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ABSTRACT: Using both theory and computer simulation, we study the dewetting problem of a polymer
layer grafted on a surface in a poor solvent. We find that in the regime of moderate grafting density the
layer is unstable to the formation of finite-sized holes. The formation of these holes is a result of the
tradeoff between minimal layer surface energy and minimal tether penalty, thus giving an example of
dewetting constrained by polymer stretching. We also examine the low-density case and find a new micellar
regime where the nuclei of surface micelles are strongly flattened, forming “pancake micelles”. The
theoretical prediction qualitatively agrees with Monte Carlo simulations.

I. Introduction

The wetting and dewetting of liquid films on surfaces
is one of the most fundamental and important properties
of liquids. This phenomenon is of great practical impor-
tance in a number of industrial processes and attracts
much interest from academia as well. The statics of
wetting has been understood for a long time,1 and there
is now a partial understanding of the dynamics. The
statics of wetting in its most basic form is very simple
and is governed by three surface tensions which control
the interfacial energies. A liquid will wet a surface if
the total interfacial energy is lowered by doing so. This
is the case for simple liquids such as water as well as
for more complex liquids such as polymers.2-6 It be-
comes complicated for very thin films where dispersion
forces play a role; nevertheless, the statics in general
is well understood. However, in one particular case, that
of polymers end-tethered to a surface, the physics
becomes much more subtle. In this case, we find a
phenomenon which we call “constrained dewetting” or
“constrained aggregation”.

Systems of polymers end-tethered to a surface have
extensively been studied over the past decade,7,8 in part
because they have been readily accessible experimen-
tally and in part because they can apply to a variety of
areas such as nanopatterning,9 colloidal stabilization,10

and block copolymer mesophases.11 These systems are
also of interest from a theoretical and fundamental point
of view because they allow us to study chain deformation
and cooperative effects. Much effort has focused on one
corner of the phase diagram, i.e., the case of polymer in
good solvent where the grafting density is so high that
a uniform brush is produced.7,8 Much less attention has
been given to the case of poor solvents, where the
monomer-monomer interaction is effectively attractive.
In this case, however, a great deal of novel behavior has
been predicted. In particular, in the regime of low

grafting density, chains should form “octopus surface
micelles” or “pinned micelles”.12-14 These are driven by
a desire to avoid polymer-solvent contact and are
opposed by a chain stretching penalty. They have been
observed by both in computer simulations15-17 and
experiments.18,19 In the high grafting density regime,
another kind of instability has been predicted when the
brush in a good solvent is gradually quenched into the
poor solvent regime. In this case, the brush becomes
unstable to formation of ripple.20 The ripple arises
because the chains stretch to form dense regions with
favorable monomer-monomer contacts. However, as the
solvent quality becomes poorer, the solvent molecules
are expelled from the brush, removing the driving force
for the instability, and as a result a melt brush is
formed. This brush is stable against rippling, since
rippling increases the surface energy.21

This is, however, not a complete picture of grafted
polymers in poor solvents. In this paper, using both
theory and computer simulation, we show new regimes
where the previous prediction does not hold quantita-
tively or qualitatively. In particular, we show two major
findings. First, at a moderate grafting density, a uniform
layer is unstable to formation of holes that penetrate
the entire layer. This forms a holey layer, with finite-
sized holes, and is an example of dewetting constrained
by polymer stretching. Second, the micellar regime
discussed in previous work describes only a small part
of the phase diagram, and there is a second micellar
regime where the nuclei of surface micelles are strongly
flattened, forming “pancake micelles”.

Our attention in this paper is restricted to the case
that polymer layers are grafted to nonadsorbing surface
on which dewetting or polymer aggregation is con-
strained by polymer end-grafting. The case of polymers
grafted to strongly adsorbing surface has been studied
by Sevick and Williams.23

This paper is organized as follows. In the next section,
the model and simulation method used for grafted
polymer layers are briefly described. In section III, the
simulation results are discussed and theoretically ana-
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lyzed. Finally, we summarize our main findings in the
last section.

II. Model and Simulation

A lattice-based dynamic Monte Carlo (MC) method
is used to simulate the system of polymer chains that
are grafted to a solid surface. Monodispersed polymer
chains each consisting of N monomers are randomly
grafted to impenetrable surface (z ) 0) with grafting
density F inside 96 × 96 × z cubic lattice (z > N), with
periodic boundary condition in the x and y directions.
Here, the grafting density F is defined as the number
of grafted polymer chains per unit area. The monomer
size and the lattice spacing are set to unity. The polymer
chains are modeled to obey excluded-volume constraint,
i.e., each lattice site can only be occupied by a monomer
or be a void site, and all the void sites are regarded as
solvents. The grafting density ranges from FN ) 0.1 to
FN ) 12 with N ) 20-100, which turns out to cover all
the morphological regimes from micelle to uniform layer.
Chain dynamics is implemented according to one-site
bond fluctuation model (BFM) proposed by Shaffer22

together with the Metropolis sampling scheme. This
lattice chain dynamics have turned out to reproduce the
dynamic properties of realistic chain molecule for short
and long chain lengths.22 The situation of poor solvent
is modeled by applying an attractive interaction energy
between two neighboring monomers (ε < 0) while the
monomer-solvent and the solvent-solvent interaction
energies are put to be null. For the sake of simplicity,
to model the situation of the nonadsorbing surface, it
is assumed that the interaction between surface and
monomer is the same as that between monomer and
solvent; i.e., the surface tension forces solvent molecules
to form a thin wetting layer between grafted layer and
substrate. This makes the situation simpler and more
symmetrical to model the polymer layer grafted on the
nonadsorbing surface. We find that the introduction of
different surface interaction does not alter qualitative
or semiquantitative (scaling) behaviors of grafted layer
unless the surface interaction with polymers is ef-
fectively attractive.

The initial configuration of a grafted polymer layer
for a given set of F and N is prepared by simulating the
system under athermal condition (ε/(kBT) ≡ ε′ ) 0),
which corresponds to the high-temperature limit. The
temperature of system is then lowered from athermal
state (ε/(kBT) ≡ ε′ ) 0) to a target value of ε′ by a
stepwise temperature-lowering procedure with small
lowering steps of ∆(Nε′) ) 0.1. At every temperature-
lowering step reaching to a target value, the configu-
ration obtained from the previous step is used as a
starting point for a run at a lower temperature and then
equilibrated for a time exceeding the relaxation time τ
that is determined by measuring the decay of the
autocorrelation function of a chosen observable (e.g., the
height of grafted layer, the hole size in the case of holey
layer). An example of the autocorrelation functions for
the layer properties (the height of grafted layer h; the
hole size Rh) is given in Figure 1. Furthermore, to check
the equilibration of morphological formation particularly
at high grafting densities, the system simulated at ε′ is
heated to ε′ ) 0 and then cooled gradually back to ε′ by
the same temperature-lowering procedure used for the
equilibration. We perform this sequentially to make ε′
cycled up and down and monitor the morphological
properties as a function of ε′ cycles. Figure 2 demon-

strates the morphological properties (the height of
grafted layer h; the hole size Rh) of the grafted layer at
a relatively high F as a function of the ε′ cycles. No
significant difference was found when the morphological
properties between different cycles are compared to each
other. Using this equilibration procedure, various layer
properties such as the layer height are averaged over
50 independent runs.

III. Results and Discussion

Figure 3 shows the typical surface morphologies
simulated at different grafting densities under a suf-
ficiently poor solvent condition (ε′ ) -0.6). As can be
seen from the morphologies, in addition to classical
structures, i.e., “octopus micelles” (Figures 3a and 2b)
and “brush” (Figure 3d), an inverted form of micelles
or a holey layer (Figure 3c) can be formed, which
indicates that the previous picture for poorly solvated,
grafted polymers covers only partial regions of grafting
density. This is manifested by the scaling behavior of
h ∼ Fv where h is the average height of the surface
structure, as shown in Figure 4. The average height is
calculated by h ) ∫0

∞zæ(z) dz/∫0
∞æ(z) dz, where æ(z) is

the monomer density profile in z. The plot shows that

Figure 1. Autocorrelation functions c(t) of layer properties
as a function of Monte Carlo cycles for N ) 100, ε′ ) -0.6,
and F ) 0.056. The solid line represents the average height of
the layer (Rh), and the dotted line represents the solvent-
exposed surface area per a hole (h).

Figure 2. Properties of grafted polymer layer with N ) 100
as a function of ε′ cycles at F ) 0.056. The filled circle
represents the solvent-exposed surface area per a hole (Rh),
and the open circle represents the average height of the layer
(h).
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at relatively low grafting densities h ∼ F1/5 for octopus
micelles and very high grafting densities h ∼ F for
brush, in agreement with the early scaling theories.12-14

However, at the intermediate grafting densities where
our study focuses on, the previously predicted scaling
dependence does not hold any longer, and furthermore
the height of surface structure is unexpectedly un-
changed or even slightly decreases as the grafting
density increases, indicating that the surface structure
at those grafting densities becomes flat. These flat
structures are micellar form or inverted micellar form
(holey layer), as shown in Figure 3.

To theoretically examine the stability of these surface
morphologies at intermediate grafting densities, we
formulate the free energies of micelle and holey layer
as follow. We begin with considering the case of holey
layer. To do this, suppose circular holes of radius Rh
“punched” in a layer. The pictorial representation of the
geometry of a holey layer is given in Figure 5a. If the
layer does not contain a hole (uniform layer), the free
energy per unit area of the layer is given by the sum of
a chain stretching term Fπ2kBTH0

2/(24Na2)24 and a

surface energy 2γ (recall that the surface is covered with
thin wetting layer of solvent), where a is the monomer
size, γ is the polymer-solvent surface tension, and H0
) NFa3 is the height of the uniform layer. Formation of
circular holes in the layer immediately reduces the
surface energy by 2πγRh

2, but at the same time, an extra
lateral “rim” surface energy 2πγRhH, a tether penalty
for the chains that have grafting sites inside the hole,
and extra layer stretching for the same chains when
they enter the layer outside the hole, increases the free
energy. To determine the size and stability of any
possible hole, one needs to calculate the free energy
including all these terms. The total free energy per unit
area FHL of a holey layer is expressed by the sum of
three terms:

The surface free energy Fsurf per unit area is given as

where m is the number of holes per unit area and H is
the height of a holey layer. The layer height H is further
expressed as follows. The chains which are grafted
within the circular hole stretch radially outward, form-
ing fully stretched tethers. This changes the layer height
to

where r is the distance from the center of a hole. In
calculating H, all chains grafted beneath the layer
region contribute with their full volume Na3, while those
grafted in the hole region contribute only with those
monomers not used for tether stretching, i.e., (2πF/a)
∫0

Rh(Na - Rh + r)r dr.
The contribution of tether Ftether consists of the surface

energy and the stretching energy of tethers. Since each
chain in the hole pays a penalty for stretching kBTD/
(2a), where D is the distance stretched, and a surface

Figure 3. Two-dimensional snapshots of morphological struc-
tures simulated for ε′ ) -0.6 and N ) 100 at different grafting
densities: (a) F ) 0.0067, (b) F ) 0.025, (c) F ) 0.056, and (d)
F ) 0.10. The black regions represent polymer domains. The
length scale is shown in units of the lattice spacing.

Figure 4. Average height of grafted layers as a function of
the grafting density for ε′ ) -0.6 at different values of N. The
square boxes indicate the regions where the holey layer is
observed.

Figure 5. Pictorial representations of (a) a hole punched in
a uniformly grafted polymer layer and (b) an octopus surface
micelle.

FHL ) Fsurf + Ftether + Flayer (1)

Fsurf ) 2γ(1 - mπRh
2 + mπRhH) (2)

H )
FNa3 - 2πF

a ∫0

Rh(Na - Rh + r) dr

1 - mπRh
2

)
Fa2(3Na - mπRh

3)

3(1 - mπRh
2)

(3)
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penalty 4γDa (the chains have a square cross-section
area a2), the total contribution of tethers to the free
energy per unit area is thus

The third contribution Flayer in eq 1 accounts for the
chain stretching within the layer. This can be calculated
by assuming that all chains within the layer pay the
same penalty. This means that although the tethers add
different numbers of monomers to the layer, depending
on the distance they have already stretched, there are
chains of length Na stretching in the layer region with
effective grafting density Fe:

The free energy of layer stretching per unit area can
then be calculated from the layer energy given earlier,
using an effective grafting density Fe and the layer
height H:

From eqs 1-6, the final expression of total free energy
per unit area is therefore

For a given F, N, and γ, the total free energy is
minimized with respect to Rh and m. Typical results are
shown in Figure 6 where the hole size Rh is plotted as
a function of the surface tension, γ (theory), and as a
function of ε′ (simulation). What we find is that below
a critical value, γc, the layer is stable against formation
of holes. However, above γc a first-order transition takes
place, and the layer can form holes. These holes have a
finite size, and the system spontaneously dewets. Fur-
thermore, it is found from eq 7 that above a critical
value of F, Fc ) (x6/(4xNa2)), the system is unstable
for no value of the surface tension; i.e., holes are never
energetically favorable. For grafting densities close to
this critical value, γc ) kBTa-4/(16(Fc - F)). Note that
at F ≈ a-2N-1/2 ≈ Fc the chains are roughly at their
unperturbed length; i.e., the chains become stretched
at F significantly higher than Fc. A typical value of γc
can be found by setting F ) a-2N-1/2. This gives γc ∼
kBTa-2, which is a typical value for surface tensions in
general. Thus, hole formation will occur in many
experimentally accessible systems. This is an important
result, showing an example of dewetting constrained by
polymer stretching. From a practical point of view,

grafted layers are often used as coatings. Our calcula-
tion shows that such layers may be unstable, particu-
larly in very poor solvent such as air, and gives a
criterion for stability against hole formation. Certainly,
in most coating applications hole formation is disas-
trous.

We have just shown that a grafted layer is unstable
to the formation of holes. However, it does not mean
that a holey layer is the most stable state; it only means
that it is more stable than a uniform layer. Further-
more, although the simulated morphology shows that
a holey layer can be formed, it is also plausible that the
simulated morphology shows only a kinetic intermedi-
ate. The true thermodynamic stability of holey layer
should be therefore examined by comparing the free
energy of holey layer with that of micellar morphology.
Indeed, many of previous works on poor solvent systems
have focused on a geometry, i.e., the spherical octopus
micelle,12-14 which is thought to be prevalent at low
grafting densities. Each of these micelles consists of
many chains stretched as tethers to form a large central
globule or a “nucleus”, i.e., a sphere with many legs
stretching outward. The logic behind this geometry is
simple. The chains want to minimize contact with
solvent, and they can do this by fusing together to form
a nucleus. The cost involved is that each chain must
stretch toward the nucleus which involves a loss of
entropy (chain stretching) as well as an exposure of the
tethers to solvent. In the primitive theory, the balance
of these effects gives the nucleus size of Rn ()H/2) ∝
N3/5F1/5, and a grafting radius from which each micelle

Ftether ) mπF(kBT
2a

+ 4γa)∫0

Rh(Rh - r)r dr

)
mπFRh

3

3 (kBT
2a

+ 4γa) (4)

Fe ) F[1 - 2mπ
Na ∫0

Rh(Rh - r)r dr]
) F(1 -

mπRh
3

3Na ) (5)

Flayer )
Feπ

2kBTH2

24Na2
(6)

FHL ) 2γ[1 - mπRh
2 +

πRhFma2(3Na - mπRh
3)

3(1 - mπRh
2) ] +

πFm(kBT + 8γa2)Rh
3

6a
+

π2kBTF3a(3Na - mπRh
3)3

648N2(1 - mπRh
2)2

(7)

Figure 6. Theoretical prediction (a) and simulation result (b)
of the hole size Rh as a function of γ (or ε′) for a grafted layer
with N ) 100 and F ) 0.056. In the theoretical result, kBT
and a are given to unity. In the simulation result, the hole
size Rh is calculated from measurement of the exposed surface
area S ) πRh

2.
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takes its chains (the corona) Rc ∝ N2/5F-1/5. Note that
the number of micelles per unit area p ∝ Rc

-2 ∝ F2/5

increases with increasing the grafting density. The
existence of these micelles and certain semiquantitative
features has been supported by experiment and com-
puter simulation. However, there were a number of
approximations and simplifications in the early theories
which we now question. The assumptions were (i) Rn ,
Rc, (ii) the nucleus is always spherical, (iii) the mono-
mers used for forming a nucleus from the corona is
neglected, (iv) the stretching within the nucleus is
ignored, and (v) the packing of micellar corona is not
taken into account. In this study, these assumptions are
relaxed, and thus various micellar properties such as
asphericity of micelle are examined. In principle, the
nucleus could be of arbitrary shape. We model it as a
cylinder of height Hn and radius Rn. This allow us to
have a nucleus which has a form of roughly spherical,
Hn ) Rn/2, through pancake-shaped, Hn , Rn. We also
consider the packing of micellar corona on the grafting
surface. Previous studies assume a circular corona to
minimize the free energy contribution from tethers that
have to stretch toward the nucleus. However, there is
certainly no way to tile whole grafting surface with such
circles, and thus the contribution from the noncircular
regions may not be negligible, particularly at high
grafting densities. Here, we consider two cases of corona
array: hexagonal and tetragonal packing. The pictorial
representation of micelle geometry is given in Figure
5b.

We first consider the free energy of micelle in the
hexagonal array. The free energy calculation is similar
to the case of holey layer and includes terms describing
the surface energy of the nucleus (Fsurf), the stretching
and surface penalties of the tethers (Ftether), and stretch-
ing within the nuclei (Fnuclei).

The total free energy per unit area for hexagonally
arrayed micelles, FHM, is

The surface energy per unit area is given by

where Rc is the distance from the micellar center to a
vertex of the hexagon and Hn is the height of a nucleus
Hn. Volume conservation for those monomers entering
the nucleus yields the nucleus height:

The tether contribution Ftether is given as

where X is the total stretching distance for the tethers
and is given by

The free energy of stretching within the nucleus per unit
area is calculated using the nucleus height Hn and the
effective grafting density Fe ) F - X/(Na):

The total free energy per unit area for hexagonally
arrayed micelle is therefore

The free energy for tetragonally arrayed micelles, FSM,
can be similarly formulated, and the final expression is

The free energy of micelle for each case of micellar
arrangement is then numerically minimized with re-
spect to Rn and Rc.

By comparing four free energies (uniform layer, holey
layer, and two cases of micelles) with each other, we
can find which one is stable for a given F, N, and γ.
Typical results of the free energies are plotted as a
function of F, as shown in Figure 7. The free energy
curves shows that micelles are stable at relatively low
grafting density, whereas the holey layer is stable at a
moderate grafting density between regime of micelle
and uniform layer, although the region of stable holey
layer is very narrow, and the free energy difference
between micelle and holey layer is very small. However,
we may expect that in a practical situation the holey
layer can be found at a region of grafting density wider
than that of theoretical prediction since the formation
of micelles at high grafting densities might be kineti-
cally hindered, and furthermore hole formation is a
necessary intermediate stage in formation of micelles.
It is also noteworthy that the free energy difference
between two micelles with different packing of corona
becomes larger as the grafting density increases. The
simulated morphologies also show that the micellar
arrangement becomes similar to hexagonal array as the
grafting density increases (Figure 3a,b).

FHM ) Fsurf + Ftether + Fnuceli (8)

Fsurf )
4γπ(Rn

2 + RnHn)

3x3Rc
2

(9)

Hn )

Fa2(36x3aRc
2N + 36x3Rc

2Rn - 3x3(4 + 3 ln 3)Rc
3 - 8πRn

3)

24πRn
2

(10)

Ftether ) 2X

3x3Rc
2(kBT

2a
+ 4γa) (11)

X ) F[πRn
3

3
+ (x3

2
+ 3x3

8
ln 3)Rc

3 - 3x3
2

Rc
2Rn] (12)

Fnuclei )
π2FeHn

2

36x3Rc
2Na2

(13)

FHM ) 2γFa2

RnRc
2[aRc

2N + Rc
2Rn - 2x3π

27
Rn

3 -

1
12

Rc
3 (4 + 3 ln 3)] +

4x3γπRn
2

9Rc
2

+ F
2aRc

2
(8γa2 +

kBT)[2x3π
27

Rn
3 + 1

12
Rc

3(4 + 3 ln 3) - Rc
2Rn] +

9F3akBT

32N2Rn
4 Rc

2[aRc
2N + Rc

2Rn - 2x3π
27

Rn
3 -

1
12

Rc
3(4 + 3 ln 3)]3

(14)

FSM ) γFa2

18RnRc
2
[36aRc

2N + 36Rc
2Rn - 3πRn

3 -

12Rc
3(x2 + ln(1 + x2))] +

γπRn
2

2Rc
2

+ F
24aRc

2
(8γa2 +

kBT)(πRn
3 + 4Rc

3(x2 + ln(1 + x2)) - 12Rc
2Rn) +

F3akBT

2592N2Rn
4 Rc

2
(12a2Rc

2N + 12Rc
2Rn - πRn

3 -

4Rc
3(x2 + ln(1 + x2)))3 (15)
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The micellar property at high grafting density differs
from that predicted by the earlier studies in many
respects. Figure 8 presents various micellar properties
as a function of grafting density. Unexpectedly, it is
found that the number of micelles per unit area π )
2/3x3Rc

2 exhibits a maximum. The simulation result
also confirms this maximum behavior despite some
quantitative difference. At low grafting densities we
recover the results predicted previously, i.e., p ∝
N-6/5F2/5.12-14 The maximum, however, was not previ-
ously predicted, and following the maximum there is a
whole new micellar regime, where the number of
micelles per unit area decreases as the grafting density
increases. Previous work was based on the assumption
that Rn , Rc; i.e., the nucleus is always much smaller
than the corona. However, we find that the micellar
behavior is more accurately described by Rn ∼ Rc, with
the corona rapidly disappearing at high grafting densi-
ties. Our results also indicate that the number of chains
per micelle (n ∝ FRc

2) increases much more rapidly than
the earlier theory suggests, implying that chains are

“swallowed up” by the swelling nucleus as the grafting
density increases. It is interesting to see the distortion
of the micellar shape as this takes place. Figure 8 shows
that the aspect ratio R ≡ Hn/Rn decreases monotonically
and that R ≈ 1 at the maximum in p. The new scaling
behavior is thus established when the micelle begins to
deform from a sphere (R ≈ 2) to a pancake (R f 0). In
this new regime, the micelle quickly flattens out until
different micelles merge into each other, and as a result
the system effectively creates holes. It should be stressed
that the new micellar behaviors in the present model
are mainly attributed to the release of the assumption
for tethers that Rn , Rc used in the previous study.
Obviously, the tether penalty can be saved by decreasing
the difference of Rc - Rn. At low grafting densities where
the mean distance between grafting sites (∼F-2) is large,
the assumption that Rn , Rc is reasonable, and increas-
ing grafting density creates more micelles; i.e., Rc
decreases as F increases, since micelles are still too far
from each other to fuse into larger micelles. In high
grafting densities, however, the tether penalty can be
largely saved by a rapidly swelling nucleus, i.e., Rn
increases, rather than by decreasing Rc, and increasing
grafting density results in fusion between different
micelles. This further means that the number of chains
per micelles increases more rapidly than the earlier
model particulary at high grafting densities. These
effects to save tether penalty at low and high grafting
densities lead to the maximum behavior in p. Allowing
asphericity of nucleus in the present model also has
some effects on the maximum behavior since the forma-
tion of pancakelike micelle is certainly more advanta-
geous to reduce the tether penalty Rc - Rn.

We have just shown that the layer with circular holes
is stable at moderate grafting density between regime
of micelle and uniform layer. However, the circular
shape of hole is not the most favorable for our system
for the following reason. If an ordinary liquid dewets
the surface and forms a hole of fixed area πR0

2 in the
liquid, the shape of this hole would be a circle, since a
circle minimizes the lateral surface area 2πR0H, where
H is thickness of the liquid film. In our system, it is not
just the lateral surface area that must be minimized,
but the combination of the lateral surface area and the
tether penalty. The surface term favors a circular hole,
but the tether term favors making all the tethers as
close to the boundary as possible. More formally, for a
given area we need to minimize f ) P + Ω∫dx dy dmin-
(x, y), where P is the perimeter of the bounding curve,
dmin(x,y) is the distance from a point (x, y) inside the
curve to a point on the curve, and the integral is taken
over the area. Here Ω ≡ F(kBT/a + 4γa)/(γH) measures
how important the tethers are. We can examine the
effect of a sinusoidal perturbation to the circular shape.
Using the polar coordinates such a curve is expressed

as r(θ) ) R0(ε cos(nθ) + 1/2x4-2ε
2) (see an example in

Figure 9). To the second order in ε, we find f ) 2πR0 +
πR0

3Ω/3 + π(n2 - 1)(R0/2 - R0
3Ω/4)ε2. From this it is

clear that for Ω < Ωc () 2/R0
2) the circle is stable, but

for Ω > Ωc the circular shape is unstable to crinkling.
The simulated morphology of holey layer shown in
Figure 3c also indicates that the boundary of hole is
crinkling. This crinkling allows the tethers to reach the
boundary more rapidly and hence lowers the free
energy.

Figure 7. Free energies (F) of uniform layer (solid line), holey
layer (long dashed line), micelles with hexagonally arrayed
corona (short dashed line), and micelles with tetragonally
arrayed corona (dotted line) as a function of grafting density.
The parameters used are N ) 100 and γ ) 1.6. The inset shows
the free energy curves with an enlarged scale at the interme-
diate grafting density where the holey layer is stable.

Figure 8. Plots of micellar properties against grafting
density: the number of micelles per unit area, p (solid line,
scaled by 1000); the aspect ratio R (dashed line, scaled by 0.5);
and the height of nuclei H (dash-dotted line, scaled by 0.1).
The parameters used are N ) 100, a ) 1, kBT ) 1, and γ )
1.6.

Macromolecules, Vol. 38, No. 7, 2005 Polymers Grafted onto a Nonadsorbing Surface 2979



IV. Summary and Concluding Remarks
In this paper, we have studied the dewetting problem

of a polymer layer grafted on a surface in a poor solvent,
focusing on the morphological formation of the grafted
polymer layer at the intermediate grafting density. Both
theoretical and MC simulation results show that the
grafted polymers in poor solvent form pancakelike
micelles or holey layer at the grafting density near the
regime of uniform layer, which is result of the tradeoff
between minimal layer surface energy and minimal
tether penalty. These surface morphologies are quali-
tatively or quantitatively very different from that
reported previously. We have also tried other geometries
(square holes, overlapping spheres, stripes, toroids) to
model the surface morphology at intermediate grafting
density. None of these geometries proved more favorable
than the geometries discussed above (pancake micelle,
holey layer). Our theory and simulation model have
several limitations. For instance, the use of surface
tension γ to estimate the free energy cost of the tether
is certainly a very crude approximation. Also, the use
of the lattice geometry in the simulation has some effect
on the morphological formation of grafted layer. Previ-
ously, Lai and Binder in their simulation work based
on eight-site BFM reported that the monomer density
profile of grafted layer in the z-direction becomes
oscillatory at very low temperature, and such a tendency
toward formation of crystal-like clusters may be largely
due to the lattice artifact.15 In our simulation based on
one-site BFM, such oscillatory density profile is not
observed up to ε′ ) -0.6, which is the lowest temper-
ature simulated in this study (Figure 10). Therefore, it
is likely that one-site version of BFM dynamics mitigate
such problem since one-site BFM has less dynamical
constraints than eight-site BFM. According to our
theoretical prediction and simulation, the holey layer
is formed only at a narrow range of grafting densities,
and therefore its stability seems still delicate matter.
Nevertheless, we expect that in a practical situation the
holey layer can be found at a region of grafting density
wider than that of theoretical prediction since the
formation of micelles with extremely flattened nuclei
at high grafting densities might be kinetically hindered,

and furthermore hole formation is a necessary inter-
mediate stage in formation of micelles.
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Figure 9. An example of crinkling hole expressed by r(θ) )

R0(ε cos(nθ) + 1/2x4-2ε
2) with n ) 3 and ε ) 0.5. Note that

the crinkling allows the tethers to reach the boundary more
rapidly than the circular boundary. Figure 10. Monomer density profiles æ(z) at ε′ ) -0.1 and ε′

) -0.6 for N ) 100 and F ) 0.056.
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