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Grafted Adsorbing Polymers: Scaling Behavior and Phase Transitions
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ABSTRACT: Grafted adsorbing polymers are investigated with the Scheutjens—Fleer self-consistent field
model. The surface pressure of such systems is calculated numerically and semiquantitative agreement
is found with experimental surface pressure isotherms of PS—PEO diblock copolymers at the air/water
interface. Scaling relationships of mean-field models predict the surface pressure & and the height H of
neutral brushes to scale as & ~ ¢% and H ~ o3, respectively, as a function of the grafting density o.
These scaling relationships for the surface pressure and the thickness are corroborated experimentally
for long PEO chains, provided contributions to iz due to adsorption to the air—water interface are taken
into account. In the SCF model the pancake—brush transition in a good solvent is found to be continuous
for all chain lengths and adsorption energies. At high adsorption energies the transition is abrupt and
resembles a continuous phase transition close to a critical point, a so-called A-transition.

1. Introduction

The physical properties of polymers end-grafted to an
interface at various densities have been the subject of
numerous investigations in recent years. The under-
standing of such systems is of importance for various
natural and technical processes, for example the stabi-
lization of colloids through (block-co)polymer adsorp-
tion,! the control of membrane architecture,? or the
regulation of drug delivery through drug particles coated
with biopolymers.3* Especially systems composed of
densely grafted linear polymers, so-called brushes, have
attracted much attention. Theoretical studies of brushes
range from relatively simple scaling models describing
the properties of a brush in a good solvent>8 to sophis-
ticated self-consistent field (SCF) analyses’ 1 and
Monte Carlo (MC)! or molecular dynamics (MD) simu-
lations.12 The investigated properties of such polymer
systems include the height and the structure of the layer
as a function of grafting density and solvent conditions,
the interactions of such layers with finite-sized par-
ticles,’® and the collapse of the brush and domain
formation in bad solvents.14-17

The conformation of linear polymers end-grafted at
low density depends on the interactions between the
segments, the solvent, and the surface. If the segment—
surface interaction is nonattractive, a so-called mush-
room structure is found. The grafted polymer has a
deformed coil conformation with a radius of gyration
similar to its dimensions in solution. At an increasing
surface density steric interactions between polymer
chains result in an anisotropic stretching of the poly-
mers from the surface, leading to a brush conformation.
de Gennes and Alexander first investigated the proper-
ties of a polymer brush using a scaling approach.>¢ In
a good solvent the brush conformation is determined by
a balance between segment—segment excluded-volume
interactions, and the entropic cost of stretching a chain.
The height of the brush, H, scales as H ~ No® where
N is the length of the polymer and ¢ the number of
chains per unit area. In the same model the surface
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pressure scales as = ~ No6. Simple analytical SCF
models predict a similar scaling relationship for the
brush height, that for 7 is 7 ~ N¢®3.17-20 Under ©
conditions the second virial coefficient is zero and the
SCF scaling relationships are H ~ No'2 and & ~ No?,
respectively.

In subsequent numerical studies the behavior of the
brush thickness in a good solvent under nonadsorbing
conditions has been investigated as a function of the
grafting density and chain length with SCF models,’~10
MC,! and MD simulations.? The results for the brush
height compare favorably with the above SCF scaling
relationship. A more stringent test, however, is the
behavior of the surface pressure as a function of the
grafting density. In two studies (SCF and MD) the
surface pressure of the brush was found to deviate from
the predicted 5/3 power law.%12 In both studies higher
exponents are reported in narrow regimes with constant
scaling behavior. The chains used in these studies have
lengths between 25 and 200 segments. Martin and
Wang found a large regime exhibiting the theoretical
scaling of the surface pressure using a SCF model with
chains up to 1000 segments.1% They conclude that SCF
scaling relationships, which take only second virial
interactions into account, are indeed valid for long
chains, whereas for short chains a more extended virial
treatment is necessary. The good agreement between
SCF scaling relationships and numerical models for the
brush height of short chains is explained by the rela-
tively weak dependence of the brush thickness on the
grafting density. The numerical results therefore indi-
cate that scaling laws for brushes should be tested
experimentally using sufficiently long chains.

A number of experimental studies on brushes have
examined the predicted scaling laws. In particular the
power law for the brush thickness, H ~ No3, has been
investigated by several authors. One of the techniques
used is measurement of the repulsive force between
mica plates on which diblock copolymers with one
strongly adsorbing block are deposited. Patel and Tirrell
investigated polystyrene (PS) brushes in toluene with
N ranging from 600 to 1500, and their results compared
favorably with the predictied power law.2! Poly(tert-
butylstyrene) brushes in toluene with N = 30, 120, and
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240 were investigated in a similar fashion, and a weaker
scaling dependence on the degree of polymerization was
found, H ~ N7, although we remark that this exponent
was found with only three data points.?? In another
study with PS brushes in toluene (N = 850 and 2400)
it was concluded that the thickness scaled more than
linear with N.2® As pointed out by Whitmore and
Noolandi, the scaling behavior of the disjoining pressure
as a function of the chain length is not equivalent to
the scaling of the brush height.2* The disjoining pressure
between brushes is measured as a function of the
distance of separation between the plates coated with
the polymer. Assuming that the brush height scales as
H ~ N, the disjoining pressure in this model is found to
scale approximately as H ~ N2, Their model for the
disjoining pressure, however, contains four adjustable
parameters. Therefore, the comparison of surface force
results and scaling models for brush height is not
straightforward.

The height of a brush layer of diblock copolymers
adsorbed on a substrate or on an air/solvent interface
can be measured directly by neutron reflectivity (NR)
or neutron scattering (NS). In one study a polystyrene—
poly(ethylene oxide) (PS—PEOQO) diblock copolymer was
deposited from toluene onto quartz, on which PEO
strongly adsorbs.?> The layer thickness of the PS as a
function of the degree of polymerization N was con-
cluded to agree with the scaling model. As Baranowski
and Whitmore pointed out, this agreement is based
upon the assumption that H ~ ¢1/3.26 The experimental
data give a less than linear dependence on N if no
assumptions are made a priori. Bijsterbosch et al.
measured the thickness and surface pressure of PS—
PEO diblock copolymers at the air/water interface for
various lengths of the PEO block.?” The height of the
PEO brush was found to scale as H ~ N%85%41, Kent et
al. used poly(dimethylsiloxane)—polystyrene (PDMS—
PS) diblock copolymers with ethyl benzoate as the
solvent. In this case the PS block is solvated and the
PDMS block anchors the block copolymer to the
interface.28-30 They concluded that the thickness of the
layer does not scale as H ~ No'3, but approximately as
H ~ N0-8650-2230 In the same paper the behavior of the
surface pressure of the PS brushes was investigated and
compared with the predicted scaling law & ~ No3. It
was concluded that the scaling exponent of the surface
pressure as a function of the density ranges from
approximately 4.2 to 6.6, and increases slightly with N.
In an elegant study Auroy et al. used NS to investigate
PDMS end-grafted onto silica.3132 The brush height was
observed to obey the scaling law. In this study, however,
the grafting density could not be varied independently
from the chain length.

Block copolymers adsorbing from a solvent onto a
surface are commonly used to obtain densely grafted
polymer layers. The grafting density depends on the
length and characteristics of the adsorbing and nonad-
sorbing block, and on the solvent quality. A problem
associated with adsorption from solution is that the
polymeric surface density is not known during the
experiment and has to be inferred from the experimen-
tal data. In the case of NR or NS this is done by fitting
a model density profile to the reflectivity curve. This
results in relatively high uncertainties in the surface
density, especially at low coverage.3® Such uncertainties
can greatly influence the outcome of a power law fit,
from which scaling exponents follow. Furthermore, it

Macromolecules, Vol. 32, No. 2, 1999

is uncertain whether in practice the density of the
adsorbed block copolymers is high enough to enter the
brush regime. The relative coverage o*, defined as o*
= 047Rg?, ranges in general from 2 to 10, where Rg is
the three-dimensional radius of gyration. The onset of
chain stretching occurs around o* =~ 2, and at low o* it
is expected that the asymptotic brush regime is not
reached. It is therefore our opinion that for nonadsorb-
ing grafted polymers the scaling laws of the height and
surface pressure as a function of the grafting density
still await final experimental verification.

In the case of attractive surface—segment interactions
the situation is even more complex. In this case a
pancake structure is found at low grafting densities; the
polymer optimizes its polymer—surface contacts by
assuming a relatively flat conformation. With increasing
grafting densities the chain is forced by steric interac-
tions to protrude into the solution, and a brush is formed
as the extent of displacement increases. Alexander
investigated this “pancake—cigar” transition of grafted
adsorbing chains using a simple scaling model. In this
model the segment density profile of both states is taken
to be a step function.® The model predicts the pancake—
brush transition to be first-order, which is inferred from
the observation that the chemical potential of the
polymer chains is not a monotonically increasing func-
tion of the grafting density. A van der Waals loop for
the chemical potential is found, corresponding with
coexistence of two phases. The transition is reported to
occur at a grafting density o = Rg™2

A more refined scaling model, releasing the constraint
of a uniform segment density, is used by Ligoure to
analyze a similar system of grafted adsorbing poly-
mers.®* In this model the adsorbed polymer is repre-
sented as a distribution of loops, trains, and tails, and
constitutes a so-called self-similar adsorbed layer (SSAL).
A loop distribution is assumed beforehand, in which
small loops and tails are neglected. The chemical
potential is analyzed in a fashion similar to that in the
paper of Alexander. It is concluded that the conforma-
tion transition from a SSAL to a quasi-brush with
increasing grafting density is first-order under certain
conditions. The density at which this transition is found
is higher than the overlap density (i.e., o* > 1). The
width of the phase coexistence regime is predicted to
depend on the length of the chain and on the segmental
adsorption energy. In a recent paper Aubouy et al.
investigated a similar model, but they included the
small loops and tails in the loop distribution. They
concluded that the transition between the SSAL and a
quasi-brush is continuous.3® The polymer layer at rela-
tive densities exceeding unity consists of a SSAL close
to the surface, and a polydisperse brush layer stretched
outward from the surface. The grafting density at which
the layer structure progressively changes is of the order
of an adsorbed monolayer (i.e., 0 ~ (@>N)~%, where a is
the bond length). Several scaling relationships are given
for quantities in this continuous transition, such as the
chemical potential of the chain, the height of the layer,
and the loop distribution as a function of the grafting
density. Clearly, the mechanism of the pancake—brush
transition varies with the assumptions made in the
model. By postulating a functional form for the loop
distribution Ligoure concludes that the brush is formed
through gradual enlargement of the loops close to the
surface (the proximal region). If no loop distribution is
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assumed beforehand, the brush develops in the distal
region by a gradual extension of the polymer tails and,
simultaneously, a gradual diminishment of the SSAL.

Experimentally, a first-order adsorption—desorption
transition of a polymeric system at a surface was
reported for the adsorption of PEO triblock copolymers
with a hydrophobic center block on PS spheres.3® The
transition was characterized by a plateau in the mea-
sured hydrodynamic radius of the coated spheres. A
more exact manner to determine the nature of the
adsorption—desorption transition of either grafted chains
or chains with strongly adsorbing end groups is a
measurement of the surface pressure as the grafting
density is increased. A plateau of constant surface
pressure indicates the coexistence of two polymeric
phases, the ratio of which depends on the grafting
density, and thus a first-order transition. This is
comparable to the constant surface pressure of a
surfactant monolayer during the (first-order) liquid-
expanded—liquid-condensed phase transition. Such a
possible transition can be investigated experimentally
by compressing block copolymers adsorbed at an air/
solvent interface in a Langmuir trough. The surface
pressure resulting from both the solvated and nonsol-
vated blocks is measured as a function of the continu-
ously changing grafting density. Bijsterbosch et al.
investigated with this technique the properties of
diblock PS—PEO at the air/water interface.?” The short
PS blocks act as inert anchors and do not contribute to
the surface pressure. The long PEO chains are water-
soluble but also adsorb at the air/water interface.3” A
grafting density regime is reported in which the surface
pressure of the polymer layer increases slowly. The
observed density at which this semiplateau is found
corresponds roughly to that of an adsorbed polymeric
monolayer. This semiplateau is attributed to the gradual
desorption of the PEO chains from the air/water inter-
face. No coexistence regime is reported, nor any other
feature characteristic of a first-order phase transition.

In this paper we examine the properties of grafted
polymers with and without surface affinity in a good
solvent with a numerical SCF model. In this model all
possible polymer conformations are taken into account.
This approach differs from a scaling or analytical SCF
model, in which solely the most probable conformations
are considered. The results of the surface pressure
measurements of the PS—PEO system by Bijsterbosch
et al.?” are used to verify the validity of the numerical
results. We will concentrate on the transformation of
the layer from an adsorbed to a partially desorbed
structure when the grafting density is increased. As
phase transitions are characterized by the behavior of
thermodynamic quantities such as the chemical poten-
tial and its derivatives, special attention is given to
these quantities. Such an approach yields information
on the mechanism of adsorption—desorption and the
classification of this transition. A comparison is made
with the mean-field theory of phase transitions, espe-
cially with scaling relationships for thermodynamic
parameters near a critical point. Taking the adsorption
of the PEO chains to the interface into account, we also
reexamine the experimental results of Bijsterbosch et
al. The scaling behavior of the surface pressure and
height of a brush as a function of the grafting density
is investigated.

The outline of the remainder of this paper is as
follows. In section 2 a brief description is given of the
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applied SCF model. In section 3 the numerical results
for the surface pressure of grafted polymers with and
without surface affinity are presented, and these results
are compared with the experimental data of Bijster-
bosch et al. The power law dependencies of both the
numerical and experimental results are examined. In
section 4 the pancake—brush transition of grafted
adsorbing polymers is investigated in detail. In particu-
lar, the behavior of the chemical potential of the grafted
chains in the proximity of the adsorption—desorption
transition is considered as a function of the segment—
surface interactions and the chain length. In section 5
we summarize our results and conclusions.

2. Self-Consistent Field Model

The properties of neutral, linear polymers end-grafted
on a surface are investigated using the numerical SCF
model of Scheutjens and Fleer.283° The equilibrium
distribution of the polymers is calculated taking all
possible conformations into account, weighted by the
Boltzmann probability factors. A short review of the
underlying principles is given; a more extensive treat-
ment can be found in the literature.”

A cubic lattice is considered, consisting of M layers,
numbered z =1, 2, ..., M, where z is the distance to the
surface measured in units of the thickness of a lattice
layer, a. Each lattice layer consists of L sites of volume
a3, and each site is occupied by either a polymer segment
or a solvent entity. The system is incompressible, which
implies that the sum of the densities of all segment
types is unity in each layer. As we consider grafted
chains immersed in a pure solvent, the solvent density
in the bulk is unity. We stress that the polymer chains
therefore do not have a chemical potential defined by a
bulk concentration. The polymer chains are N segments
long and are end-grafted with a grafting density ¢ =
ne/L, where n, is the total number of grafted chains.
End-grafted in this case simply defines the probability
of the first segment to reside in the first layer to be
unity. In the mean-field approximation the segment
density in each layer is considered to be laterally
uniform, and the dimensionless polymer segment den-
sity p(z) is solely a function of the distance to the surface.
This also entails the grafted chains to retain transla-
tional entropy along the grafting surface. Flory—Hug-
gins parameters y;; account for nearest-neighbor inter-
actions between segments i and j. The potential energy,
in units of kT, of a solvent entity is given as

Ug(2) = —In(1 — p(2) 1)
whereas that of a polymer segment is

U@ = —In(l — p(2) — 2/BETH 82,1 (eur — A1)
©)

The angular brackets [p(z)(denote the weighted average
of nearest-neighbor contacts in the layers z — 1, z, and
z+ 1 p(2)0= A1p(z—1) + Aop(z) + A1p(z + 1). For a cubic
lattice, Ao and A1 equal 4/ and /g, respectively. The y
parameter accounts for the polymer—solvent interac-
tions, ysur for those of the polymer with the surface. In
the definition of ys,r it is taken into account that the
number of contacts between the surface and the polymer
segment is a factor 1; smaller than the number of
contacts between the polymer segment and the solvent.
Thus, the definition of ys, is similar to that of Silber-
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berg, besides a difference in sign.*® The y for solvent—
surface interactions is set equal to zero. The logarithmic
termin egs 1 and 2 is the mixing entropy of the solvent;
the conformational entropy of the polymer chain is
taken into account in the following chain statistics.

The conformations of the polymer chains in the local
field are expressed in terms of a two-point correlation
function G(z,z';s), which is the joint probability of a chain
of s steps having segment s' = 1 in layer z and segment
s’ =sin layer z', taking all possible configurations into
account. To this end the segment weighting factor is
defined as the Boltzmann distribution of a single
detached segment in layer z:

G(2) = exp(—u'(2)) @)

Because of the connectivity of the chain segments, the
distribution of a segment depends on that of its neigh-
bors; in the case of a segment s located in layer z,
segment s — 1 must be located in the layers z — 1, z, or
z + 1. This results in a recurrence relationship in which
G(z,2';s) is expressed in terms of a chain which is one
segment shorter in length:

G(z,2';8) = [B(z,2';s — 1)G(2') 4)

where [G(z,z';s — 1)0denotes a weighted average as
defined above. In the case of grafted chains the grafting
gives a restriction for the first segment in the form of a
Dirac function. The probability of segment s residing
in layer z' is furthermore recognized as the joint
probability of the end segment of a chain of length s
and that of a chain of length (N — s + 1) residing in
layer z', corrected for a double counting of G(z'). In the
case of grafted chains the grafting restriction applies
for one of the chain parts. The density of segment s of
a chain of length N in layer z' is therefore

G(l,z';s)zG(z',z;N—s+1)

p(z',s)=C (5)
G(z)

The normalization constant C is found using the fact
that the grafting density is fixed. The density of each
segment summed over all layers must equal the grafting
density and thus

o
C=——— 6)

ZG(l,z;N)

The total polymer density in layer z, for a given segment
potential field u'(z), is given by summation of p(z,s) over
all chain segments, s = 1...N. The resulting density must
be consistent with the potential fields expressed by eqs
1 and 2 for all z. The solution is generated by numerical
iteration.

Besides structural properties of the grafted polymers,
we are interested in the thermodynamic properties of
the system. To examine the behavior of the surface
pressure of the grafted polymers as a function of the
grafting density, it is necessary to determine the excess
free energy of the layer. This quantity, denoted by A,
consists of two terms; an entropic contribution which
takes all polymer configurations with the corresponding
probabilities into account, and an enthalpic contribution
which is a function of the densities in combination with
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the y-parameters. In general, A is given as (per unit
area, in units kT)*

A=G— Ynu,=oln = pi(2) ui(2) +
Z ZG(l,z;N) Z
‘ 1
Ez i@t (2B (7)

Z,1,)

where G is the total Gibbs free energy of the system
and Y, denotes the sum over all components that are
exchanged with the bulk. In the case of a grafted
polymer in a pure solvent this reduces to

A=oln

+ z In(1 — p(2)) +
ZG(l,z;N) z

> (@) @)D= "oxdap(2)0(2.1)) (8)

In the derivation of this equation, we make use of the
fact that the term 3 ,%2x(o(z) — [p(2)0) = Yoy d1p(2)d(z,1),
as the sum is taken over the total grafted layer. It is
evident that, if all y-parameters are set to zero, eq 8
reduces to a similar expression derived by Martin and
Wang:10

A=ocln — ZUO(Z) 9)

ZG(l,z;N) z

Both the chemical potential of the grafted chains and
the surface pressure of the system contribute to A. The
surface pressure is defined as (kT per unit area)

8A)T,Np,NS (10)

(8G

where G is the total free energy and A is the total area.
In a lattice model the grafting density is varied whereas
the total volume and area are constant. The total free
energy is replaced by the excess free energy, as the bulk
contribution of the pure solvent is zero. The excess free
energy consists of a contribution of the chemical poten-
tial of the grafted chains, and a contribution of the
surface pressure due to the grafted chains. The first
term is equal to o(dA/d0). The surface pressure of grafted
chains in a pure solvent in the lattice model is therefore

_ [9A _
n—o( BO)T’A#S A 11)

Carignano and Szleifer reported an analytic expression
for 7 using a similar SCF model.® According to these
authors the surface pressure can be explicitly calculated
from the segment density profiles and the interaction
parameters for a given grafting density 0. We believe
their method to be incorrect, as explained in the
Appendix. It is therefore necessary to obtain the deriva-
tive of the excess free energy with respect to the grafting
density by numerical central differentiation, as was
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Figure 1. Lateral pressure z in the SCF model of grafted
nonadsorbing polymers as a function of the area per chain in
nm?, 071, on a double-logarithmic scale. Two solvent conditions
are shown: y = 0 (good solvent) and y = %/, (© solvent). The
scaling exponents at high densities are 5/ and 2, respectively.
Chain length N = 700, lattice cell length a = 0.35 nm.

done previously by Martin and Wang.1° In the following
section we return to this point.

3. Grafted Adsorbing Polymers

In this section the SCF results for the surface pres-
sure of grafted chains are presented and compared with
experimental results. In Figure 1 the surface pressure
isotherm of nonadsorbing grafted chains containing 700
segments for a good and © solvent is presented in a
double-logarithmic plot. The length of a lattice cell, a,
is set 0.35 nm. This is equal to the PEO segmental
length which facilitates comparison with experimental
data.*? The ysr is set zero for both solvent qualities. At
low densities the surface pressure scales linearly with
the grafting density and is independent of the solvent
quality. This is the expected ideal gas behavior for
noninteracting coils. Carignano and Szleifer found a
guadratic dependence of the surface pressure on the
grafting density at very low densities. This is physically
unrealistic and must be attributed to their incorrect
expression for the surface pressure.®

For a good solvent (y = 0) the power law exponent at
high densities is /3, as predicted by the analytical SCF
model.61%43 The crossover between the mushroom and
the brush regime is found at relatively low densities,
corresponding approximately to o* = 1 (the equivalent
area per chain is about 1000 nm?). As the solvent quality
decreases, the crossover between the coil and brush
regime is found at higher densities, and the power law
exponent at high densities increases. This is in
accordance with the fact that as the solvent quality
decreases, the polymers are less stretched in the solvent
and higher order virial interactions between segments
become increasingly important. In a ®© solvent (y = 0.5)
the linear scaling of the surface pressure is found up to
relatively high grafting densities. At high densities the
power law exponent equals 2. This is the expected
exponent in the case that the brush properties are
predominantly determined by third-order virial interac-
tions, as is predicted by analytical SCF models.

The surface pressure isotherms of grafted adsorbing
polymers are given for several chain lengths in Figure
2. The polymers have an attractive adsorption energy
of 1 KT per segment, T = 298 K, a is again 0.35 nm,
and y is set to zero. This represents a grafted polymeric
system in a good solvent with an appreciable surface
affinity. SCF density distributions of grafted adsorbing
polymers by Bijsterbosch et al. presented the following
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Figure 2. SCF surface pressure isotherms of grafted adsorb-
ing chains as a function of the area per chain in nm?, ¢7%, on
a linear scale. Chain lengths are N = 250, 450, and 700, a =
0.35 nm, y =0, and ysur = —1.
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Figure 3. Experimental surface pressure as a function of the
area per chain in nm?, 071, for PS—PEO block copolymers at
the air/water interface. PEO lengths are 250, 450, and 700.
The data are taken from ref 27.

picture.?” At low densities the polymers have a pancake
conformation due to attractive interactions with the
surface; nearly all segments are close to the surface. At
a sufficiently high grafting density the monolayer at the
surface is filled, and excess segments are forced into the
solvent by steric interactions. The grafting density at
which this transition takes place is approximately o ~
(Na?)~1. At higher densities an increasing fraction of
segments is in the solvent phase and gradually a brush
is formed. We note that in the brush regime the segment
density in the monolayer at the surface remains close
to unity. The density distributions correlate with the
numerical surface pressure isotherms. At low grafting
densities the surface pressure increases strongly, be-
cause of the filling of the monolayer next to the surface.
When o ~ (Na?)~1, a semiplateau is found during the
pancake—brush transition in which the surface pressure
increases gradually but continuously with an increasing
grafting density. At high grafting densities the surface
pressure increases strongly as a result of interacting
brushes. The adsorption—desorption transition is con-
tinuous in our numerical calculations. This is also
evident from the fact that the chemical potential of the
polymers is a monotonically increasing function of the
grafting density (not shown).

In Figure 3 experimental isotherms of PS—PEO block
copolymers at the air—water interface, measured by
Bijsterbosch et al., are presented.?” The block copoly-
mers consist of short PS blocks which act as inert
anchors, and PEO tails of lengths identical to those used
in Figure 2. The polymers are deposited on the air/water
interface from a volatile apolar solvent. The surface
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Figure 4. Lateral pressure of the brush, m, = & — 7p1s, as a
function of the area per chain in nm?, ¢71, on a double-
logarithmic scale. Both SCF and experimental results are
shown for N = 700. A line corresponding with a scaling
exponent %3 is drawn as illustration. The PEO value for sy,
is 9.8 mN m~%; that for the SCF data is 8.2 mN m™.

pressure of the block copolymers is measured continu-
ously at room temperature as the layer is compressed
in a Langmuir trough. The ® temperatures of PEO in
water are reported as ®_- = —12 °C (UCST) and ©4 =
96 °C (LCST), indicating that water at room tempera-
ture is a good solvent.** The adsorption energy per PEO
segment is deduced from the value of & in the adsorp-
tion—desorption plateau (9.6—9.8 mN m™1). This is the
sum of the effective adsorption energy per segment
(0.4 kT) and the critical adsorption energy per segment
(0.2 KT). As the air/water interface is not perfectly
sharp, an additional entropic contribution must be taken
into account. The effective adsorption energy is therefore
somewhat more than 0.6 kT per segment.

A comparison of Figures 2 and 3 shows that the SCF
model is in semiquantitative agreement with the
experimental data, particularly at high densities. The
shape of the numerical isotherm, especially the adsorp-
tion—desorption plateau occurring at a surface pressure
of approximately 8 mN m~! in Figure 2, corresponds
well with that of the experimental isotherm. Both the
numerical and the experimental isotherms show a
continuous increase in & with a decreasing area per
molecule (i.e., increasing o). This indicates that the
continuous adsorption—desorption transition is modeled
in a correct manner. A slightly smaller value for a could
be used to match the experimental and numerical
isotherms more accurately. The value for the PEO
segment length as reported in the literature neverthe-
less gives a very satisfying agreement. At low densities
the behavior is qualitatively correct but the quantitative
agreement is less satisfactory. This is characteristic in
general for mean-field models, which cannot cope with
lateral inhomogeneities such as pancakes.

At grafting densities above the adsorption—desorption
transition density the surface pressure is considered to
consist of two contributions: a constant pressure mpja
resulting from a monolayer of adsorbed segments of
constant density and an increasing surface pressure sy,
due to the formation of a brush. The plateau value mpia
corresponds to the saturated pressure of the adsorbed
homopolymer. Experimentally, the saturated surface
pressure of a PEO solution is reported to be equal to
9.8 mN m™, indicating that the additional surface
pressure upon compression is indeed due to brush
formation.3” For the numerical SCF isotherm the value
of the semiplateau is estimated to be 8.2 mN m~1. In
Figure 4 the surface pressure of the brush, 7, = 7 —
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Figure 5. Lateral pressure of the PEO brush in a fashion
similar to Figure 4 for various PEO chain lengths. Chain
lengths shown are N = 90, 148, 250, and 700. The value of
Tpia is the same as that in Figure 4.

Tpia, 1S plotted double logarithmically against the area
per chain for N = 700, both for the experimental and
for the SCF data. A line corresponding to a power law
exponent of %3 is drawn for comparison. The exponent
found at high densities equals approximately the value
predicted by scaling relationships of SCF models. The
exact exponent depends slightly on the choice of the
plateau value; 7pia taken to be 9.6 mN m~1 gives 1.58
as an exponent, 9.8 gives 1.67, and subtracting 10 mN
m~! results in 1.78. Nevertheless, the experimentally
measured surface pressure of the PEO brush at high
densities corresponds with the scaling predictions for
SCF models and can be reproduced successfully with
the numerical SCF theory.

We note that the surface pressure s, of the PEO brush
increases very fast in the double-logaritmic plot at low
densities (see Figure 4). This is an artifact resulting
from the necessary subtraction of zpa. At total surface
pressures slightly larger than 7, the value of 7y, is close
to zero. A small increase in 7, results in a large increase
in a double-logarithmic plot. Physically, this merely
signifies that the grafting density, with respect to the
transition density, is not high enough for a brush to be
formed.

It is of interest to examine whether this scaling
behavior is reproduced by all PEO chain lengths. In
Figure 5 the surface pressure for chain lengths 90, 148,
250, and 700 is plotted in a fashion similar to that in
Figure 4. It is found that a regime with a constant power
law exponent, as observed both experimentally and
numerically for N = 700, is not present in the experi-
mental isotherms of short PEO chains. A regime with
a constant exponent is found for PEO chains of 450
segments, if the plateau value is taken to be slightly
lower, 7512 = 9.2 mMN m~1 (not shown). This observation
agrees with the experimental finding that in this
molecular-weight regime the saturated surface pressure
of a PEO homopolymer increases with increasing mo-
lecular weight.3” The extent of the regime of constant
exponent for N = 450 is less than that of N = 700. These
results show that scaling relationships should be veri-
fied experimentally with sufficiently long chains. In
light of this, it is questionable whether MC and MD
simulations are suitable to examine polymer properties
in the brush regime.'1'2 The chain length used in these
studies is often not more than 50 segments which lends
to higher power law exponents with narrow regimes of
constant scaling. We conclude that scaling relationships
for the asymptotic brush regime, based on the assump-
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Figure 6. Height of the PEO brushes (in nm) for N = 450
and 700 as a function of the number of chains per unit area,
o (nm~2), on a double-logarithmic scale. The corresponding
scaling exponents are 0.35 and 0.33, respectively.

tion that either second or third virial interactions
dominate the properties of the brush, should be tested
numerically and experimentally for sufficiently long
chains.

With the above results in mind, we reexamine the
experimental NR data for the thickness of the PS—PEO
brushes. Bijsterbosch et al. combined the results for the
thickness of the polymer layer at high densities in one
plot, regardless of the chain length.?” The fitted power
law for H/N versus o yielded the exponent 0.41, some-
what higher than the predicted /3. The analysis of the
surface pressure isotherms, however, demonstrates that
only long chains are expected to be truly in the asymp-
totic brush regime. In Figure 6 the measured thickness
for PEO chains of 450 and 700 segments is plotted
double logarithmically as a function of the number of
chains per unit area. Fitting these results to a power
law yields an exponent of 0.33 for N = 700 and 0.35 for
N = 450. Again, the analytical SCF model correctly
predicts the experimental behavior of the polymer
brush, provided long chains at high grafting densities
are used.

The question arises why the results of our SCF model
and the experimental PS—PEO system are in good
agreement with analytical SCF models, whereas in the
literature it is reported that such agreement does not
exist.2228-30 |t is evident that the grafting density and
surface affinity of the grafted chains must be dealt with
in a proper manner to investigate power law depend-
encies of the surface pressure and brush height. As the
subtraction of the saturated surface pressure of PEO
demonstrates, it is necessary to know the adsorption
behavior of the anchored block and the contribution of
the anchoring block to interpret the total surface pres-
sure. We remark that the small polystyrene blocks used
by Bijsterbosch et al. are known not to wet the surface;
their contribution to the surface pressure has been
checked and is zero at the measured surface densities.
The measured surface pressure can therefore be com-
pletely ascribed to the PEO chain, and at high densities
safely separated into a contribution due to adsorption
and a contribution due to solvation. In the case of block
copolymers with anchoring blocks that wet the surface
or large compared to the bouy block, the interaction
between the anchoring block, solvent interface, and
solvated block is not known. The assumption is usually
made that such activity is negligible. The surface
pressure of the brush however is the difference between
total surface pressure and the surface contributions of
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the anchoring block and the anchored block combined.
It is thus clear that the scaling of the surface pressure
of a brush cannot be examined in a reasonable manner
without correcting for adsorption effects.

Another problem is the determination of the amount
of polymer on the surface. Bijsterbosch et al. deposited
the PS—PEO block copolymer on the air/water interface
using chloroform as a solute. Both chloroform and PS
are highly hydrophobic and when deposited from the
air do not mix with water. The deposited amount is
therefore known within a reasonable accuracy. In
contrast, Kent et al. used either a polymer solute of
higher density than the organic bulk phase or dry block
copolymer.28—30 Because of loss of the polymer during
deposition, the polymeric density is not known during
the experiment and is determined via integration of the
neutron reflectivity curves. This is less accurate, in
particular at low polymeric densities.33 Such inaccuracy
is particularly important when the surface pressure or
layer thickness is measured as a function of the grafting
density and fitted to a power law. Verification of the
scaling law between the layer height and grafting
density is thus difficult, when both parameters are
determined by NR and are consequently sensitive to
experimental uncertainties.

In a recent paper Richards et al. investigate the poly-
(dimethylacrylate)—poly(ethylene oxide) (PDMA—PEO)
block copolymer at the air/water interface with NR.33
At the examined densities the PEO was found to have
a rather flat structure which extended only slightly into
the water phase. No agreement between the reflection
spectrum and parabolic density profiles was obtained.
Richards et al. concluded that the brush structure, as
reported by Bijsterbosch et al., is erroneous. According
to the authors the PEO layers collapse before the brush
regime is obtained. At the densities examined (1.2 mg/
m?2) the measured surface pressure of the PDMA—-PEO
layer is of the order 5 mN m~1. In the PDMA—PEO
isotherm this density is halfway in the adsorption—
desorption plateau. The structure thus corresponds
nicely to the partly desorbed pancake conformation in
our analysis. Parabolic density profiles are evidently not
expected at such grafting densities. However, the high-
est density used for the PS—PEO of length N = 700 is
6 mg/m? at a surface pressure of the order 25 mN m~1,
which is well beyond the adsorption—desorption plateau
and in the brush regime.

We believe, therefore, that detailed knowledge of the
adsorption properties of the block copolymers is
essential for the correct interpretation of experimental
results. Surface pressure isotherms in combination with
the SCF model can be analyzed for identification of the
polymer conformation at a given grafting density. Such
identification is necessary for the interpretation of NR
results. Moreover, the power law of the surface pressure
in the brush regime as predicted by analytical SCF
models is only found if three conditions are met: (i) The
grafting density ¢ has to be known exactly because of
the strong dependence of & on o; (ii) all contributions
due to surface affinity of both the solvated and nonsol-
vated block have to be known and subtracted from the
total surface pressure, as these do not contribute to the
surface pressure of the solvated brush; (iii) long chains
at high densities are necessary to obtain the power law
corresponding to the asymptotic brush regime. Espe-
cially this last condition is very important: if it is not
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Figure 7. SCF surface pressure isotherms of grafted adsorb-
ing polymers as a function of the total polymer density 6 for
N = 50. The segmental adsorption energies used are ysur =
—1, =3, and —6.

satisfied, a regime with a constant scaling exponent
cannot be expected to be found.

4. Pancake—Brush Transition

In the previous section it was shown that the numer-
ical SCF model correctly models the adsorption—
desorption mechanism of the PS—PEO block copoly-
mers, the so-called pancake—brush transition. In this
section we consider the adsorption—desorption transi-
tion of grafted polymers for varying adsorption energies
and chain lengths in a good solvent; unless specified
otherwise the y is set zero (an athermal solvent). The
transition is expected to become increasingly abrupt as
the interaction between the segments and the surface
becomes more attractive. Also, with increasing adsorp-
tion energies the total polymer density at which the
transition takes place is expected to progressively mirror
an adsorbed monolayer of unity density. It is especially
interesting to investigate whether the transition be-
comes first-order in certain regimes or whether it
remains continuous throughout.

The behavior of the surface pressure for various
adsorption energies is plotted in Figure 7 for a constant
chain length (N = 50). On the x-axis the total polymer
density 0 is plotted. The adsorption energies used are
—1, —3, and —6 KT per segment. For high adsorption
energies, the surface pressure of the adsorbed grafted
chains changes abruptly around the transition density
(6 =~ 1). Below this density the surface pressure has a
low value corresponding to that of a partially filled
monolayer; above it one finds a semiplateau value
corresponding to a monolayer of constant density and
partially desorbed chains. The height of the plateau
evidently depends on the adsorption energy. With
increasing grafting densities (not shown in Figure 7) the
surface pressure of the brush develops, and eventually
the isotherms for different adsorption energies merge,
as the pressure of the brush dominates the constant
contribution of the monolayer.

A suitable quantity for examining the behavior of the
system during this transition is the chemical potential
of the grafted chains. As mentioned in section 2, the
chemical potential of the grafted chains is not defined
by a bulk concentration. It can be determined from the
change in excess free energy with changing grafting
density. Therefore u is a thermodynamic function of an
independent field, o. In Figure 8 the segmental chemical
potential u/N is plotted against the total polymer density
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Figure 8. The chemical potential per segment of grafted
adsorbing polymers as a function of the total polymer density
for various adsorption energies. N = 50 and ysur = —1, —3,
—6, and —8.

6 for N = 50 and various adsorption energies. Below
the transition density (6 ~ 1) the chemical potential is
a function of the adsorption energy as the newly
introduced polymer can adsorb at the surface. Above the
transition density it is independent of the adsorption
energy; the filled monolayer gives a constant contribu-
tion to the free energy and the chemical potential in this
regime depends only on the chain length and the solvent
conditions. The abruptness of the transition is
illustrated by the behavior of the chemical potential
around 0 = 1 at a high adsorption energy. The transition
remains continuous, however, as demonstrated by the
continuous increase in the chemical potential with an
increasing grafting density.

The behavior of the chemical potential of the grafted
chains suggests that for densities greater than unity the
evolvement of the polymer configuration is independent
of the adsorption energy. For a density as low as 6 ~
1.2 the chemical potential is virtually equal for all
adsorption energies. As the chemical potential is defined
as the change in excess free energy with increasing
grafting density, the adsorbed monolayer gives a con-
stant contribution to the excess free energy, and the
chemical potential is determined by the increasing
polymeric density in the solvent phase. This indicates
that the grafted polymer layer consists of a collapsed
monolayer of constant density at the surface and a
number of tails sticking out into the solvent phase.
Moreover, the entropic contribution of the desorbed
polymer is independent of the adsorption energy (the
enthalpic part of the excess free energy is zero as y is
set to zero). This agrees with the picture of the brush
formation being initiated in the distal part of the
polymer layer (i.e., by the tails). This mechanism also
excludes a significant role for loops in the proximal part
of the adsorbed layer, as a dependence of the loop
distribution on the adsorption energy would translate
itself in a similar dependence of the chemical potential.

Aubouy et al. carefully investigated the regime above
the overlap density (i.e., & > 1).35 In this model the
adsorption of grafted chains is represented as a distri-
bution of loops and tails, and the excess free energy is
evaluated with scaling arguments. In the case that the
monomer density at the surface is of order unity it is
concluded that the polymer layer close to the surface is
similar to that of a purely adsorbed layer, whereas in
the distal region it resembles a polydisperse brush. They
further derive that the chemical potential in this regime
scales as u ~ ¢®. Such a power law is not found in our
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Figure 9. Behavior of the chemical potential per segment of
the grafted adsorbing chains and its derivative with respect
to the density for a high adsorption energy. N = 50 and ysur =
—14.5.

SCF results. In other respects the physical picture of
the scaling approach and the SCF analysis are in good
agreement. We believe that the model of Aubouy et al.
correctly predicts a continuous transition with an
increasing density. The emphasis on the gradual disap-
pearance of the loop distribution is, however, not
observed by our SCF model.

It is instructive to classify the class of the pancake—
brush phase transition, and to relate it to other phase
transitions in well-studied systems. For this purpose the
chemical potential is recognized as a suitable order
parameter, and the grafting density as an external field
parameter. Every thermodynamic parameter that is
zero in a disordered phase (nonadsorbed conformation)
and nonzero in an ordered (adsorbed conformation)
phase can be denoted an order parameter. In an Ising
model the analogous quantities are the magnetization
and the external magnetic field. As ysur is a tempera-
ture-dependent parameter, and the transition becomes
sharper with increasing adsorption energies, the anal-
ogy with the reciprocal temperature in an Ising model
is reasonable. We are interested in whether the pancake—
brush transition remains continuous under all circum-
stances in a good solvent. In other words, is the system
always found above the critical temperature, or can a
set of variables (chain length, adsorption energy) be
found for which the change in chemical potential is
discontinuous? The latter behavior is characteristic for
a first-order transition, for instance, the nonzero mag-
netization of a ferromagnet in a zero field below the
critical temperature.

In Figure 9 the chemical potential per segment and
its derivative with respect to the density, N1 (u/90),
are plotted around the critical polymer density. The
length of the chain is 50 segments; the adsorption
energy ysur = —14.5. The chemical potential remains a
continuous increasing function of the grafting density;
its derivative with respect to the polymeric density at
6 = 1 is close to divergence. This derivative is inter-
preted as a segmental conformational susceptibility and
is denoted by &. This quantity is a measure for the
overall change in polymer structure with varying den-
sity. It is evident that the near-divergence of & denotes
a strong change in conformation around 6 = 1. The
curve of the chemical potential is similar to that of the
magnetization M of a ferromagnet as a function of the
external field H at a temperature slightly above the
critical temperature. In this case the magnetization
changes strongly with small changes in H around H =
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Figure 10. Scaling behavior of the segmental conformational
susceptibility, &, as a function of the reduced density 1 — 6 in
the proximity of the critical density 6 = 1. A line corresponding
to the scaling exponent —1 is drawn as illustration. N = 50
and Ksur = —14.5.

0. Consequently, the curve of & is similar to the so-called
A-curve of the susceptibility of a ferromagnet, y = (dM/
oH)~, at a temperature close to the critical temperature.
Such behavior is a fingerprint of a continuous transition
approaching the critical point.4546

The theory of phase transitions and the renormaliza-
tion theory of critical phenomena describe the behavior
of thermodynamic quantities in the vicinity of a critical
point. The majority of the derived relationships accounts
for the behavior of such quantities at the critical point;
an exception is the derivative of the order parameter
with respect to an external field parameter at constant
temperature close to the critical temperature, for ex-
ample the magnetic susceptibility or in our case &. In a
magnetic system the magnetic susceptibility changes
strongly around zero external field; in the pancake—
brush transition £ changes strongly around 6 = 1.
According to renormalization theory the scaling expo-
nent of these quantities as a function of the external
field parameter for small values of the external field
equals —1 in a mean-field model, both above and below
the critical temperature.*® In Figure 10 & is shown for
xsur = —14.5and N = 50 in a double-logarithmic plot as
a function of the reduced density (1 — 6). A line with
an exponent —1 is drawn as illustration. The behavior
of the strongly adsorbed grafted polymers in the mean-
field model therefore exhibits mean-field critical behav-
ior in the limit of high adsorption energies.

We now need to examine two limits to verify that the
adsorption—desorption transition does not reach its
critical temperature: the limit for finite chain length
and infinite adsorption energy and that of finite adsorp-
tion energy and infinite chain length. In Figure 11 the
maximum of & for N = 50 is logarithmically plotted as
a function of ys,. It is found that at high adsorption
energies & scales as &max ~ (—xsur)” Where v is
approximately 5. Therefore, for a finite chain length in
the mean-field model a true divergence of the segmental
conformational susceptibility is only found at infinite
adsorption energy, or zero temperature. The pancake—
brush transition for finite chain lengths is continuous
for all adsorption energies.

The behavior of the segmental conformational sus-
ceptibility as a function of the density is examined for
various values of N at constant ys,r (—3) in Figure 12.
Three chain lengths are used, N = 500, 1000, and 1500.
It is found that the change of the segmental chemical
potential during the pancake—brush transition for a
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Figure 11. The maximum of the segmental configurational
susceptibility, &, in the proximity of the critical density § = 1
for various adsorption energies on a logarithmic scale. The
scaling exponent of the line drawn is 5.
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Figure 12. Segmental conformational susceptibility, &, as a
function of the density 6 for N = 500 (diamonds), 1000 (circles),
and 1500 (triangles) with ys,r = —3.

finite adsorption energy is independent of the chain
length. This agrees with the desorption process being
dominated by the tail end of the grafted polymers. The
entropic gain by desorption of a segment at high surface
affinity and increasing surface density is independent
of the total chain length, and therefore the chain length
plays no significant role in this transition.

5. Conclusions

In this paper we have examined grafted polymer
chains with surface affinity in a good solvent from
two different viewpoints. In section 3 it is shown that
there is a semiquantitative agreement between the
Scheutjens—Fleer SCF model and experimental results
for the surface pressure of grafted chains with surface
affinity. The shape of the numerical isotherms agrees
with that of the experimental isotherms of PS—PEO
block copolymers. It is concluded that the pancake—
brush transition is reproduced in a correct manner in
the numerical calculations. The experimental adsorp-
tion—desorption transition of the grafted chains is
characterized by a semiplateau in the surface pressure
isotherm. This plateau is reproduced with the SCF
model, using the same values for the chain length and
segmental adsorption energy as in the experiments.

It is also found that both the experimental results for
PS—PEO and the numerical data for the surface pres-
sure as a function of the grafting density obey the SCF
scaling relationships for brushes. To obtain this scaling,
it is important to correct for adsorption contributions
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of the grafted polymers to the surface pressure. The
scaling of the asymptotic brush regime is found experi-
mentally only for long chains. The surface pressure
isotherms can be used to identify the brush regimes.
Using this, the scaling of the height of long PEO chains
at high grafting densities is found to agree nicely with
that of the SCF scaling law. For short chains the results
for the brush height do not follow this scaling law.

In section 4 the nature of the pancake—brush transi-
tion is investigated with the SCF model. It is concluded
that the transition is continuous for all chain lengths
and adsorption energies. This does not agree with the
model of Ligoure3* which predicted a first-order transi-
tion in the adsorption—desorption process. It does agree
qualitatively with the more recent findings of Aubouy
et al. who also conclude that the transition is continu-
ous.®® The mechanism proposed in their paper, a gradual
decrease in the loop distribution and subsequent forma-
tion of a quasi-brush from a self-similar adsorbed layer,
does not agree with our results. We find that the
pancake—brush transition is characterized as a transi-
tion from an adsorbed monolayer at low grafting densi-
ties toward desorbed tail ends at higher densities; the
role of loops in the transition mechanism can be
neglected.

With increasing surface affinity the system ap-
proaches a critical point with a corresponding critical
behavior of the thermodynamic parameters. The critical
exponent for the conformational susceptibility corre-
sponds to that of the magnetic susceptibility of a
ferromagnet in a mean-field model. The critical point
itself is only reached at infinite adsorption energy. The
chain length plays no significant part in the adsorption—
desorption transition close to the critical point.
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Appendix: Surface Pressure in SCF Theories
for Grafted Polymers at Interfaces

Within the lattice-based SCF theory of Scheutjens and
Fleer (SF—SCF) it is possible to write the canonical
partition function, and thus the free energy, in terms
of the optimized set of conformations of the molecules
or equivalently, and more conveniently, in terms of the
equilibrium density and potential profiles (see, e.g.,
Evers et al., referred to as ESF).*! We argue that when
there are grafted chains in the system, there is no closed
expression for the surface pressure (a nondifferential
equation in terms of segment density and potential
profiles). Carignano and Szleifer (CS—SCF) (see refs 8
and 9, referred to as CSI and CSIlI, respectively),
however, claim to have such a closed formula. The
purpose of this appendix is to give more details on this
issue. To rule out possible differences on fundamental
grounds, we start by proving the equivalence of the free
energy functionals used in the SF—SCF and the CS—
SCF approach. This is done by expressing the ESF free
energy in the notation used in CSI. We then point to
the problems of obtaining a closed expression for the
surface pressure.

In ESF a general expression for the dimensionless
free energy per unit area is given
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Here, i is the index which refers to the molecule types
and z the index to the layer numbers which run from z
= 1 near the surface to z = M (far away from the
surface). The summation over A’ is over all segment
types except the surface component; the other two
summations run over all segment types in the system,
including the surface component. Here, we have chosen
to denote to the segment densities by p, consistent with
the notation in this paper.#” Conjugated to the segment
densities are segment potential profiles denoted by
u(z). In eq Al g; refers to the number of molecules i per
unit area and q; is the corresponding single-chain
partition function, which is the weighted sum over all
possible conformations of molecule i in the system.
Finally, the contact energies are accounted for by the
Flory—Huggins interaction parameters yag.

We can reduce eq Al for the two-component case,
where component i = 1 is an end-grafted polymer of
length N, and molecule i = 2 is the monomeric solvent
with bulk density pg = 1. The constraint py(z) + po(z) =
1is used to write F completely in terms of the quantities
of the grafted chains and the Lagrange field 7o(z) (see
egs 1 and 2 above where u'(z) is used for the Lagrange
field):

F=oIno—olng— 3 [1(2) ~ p@1ppp@0  (A2)

Here and below, we omit the lable i =1 for the polymer
quantities. In eq A2 (fully in line with ESF: eq 1.52)
we have omitted the irrelevant term oNypo. It is easily
seen that eq A2 is consistent with CSI: eq 13. The exact
correspondence is obvious when realizing that there is
a sign difference between the o parameter in ESF and
the x(]z—2'|) function in CSI. In addition, the angular
brackets in eq A2 have exactly the same effect as the
integration over z' in the y(|z—2'|) function of CSI. The
short-range energetic interactions are irrelevant for the
problem at hand and we can, in the following, discuss
the athermal case (ypo = 0) without losing the point.
Defining n as the number of polymers in the system
and As as the surface area in the system, we may find
the surface pressure from the function F by (cf. eq 11)

_ [oF _[FAS
n_a(aO)As ) W

where the quotient within the first brackets equals the
chemical potential of the grafted chains. We note again
that F is a dimensionless free energy per unit area and
that IT is made dimensionless as well. As all quantities
are normalized per unit area, the differentiation to the
surface area is not operational. Consequently, it is
needed to follow the route to differentiate F with respect
to the grafting density (cf. eq A3). The problem with an
analytical differentiation of F with respect to the graft-
ing density is that both the single-chain partition
function g and the Lagrange field are a function of the
grafting density. Thus, the chemical potential of the
grafted chains can only be found by “measuring” the
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change in F when o is changed slightly. We have
checked that if we do this operation numerically, we find
in the limit of very low surface coverages that the
surface pressure approaches the ideal gas law (see
Figure 1). Moreover, we checked that Gibb’s law, which
can be written in the case of grafted polymers as aIl/du
= o, is obeyed rigorously.

In CSIl the o In ¢ term of eq A2 was dropped by
arguing that this term is only necessary when there is
no grafting. We believe that this is not allowed; the
effect is that in SCII the ideal gas limit for the surface
pressure is not recovered. Following the SC argumenta-
tion, however, the free energy is given by F = —o In g
— [zm0(z) dz. Inserting this in eq A3 we find for the
surface pressure

d [ my(2) dz
HZOE—FZO—Inq—Oalnq—LO +
0o 00

o
olng+ [7y(z) dz

,91nq 3 [ 74(2) dz
= —0 — 0

o o + j; 70(z) dz
3 d
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where we have used a generic property of SCF theories
that 0 In g = J;pp(2) dup(z) dz and the fact that in the
absence of short-range interactions dup(z) = dmo(z). When
subsequently o2 is wrongly replaced by o, the CSII (eq
7) result is found in just a few steps:

Il = ["7m(z) dz — oN O (oN)* + O(0%)  (A5)

On the right-hand-side (rhs) of eq A5 we have used the
fact that the Lagrange field can be approximated by

po(z) 1= py(2)
o~ In—— =
pO 1- pp

5(0s(2) = )2+ O()° (A6)

mo(z) = — In (0p(2) — pp) +

Here, o) is the density of polymer in the bulk which is,
in the case of grafting, identical to zero. Clearly, the
result of eq A5 does not comply with the ideal gas law
for low surface coverages, as also mentioned in CSII.
We note again that the ideal gas contribution can be
inserted in eq A5 if in the free energy equation the term
o In o is kept.

It is instructive to consider the case that all molecules
in the system can equilibrate with the bulk. This case
has been worked out in ESF and starts obviously at eq
Al. The surface pressure for a two-component polymer—
solvent system can be written in the form (ignoring
again the energetic terms for simplicity)

l M
1= —(1 - N)(O’N - Mpg) + ZZﬂo(z) ~

b
Mpp exc
o———=xo " (A7)

N



498 Currie et al.

where ¢ is the excess number of polymer molecules
per unit area at the surface. The result of eq A7 is the
ideal gas law for the surface pressure in dimensionless
form (found at low adsorbed amounts). From the above
it is clear that it is misleading to think that the
Lagrange field profile and the surface pressure are
directly linked. In fact, from eq A7 we find that the
Lagrange field contribution cancels out in first ap-
proximation at low excess adsorbed amounts.

It is tempting to apply eq A7 to the case where the
polymers are grafted by substituting pg = 0in eq A7.
Interestingly, eq A4 is recovered (including the dropped
term). In equilibrium, however, there is a one-to-one
relation between the excess number of polymers at the
surface and the chemical potential of the polymers, and
thus with the polymer bulk concentration pg. By set-
ting p2 = 0, one needs to put o = 0 as well, even when
there Is a very strong anchor group binding the polymer
with one end to the surface. Indeed, for a fixed o, the
bulk density of the polymer can practically approach
zero when the grafting energy is increased correspond-
ingly. But for a fixed surface affinity of the anchor group
(no matter how high this is), it is always possible to
lower the bulk concentration in order to reduce the
amount of adsorbed polymers. Thus, the mathematical
point of no polymers in the bulk, pg = 0, is only
compatible with no polymers at the interface, that is, o
= 0. Again, we find that eq A5 is not the correct
expression for the surface pressure in a system where
polymers are grafted to an interface.

We thus conclude that eq A4 is wrong. The error in
the derivation of CS has been identified and a compli-
mentary route to obtain eq A5 was shown to be wrong
as well. Therefore, the only way to obtain the surface
pressure in a system that features grafted chains is by
numerical differentiation.
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