a)

fAðzÞcAChfCðzÞi ¼ fb
AðzÞf

in
A cACfin

CA

D
fb

AðzÞ
E

þ fb
AðzÞf

in
A cACfin

CB

D
fb

BðzÞ
E

þ fb
AðzÞf

in
A cAC

D
fb

CðzÞ
E
; (1b)

fBðzÞcBChfCðzÞi ¼ fb
BðzÞf

in
B cBCfin

CB

D
fb

BðzÞ
E

þ fb
BðzÞf

in
B cBCfin

CA

D
fb

AðzÞ
E

þ fb
BðzÞf

in
B cAC

D
fb

CðzÞ
E
: (1c)

The quantities between the z-dependent variables are the corre-
sponding parameters for the involving lattice block-interactions.

An approach that explains the obtained results is the assump-
tion of second smaller lattice with lattice sites equal to the Flory
segment [26,27,33]. The calculation of the interaction energy is
achieved using the traditional Flory–Huggins theory. We estimate
the interaction parameters on the block-lattice by counting the
number of contacts on the second traditional lattice. Of course the
second lattice is only a tool to describe the blocks’ interaction and
does not restrict the possible segment conformations inside the
block.

The determination of the critical value for the interaction pa-
rameter, where phase separation occurs, is calculated as [26]:

cc ¼
1

2
�

fin
B � fin

B fin
CB

�: (2)

If we call cb the interaction parameter in our bnSCF method, then
the relation with the corresponding parameter cFH in the tradi-
tional nSCF is:

cFH ¼ 0:5
cb

cc
: (3)

According to the mean field self-consistent approximation the
segment potential ub(z) depends only on the kind of the block
(b¼A, B and C here):

ubðzÞ ¼ kTaðzÞ þ vðU=LÞ
vfbðzÞ

þ uref
b : (4)

The probability of finding a block in layer z of the interfacial system,
relative to finding it in the bulk is given by the segment weighting
factor, GðzÞhe�ubðzÞ=kT . Once we know a proper initial condition we
can find the statistical weight of the end of an s-segment long chain
in layer z, G(z;s). For the forward propagation the recursion relation
has the following expression (s> 1):

Gðz; sscj1Þ ¼ G
�
z; ssg

�
hGðz; s� 1j1Þi; (5a)

where
hGðz; s� 1j1Þih
Xnumsc

ssc ¼1

Xnumsc

ðs�1Þsc ¼1

Xþ1

i¼�1

lisssc;ðs�1Þsc;i

� G
�
zþ i; ðs� 1Þscj1

�
: ð5bÞ
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For the backward propagation (s< r):

Gðz; sscjrÞ ¼ G
�
z; ssg

�
hGðz; s� 1jrÞi; (6a)

where

hGðz; s� 1jrÞih
Xnumsc

ssc ¼1

Xnumsc

ðs�1Þsc ¼1

Xþ1

i¼�1

lisssc;ðs�1Þsc;i

� G
�
zþ i; ðs� 1Þscjr

�
: ð6bÞ

Then by means of a composition law we find the volume frac-
tions. For the grafted chains:

fðzÞ ¼
Xrmax

k¼1

Xk

s¼1

Xnumsc

ssc ¼1

fin
Psg

n
G
�
z; ssg

��1s�1
sg ðCkGðz; sscj1Þ

� Gðz; sscjkÞÞ
o
; ð7Þ

where the polymer segment (P) could be of kind A or B, depending
on the structure of the copolymer. The factor Gðz; ssgÞ�1s�1

sg is set in
order to take care of the double counting (the Boltzmann factors are
estimated in Table 1).
Scheme 2. A star polymer-chain with three branches. The branch point is symbolized
as b.

Table 1
Non-zero Boltzmann factors

sc¼ 1 sc¼ 2 sc¼ 3 sc¼ 4 sc¼ 5 sc¼ 6 sc¼ 7

s1,1,�1¼ sI s2;2;0 ¼ s*
I s3,1,�1¼ sL s4,1,þ1¼ sL s5,1,�1¼ sL s6,1,þ1¼ sL s7;2;0 ¼ s*

L
s1,1,þ1¼ sI s2;3;0 ¼ s*

I s3;2;0 ¼ s*
L s4;2;0 ¼ s*

L s5,4,�1¼ sL s6,3,þ1¼ sL s7;3;0 ¼ s*
L

s1,3,þ1¼ sI s2;4;0 ¼ s*
I s3;3;0 ¼ s*

L s4;3;0 ¼ s*
L s5,6,�1¼ sL s6,5,þ1¼ sL s7;4;0 ¼ s*

L
s1,4,�1¼ sI s2;7;0 ¼ s*

I s3,4,�1¼ sL s4,3,þ1¼ sL s7;7;0 ¼ s*
L

s1,5,þ1¼ sI s3;4;0 ¼ s*
L s4;4;0 ¼ s*

L
s1,6,�1¼ sI s3,6,�1¼ sL s4,5,þ1¼ sL

s3;7;0 ¼ s*
L s4;7;0 ¼ s*

L

The architecture is such that the adsorbed chain can start with the 1st and 3rd blocks
and obtains the factor ssg. The factors s*

sg obtain the values s*
I ¼ 1=4sI , s*

L ¼ 1=4sL .
The solvent (numscþ 1) can follow after every block and from every side of the cube
(everyli) while the obtained bond energy for this case is ssg. The three indexes of the
factor, s, are in sequence: the current segment, the previous segment and the side
(li) of current site on which the connection is made.
By properly rearranging the order of the summation we get

fðzÞ ¼
Xrmax

s¼1

Xnumsc

ssc ¼1

fin
Psg

n
G
�
z; ssg

��1s�1
sg ðGðz; sscj1Þ½CsGðz; sscjsÞ

þ Gðz; ssc=fk � sþ 1gÞ�Þ
o
; (8)

where

Cs ¼ c
ns

ntotal

1P
z

Gðz; s=1Þ; (9)

ns is the number of chains with size s. The total number of chains is
ntotal; c is the number of polymer chains per solution volume (re-
lated to an average concentration of the total polymer in the so-
lution). We start with an initial value and the final value is adjusted
to the requirement of a specific bulk volume fraction.

The adhesion tension between two surfaces (plates) is calcu-
lated by the following equation [31,35]:

2ðg� gCÞas

kT
¼
�

1� 1
r

�
qex þ

X
z

ln
fCðzÞ
fbulk

C

þ c
X

z

�
fPðzÞhfPðzÞi � ðfbulkÞ

2
�
; ð10Þ

where qex ¼
P
z
½fPðzÞ � fbulk�, as is the area per site, r is the average

chain size, g the surface tension of the pure polymer, gC the surface
tension of the pure solvent and fbulk

C , fbulk is the solvent and
polymer volume fraction in bulk, respectively. In our case the vol-
ume fraction of the ionic group is very low (one segment) and has
no interaction with the solvent. So the surface tension substantially
refers to the block B.

The difference of the free energy for the case of infinity distance
between the plates and the case of a specific distance (h) gives the
force between the plates (Fc(h)/Rc). It is positive for repulsion and
negative for attraction and is given by the equation [36]:

FcðhÞ
Rc

¼ 4p
�
½g� gC� � ½g� gC�N

�
; (11)

where Rc is a typical radius, which is much larger than the sepa-
ration between the plates and much larger than the typical chain
dimensions [36].

2.2. Branched chains

The volume fraction of branched chains can be calculated by an
extension of the composition law. The formulation was initially
derived by Fleer et al. [28]. For example we consider one branch
point with three arms. Let us number the segments as shown in
Scheme 2. The branch point from which three (or more) branches
originate is s¼ b. We use the symbol si to denote the ranking
number within each branch i, where si starts at b and ends at the
end point ti. The branch point participates in all three branches. For
a segment si (i¼ 1, 2, 3) of the chain we may write:

fðz; siÞ ¼ CGðz; sijt1; t2; t3Þ; (12)

where C¼ fbulk/r and Gðz; sijt1; t2; t3Þ gives the distribution of seg-
ment si over the layers z given that the end points of the branches
are anywhere in the system.

We choose to start at the branch point. The weight of linear
chains starting at tj and ending at tk (or conversely) with a segment
b on this walk being positioned in layer z may be designed as
Gðz; bjtj; tkÞ. In this way:

G
�
z; b
��tj; tk

�
¼ 1

GðzÞG
�
z; b
��tj
�
Gðz; bjtkÞ: (13)

If b is to be the branch point, the linear walk from ti to b is to end
also in z. Therefore:

Gðz; bjt1; t2; t3Þ ¼
1

G2ðzÞ
Gðz; bjtiÞG

�
z; b
��tj
�
Gðz; bjtkÞ; (14)

where i¼ 1, 2, or 3 and j and k designate the two remaining
branches.
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For a segment si s b on branch i we have

Gðz; sijt1; t2; t3Þ ¼
1

GðzÞGðz; sijtiÞG
�
z; si
��tj; tk

�
: (15)

The last factor in Eq. (15) differs from that in Eq. (14) in that si is not
part of the linear walk ti, ., tk. It can be calculated from

G
�
z; si þ 1

��tj; tk
�
¼ GðzÞ

	
G
�
z; si
��tj; tk

�

: (16)

We first apply Eq. (16) for si¼ b, for which only Eq. (13) is needed.
This gives the distribution for the segment next to b in branch i. We
continue successively up to siþ 1¼ ti. Generalization to more arms
is straightforward.
2.3. Mapping real polymers onto the lattice

The average polymer volume fraction inside a lattice site (l) is:

fin ¼ nmMm

NArnblb sinðqb=2Þ
1
l2
: (17)

The number of monomers per block (nmpb) is given by the equation:

nmpb ¼ nmpF
l
lF
; (18)

where nmpF is the number of monomers per Flory segment. We
mention that the nmpb gives the number of monomers for an iso-
lated block. In every point of the lattice the total volume fraction is
given by the overlapping of many different blocks. If we symbolize
the number of adsorbed chains per area as s (chains/nm2), then the
volume fraction of the first polymer segments (adsorbed by sur-
face) is:

fanchor ¼
nmpba3s

l
� 10�2; (19)
Scheme 3. Schematic representation of the six polymer architectures used in our study. The
group (X¼ (CH3)2Nþ(CH2)3SO3

�, dyed black). The group is attached via short (0.5K) polybu
interaction behavior as the rest of the PS chain. The zwitterionic group together with spacer
monomers and one branch of 673 monomers, named: AI; (b) an adsorbing chain of 10 mono
monomers and three branches of 673 monomers each, named: AIII; (d) an adsorbing chain o
157 monomers and two branches of 673 monomers each, named: BII; (f) an adsorbing ch
adsorbing chain of 157 monomers and four branches of 673 monomers each, named: BIV
adsorbing branch.
where the volume of the monomer a3 and the length of the lattice
site are given in Å3 and Å, respectively. If s2 (nm2) is the area that
occupies one chain then s2¼1/s and so through Eq. (19) the inter-
anchor spacing (s) is calculated (nm) as:

s ¼ 0:1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a3nmpb

lfanchor

s
: (20)

The bending energies are estimated from the characteristic ratios
by matching the mean-square end-to-end distance between a real
chain and a chain of correlated Flory segments [26,37].
3. System studied

The experimental results, which we have tried to reproduce
with the bnSCF method, refer to a solution that contained three
copolymers (nPS70K)�X (n¼ 1, 2, 3), functionalized at one end by
a zwitterionic group X¼ (CH3)2Nþ(CH2)3SO3

� and attached via short
polybutadiene spacers. The first consisted of a dimethylamino end-
capped polystyrene (PS) chain (70K molecular weight) and the
other two of u-branched PS chains (70K molecular weight)
end-capped with low-molecular-weight (Mnw500 g=mol) dimethyl-
amino polybutadienes (PB). These macromolecules were synthe-
sized by high-vacuum anionic polymerization techniques [38] and
studied with Neutron Reflectivity [39]. The solvent was toluene
which is considered a good solvent for PS. Substrates were optically
flat quartz slabs. For the zwitterion-surface interaction energy with
the surface we use a value of the order of 7–8kBT estimated in
Ref. [8] from force profile experiments on end-adsorbed chains in
good solvents and used in the recent experimental and computer
simulation study [39]. All solutions are prepared and studied at
room temperature [39]. In our theoretical investigation we have
also studied other various architectures. In Scheme 3 we present
and name all the polymer architectures, presented in this work.
branches consist of PS chains. Polymers are functionalized at one end by a zwitterionic
tadiene spacer to the rest PS chain. The spacer is considered to have almost the same
is represented by 10 PS monomers. In detail we have: (a) a central adsorbing chain of 10
mers and two branches of 673 monomers each, named: AII; (c) an adsorbing chain of 10
f 157 monomers and one branch of 673 monomers, named: BI; (e) an adsorbing chain of
ain of 157 monomers and three branches of 673 monomers each, named: BIII; (g) an
; For cases d–g, the functionality, f is the number of constant size branches plus the



0 100 200 300 400 500 600 700
0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

NR = 3.40 mg/m2

bnSCF = 3.80 mg/m2

nSCF = 3.99 mg/m2

a

V
o

l
u

m
e
 
f
r
a
c
t
i
o

n

Distance from surface(Å)

NR
bnSCF
nSCF

0 100 200 300 400 500
0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14
NR

= 2.4 mg/m2

bnSCF = 1.96 mg/m2

nSCF = 1.80 mg/m2

b

V
o

l
u

m
e
 
f
r
a
c
t
i
o

n

Distance from surface(Å)

NR
bnSCF
nSCF

0 100 200 300 400 500
0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08
NR = 1.40 mg/m2

bnSCF = 1.33 mg/m2

nSCF = 1.00 mg/m2

c

V
o

l
u

m
e
 
f
r
a
c
t
i
o

n

Distance from surface(Å)

NR
bnSCF
nSCF

Fig. 1. Volume fraction profiles as a function of the distance from the surface. The
symbols depict the NR experimental results; the solid curves – the predictions of
bnSCF model and the dash curves – the prediction of nSCF model. The systems studied
are: (a) Linear polymers with one PS branch, AI; (b) star polymers with two PS
branches, AII; (c) star polymers with three PS branches, AIII.
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The parameter assumed when we applied the bnSCF theoretical
method are listed below. The characteristic ratio, CN, was chosen as
8.5. For this CN, the bending energy is 3L¼ 0.66kBT. The Kuhn sta-
tistical segment for length of the C–C bond 1.54 Å and angle be-
tween two consecutive C–C bonds 112� [40] is given as lK¼ 15.79 Å.
The corresponding Flory–Huggins parameters were estimated (A:
zwitterions, B: PS/PB, C: toluene and S: surface) as: cAB¼ 0.0,
cAC¼ 0.0, cAS¼�48.0, cBC¼ 0.3, cBS¼ 0. For this cAS the corre-
sponding zwitterion-surface interaction energy (for cubic lattice) is
8kBT (in excellent agreement with the experimental value [39]). The
Flory segment was estimated as lF¼ 8.016 Å, therefore the number
of chemical monomers in a Flory segment is 3.143. Also the volume
of the monomer is set as 164.08 Å3, l¼ 15.79 Å and nmpd¼ 6.19. We
assume that the polymer segment inside the block occupies the
same average volume in all conformations.

In order to achieve a better investigation of the studying system
and also test the bnSCF predictions, we have used the nSCF method
[26]. For this version the characteristic ratio (CN) is equal to 12.0
and the bending energy is taken as 3L¼ 1.27kBT. The interaction
parameters are: cAB¼ 0.0, cAC¼ 0.0, cAS¼�100.0, cBC¼ 0.45,
cBS¼ 0. The corresponding zwitterion-surface interaction energy
(for cubic lattice) is 16.6kBT.

4. Results and discussion

First we present results of our theoretical study (using both
bnSCF and nSCF) for the adsorption at constant room temperature
as a function of fbulk (see Supplementary data, Fig. S1). The polymer
is of type AI (Scheme 3). The graphs show that the predictions of
bnSCF reach the ‘‘pseudo plateau’’ at lower values of the fbulk. This
is due to the lower value of the cBC, which was estimated as 0.3
instead of 0.45 with the traditional nSCF. According to theory [28]
close to Q-solvents the adsorption seems to increase without
bounds. This prediction is consistent with the experiment, where
the value of 4bulk when saturation occurs, is of the order of 10�4.
Besides, the experiment [39] characterizes the toluene as a very
good solvent for PS. Hence, in order to choose a value for fbulk

convenient for both theoretical methods, we choose fbulk¼ 10�3.
The very good agreement of the new bnSCF with the experiment

is also clearly revealed in the predictions for the volume fraction as
function of the distance from the surface. In Fig. 1 we show results
of the comparison between predictions from NR experiments and
theoretical estimations from both numerical SCF methods. In the
linear case (Fig. 1a), the experimental estimation of the adsorption
is GNR¼ 3.40 mg/m2. The theoretical predictions are
GbnSCF¼ 3.80 mg/m2 and GnSCF¼ 3.99 mg/m2. For case presented in
Fig. 1b we have: GNR¼ 2.40 mg/m2, GbnSCF¼ 1.96 mg/m2 and
GnSCF¼ 1.80 mg/m2. Also in case of three branches (Fig. 1c),
GNR¼ 1.40 mg/m2, GbnSCF¼ 1.33 mg/m2 and GnSCF¼ 1.00 mg/m2. As
a conclusion the bnSCF follows better the experimental data as the
number of branches increases.

In Table 2 we compare predictions of our method (bnSCF) and
experimental results from NR. Although our theoretical predictions
indicate higher values for inter-anchor spacing, the relative in-
crement as a function of the number of branches is in very good
agreement. The experimental results give: sAII/sAI¼ 1.7, sAIII/
sAII¼ 1.6 and sAIII/sAI¼ 2.7. While the theoretical results give: sAII/
sAI¼ 1.9, sAIII/sAII¼ 1.5 and sAIII/sAI¼ 2.8. As the volume fraction
profile from NR does not show accurate results on the surface, we
could assume that the results for the inter-anchor spacing indicate
higher s and so higher volume fraction (on the surface-first layer)
compared to the predictions from bnSCF. For this reason we con-
clude that a smaller depletion layer, compared to the one that the
numerical methods give, would be closer to reality.

In this study we have avoided the use of the parameter d, which
is a measure of the deviation from the random walk growth [26]
and allows a diminishing of the depletion layer with the chains
placed on the surface more like ‘‘grafted sticks’’. The use of the
disturbed walk for the region of high polymer concentration gives
increased adsorption (s), especially for the linear chains (not
shown). This is due to the change in the shape, from ‘‘compressed
mushroom’’ to more uniformly elongated configurations (Scheme 2
in Ref. [26]). We point that it is different to approach the region of



Table 2
Inter-anchor spacing calculated from Neutron Reflectivity measurements [39] and
from our theoretical bnSCF method

Type of star polymer s (nm) from NR s (nm) from bnSCF

AI 5.8 18.2
AII 9.8 34.4
AIII 15.8 50.6
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Fig. 2. Volume fraction profiles of the free ends for the polymers studied in Fig. 1. For
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Fig. 3. Orientation perpendicular to the surface (see text) as a function of the distance
from the surface, for the polymer architectures studied in Figs. 1 and 2.
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high stretching by accepting a third regime in adsorption kinetics
[41], as done with the acceptance of chains conformations gov-
erned by the disturbed walk, compared to the approach of only two
regimes. We suggest that according to the first approach when the
chains overlapping exceeds a curtain value [26] the spatial gradient
in concentration, due to depletion layer, causes the polymers to
flatten near the surface in order to reduce the concentration gra-
dient-depletion layer. As the existence of depletion is proven by
both theoretical and experimental techniques [42], it is reasonable
to assume that the constantly moving (changing configurations)
tethered chains would prefer conformations that are guided by the
effort to reduce polymer contacts while at the same time fill this
gap. But these conformations cost a lot as far as the entropy is
concerned. If the adsorbing energy is not high enough it causes the
chains to desorb, while others take their place in order to retain
a constant s. In this way a dynamic equilibrium is established with
the desorption rate being small [43]. If the adsorbing energy is very
high the chains manage to make more room for others to come. In
the third region the results from the bnSCF (Fig. 16 in Ref. [26])
showed a little shrinkage due to the introduction of the parameter
d. Of course elongation that would push the chains reach almost
their full lengths is only succeeded for very high s (‘‘high dense’’),
while in our previous work we’ve studied ‘‘moderate dense’’
brushes [44]. But even in this case it was detectable through
d a third region in the adsorption where ‘‘high dense’’ brushes can
occur and saturation is reached with the requirement of very high
adsorption energy.

On the other hand the increase in the number of branches is
a counter factor that favors more parallel to the surface orientations
that would increase the sphericity (hemisphericity) of the star
polymer [1]. The parameter d reduces the influence of the entropic
factor in the chain shape and describes the energy cost for an
adsorbed chain to penetrate vertically the polymer brush, for cases
where the chains configurations are governed by the effort to re-
duce the contact (high s and adsorption energy). While the increase
of functionality, f, makes the entropic factor more determinant
leading to stiff spherical particles [1], in the limit of high f that
prevent the ‘‘soft contact’’ and strait placement between neigh-
bouring adsorbed polymers. So for high functionality (f> 2) where,
as will be shown next, the star polymers are stiff and succeed low
adsorption, it is clear that we do not have to use d and in this way
we reduce the number of parameters needed to describe the sys-
tem. We may say that highly branched star polymers (high f) and
dense linear polymer brushes (high s) resemble a ‘‘porcupine’’ with
intense resistance to compression [1].

In Fig. 2 we present the volume fraction of the free ends of the
systems presented above. Both theoretical methods show that as
the number of branches increase, the free ends are distributed
closer to the surface (the results of the nSCF method are not
shown). This is mainly caused because the more branched poly-
mers exhibit lower adsorption and so the elongation of the brush is
less intense compared to linear polymers. So due to entropic reason
the more branched polymers need more space to develop and this
forces the free ends to cover the whole brush area (not just the
outer region).

This is supported by results related to the orientation perpen-
dicular to the surface. In Fig. 3 is shown the total volume fraction of
the blocks that allow the chain growth in adjacent layers
(fsc¼1þ0.5fsc¼3þ 0.5fsc¼4þ fsc¼5þ fsc¼6) divided with the value
of the same quantity in bulk (far from the surface). We observe that
as the number of branches increase the elongation of the chain is
reduced and so the orientation is perpendicular to the surface. The
predictions of the nSCF method are analogue (not shown).

When two surfaces (capable to adsorb polymers) come closer,
the free energy of interaction for the polymer–solvent system
changes. If the difference (g� gC) is negative, it is an indication of
adsorption. Values greater or equal to zero characterize depletion.
In Fig. 4a (polymer of type AI) we observe adsorption according to
bnSCF until w130 Å and according to nSCF until w280 Å. In the case
depicted in Fig. 4b (AII) the bnSCF predicts adsorption until w145 Å
and the nSCF until w280 Å. While in the case depicted in Fig. 4c
(AIII), the bnSCF estimates adsorption until w145 Å and the nSCF
until w280 Å. For shorter distances we observe depletion due to
entropic restrictions.

The reason for both polymers AII and AIII leaving the gap be-
tween the surfaces at almost the same distance is that the branches
in both cases tend to have almost the same orientation perpen-
dicular to the surface (Fig. 3). The bnSCF method predicts shorter
distances for which adsorption is obtained. This is due to the
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Fig. 5. Study using the bnSCF model of star polymer mixtures of two kinds of PS chains
(consisted of types BI and BII polymer). We present the volume fraction profiles as
a function of the distance from the surface. The systems studied are: (a) 75% BI and 25%
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introduction of different chain configurations compared to nSCF
method. In this way we give more weight to different conforma-
tions and calculate different changes in the entropy (product of all
li) [27], which is proved to be more realistic.

Then we have estimated the forces obtained while the two
surfaces come closer (see Supplementary data, Fig. S2), for the
polymer cases AI and AIII. The force calculated by the bnSCF
method for the case AIII is higher compared to nSCF because the
adsorption is higher and so the brush resists more to the pressure of
the approaching surface. The comparison with typical experiments
[8] shows important variations for short distances. This happens
because according to the theoretical approach the system is in
equilibrium and in this condition the polymers leave the gap be-
tween the surfaces. We may assume that a fast approach of the two
surfaces would not ensure the irreversibility of the procedure and
could trap some polymers and make them respond in an elastic
way. Also a higher value in the obtained forces could be succeeded
for higher values of the quantity [g� gC]N. This could happen by
choosing higher (>8kBT) zwitterion–surface interaction energy. In
this way chains that would be still adsorbed by the surfaces even for
low distances (100–200 Å) could resist giving another slope to
force–distance profiles (as typical experiments indicate).

Next we investigate the behavior of other star architectures with
greater functionality, where the constant sized branches are at-
tached to the surface by a shorter (comparing to the other
branches) branch ending at a zwitterion. This adsorbing chain that
carries the X-group, has 157 monomers, almost sixteen times lon-
ger than the central chain of the A-system (see Scheme 3). In this
case (B-systems) in the estimation of the functionality, f, we include
the central strongly (as it carries the X-group) adsorbing branch.
Obviously, we should consider the special behavior of this branch.
Actually, we investigate mixtures of two B-type polymers. As in the
study of A-polymers, the total polymer volume fraction very far
from the surface (bulk) is set at 10�3. Each mixture is characterized
by the percentage of its species of the mixture in the bulk. In Fig. 5
we show results for the volume fraction for a mixture of linear (BI)
and two-branch star polymers (BII). In general the polymers with
two branches tend to develop in the outer region of the brush. In
case of low percentage (25%) of the BII this tendency is more
pronounced. As the percentage of the BII polymer increases the
chains need more space to develop and so they are distributed
more broadly. Very similar results reveal the study of a mixture of
star polymers with two BII and three BIII branches. Again the
polymer with more branches BIII tends to develop in the outer
region of the brush, once the percentage in the mixture is low
(25%). As the percentage increases, the polymer BIII spreads more
uniformly in order to gain space.

In Fig. 6 we plot the total volume fractions of the mixture (i.e. the
volume fraction of both species of the mixture). We clearly see that
the total volume fraction of the mixture does not show two ‘para-
bolic’ regions as in the case of bimodal linear polymers [26,34].

We also present predictions for a mixture consisting of a linear
(BI) and a highly branched (BIV) polymer architectures (Fig. 7). In
this case we observe similar behavior as the one found in system
BI–BII but now in a more intense way. The tendency of the linear
chains to develop in the inner regions and the branched in the outer
region of the brush is very characteristic, especially for low per-
centage of the star polymer. When the percentage of the linear
chains increases the star polymers also spread closer to the surface.
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According to both theoretical methods the variation in the total
volume fraction in the three cases (a, b and c) studied in Figs. 5 and
7, is not significant. This could be explained by the fact that the
chains tend to arrange themselves in such a way (shrink or elon-
gate) that the maximum adsorption is accomplished by the mini-
mum reduction in the entropy of the system.

A more detail view of the chains’ arrangement in the last ex-
ample (BI–BIV) may be obtained by the volume fraction of the free
ends (Supplementary data, Fig. S3). It is confirmed that the more
branched polymers tend to develop in the outer region. Both nSCF
versions agree that the volume fraction of the free ends for the
linear polymers reaches the maximum closer to the surface com-
pared to branched polymer (BIV). Moreover, in cases where the
more branched polymers have significant percentage in the solu-
tion (Supplementary data, Fig. S3c) their free ends are shown to
cover almost the whole brush region. In all cases (a, b and c) the
linear chains seem to take almost undisturbed conformations filling
the gap under the ‘‘umbrella’’ of the branched chains. Finally we
found that the orientation of the BIV polymer is independent of the
percentage of the linear chain. The results shown in Fig. 8 for the
case (a) are also representative for the other two cases. This out-
come confirms the speculation that star polymers, as f increases,
behave like stiff spherical particles [1].

The forces obtained as two surfaces covered with polymer
(system BI–BIV) approach each other are of the order of 10�3 mN/m
(see Supplementary data, Fig. S4) for all cases (different percent-
ages). The reason for this behavior is that the reaction to com-
pression is mainly due to the star polymer (BIV) which has the same
compressibility in all cases. Besides, the force is calculated through
the adhesion tension which depends on the total volume fraction.
As the total volume fraction in all cases (Fig. 7) is almost the same
this has as a consequence the force to remain almost invariable.

Moreover, in the present study it was estimated that for mix-
tures where star polymers with high f are majority (75%), while f
varies from 3 to 5, the adsorption amount tends to a plateau value
(1.1 mg/m2, 0.8 mg/m2 and 0.7 mg/m2, respectively). This supports
the idea that polymers with functionality greater than 2 behave like
stiff particles [1]. Moreover, we have found that the branches
dimensions are not significantly decreased compared to the ex-
tension of the adsorbing branch [45].

To our knowledge there is no theoretical or computational in-
vestigation of brush systems as those studied in this article. The
only systems that have some similarities with those studied by us
are the star polymer brushes studied using lattice Monte Carlo
simulations by Sikorski et al. [24,45,46] and by Zhang and Xu and
Chen et al. using the bond-fluctuation MC method [23]. The major
difference between the systems studied there and the ones studied
here, has to do with the X-end group which is very short element
that has a very high sticking energy with the surface. In addition
Sikorski’s works [24,45,46] have treated only single chains (infinite
dilute systems). However, in order to test the validity of our bnSCF
method, we have simulated systems similar to those investigated in
Refs. [23,24,45,46], and we have found that our predictions for the
static properties of these star polymers are in qualitative agreement
with their results.

5. Conclusions

The equilibrium properties of polymer brushes formed by center
adsorbed star polymers on solid surfaces were investigated using
a new numerical self-consistent mean field theory. By the sys-
tematic theoretical investigation of these star-like copolymers of
various architectures interesting features are revealed related to
their special architecture.

The comparison of the experimentally reported adsorption
profiles with the predictions of our method shows excellent
agreement. The study of the structural properties of the formed
brushes indicates that as the number of branches is increased the
number of adsorbed polymers is significantly reduced. Mixtures of
different kinds of star polymers show interesting behaviors as the
more branched polymers try to develop in the outer region of
brush. We also estimate the forces obtained when surfaces come
closer as a function of the distance between the surfaces.

In general the improved SCF numerical method is proved to be
adequate for quantitatively reproducing the main features of the
system under study.

The future plans with these ‘ultra soft colloids’ will include the
systematic study of other more complicated structures.
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Appendix. Supplementary data

Fig. S1. Plot of the adsorption (mg/m2) as a function of the
polymer volume fraction in the bulk, for the AI polymer.

Fig. S2. Force–distance profiles between surfaces for linear
polymer (AI) and for polymer with three branches (AIII). The system
is in equilibrium. Results achieved by applying the bnSCF model.

Fig. S3. Volume fraction of the free ends of the systems studied
in Fig. 7. The solid curves describe the prediction of bnSCF model
and the dashed curves, the prediction of nSCF model.

Fig. S4. Force–distance profiles between surfaces for the poly-
meric system of Fig. 7. The system is in equilibrium. Results ach-
ieved by applying the bnSCF model.

Supplementary data associated with this article can be found in
the online version, at doi:10.1016/j.polymer.2008.05.042.
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