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Abstract

We investigate the stability of thin polystyrene (PS) films on chemically identical grafted brushes of various thickness and grafting density.
We observe an essential influence of the brush thickness on the stability of the PS films. For brushes with a thickness of 20—35 nm no de-
wetting of the PS film occurs, while considerably thicker or thinner PS brushes lead to de-wetting of the PS top layer. We suggest that in the
thin brush-like layers, the unfavorable interactions with underlying silica favor de-wetting. The tendency to de-wet is reduced once the brush
is sufficiently thick to insulate the free PS layer from the surface. Beyond that point, the de-wetting process speeds up as the brush becomes
thicker and has a higher grafting density with a substantial increase of the interfacial tension between the brush and the free polymer.

© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The wetting behavior of polymer films placed on the
substrates has recently received great attention due to their
applications as paints, lubricants, adhesives in biomedical
devices and optics. Usually these applications require
smooth polymer coatings without any defects. However,
when these films are placed on the non-wettable surface,
they develop dry patches and form nucleation sites with a
following de-wetting [1—6]. It has been demonstrated [7-9]
that wetting dynamics and de-wetting instability of poly-
mers are very different from the simple liquids. It was also
found that solid interface significantly decrease polymer
diffusion [10]. In some systems wettabilty of the surface is
determined by the ability of the polymer liquid to penetrate
into polymer substrate such as adsorbed polymer brush [11],
a self-assembled layer of diblock copolymer [12] or a cross-
linked polymer film [13]. Even in the case when the liquid
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and the substrate were of identical chemical structure, the
penetration of the chains was limited and partial de-wetting
happened. This phenomenon is called as ‘wetting autopho-
bicity’ [14—17]. Polymer thin film stability can be improved
by increasing the chemical and physical interaction between
the coatings and substrate. In this paper, we concentrate on
the possibility to improve the stability of the polymer film
by the modification of the underlying substrate, e.g. by the
grafted chemically identical polymer chains. Various
approaches have been proposed for the fabrication of
polymer brushes including physical adsorption of block
copolymers [18] or chemical grafting of end-functionalized
polymer chains to the substrate surface (‘grafting to’) [19].
Both approaches are limited with respect to the grafting
density and the thickness of the polymer layer. In the present
work, we synthesize polymer brush by the surface
immobilization of the initiator and subsequent polymeriz-
ation from the substrate (‘grafting from’) [20—27]. Chemi-
sorption was described as a tool to immobilize initiator
groups on the surface [28,29,33—-36]. Physical adsorption
for the immobilization of the initiator on the substrate was
used in Refs. [30—32]. In this work, the grafting of the PS
brushes was performed according to the synthesis procedure
described elsewhere [37,38].
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Table 1

Parameters of the polystyrene brushes chemically grafted on the silica wafers

No. T Molecular weight Time of grafting Grafting amount Grafting density Distance between grafted chains
0 (kDa), polydispersity (h) (mg/m?) (ch/nm?) (nm)

1 60 500, 1.8 3 0.84 0.0010 355

2 60 500, 2.0 15 2.10 0.0025 224

3 55 556, 1.9 31 24.36 0.0264 7.0

4 67 450, 2.1 24 36.75 0.0492 5.1

5 67 450, 1.8 31 63.00 0.0963 3.6

6 75 394,22 41 112.35 0.1718 2.7

2. Experimental

Cleaned by the ‘snow jet’-technique Si-wafers (from
CrysTec GmbH, Berlin) were treated by p-aminophenyl-
trimethoxysilane (ABCR GmbH and Co, Karlsruhe) from
2% solution in toluene (Merck) for 8 h. The acid chloride
derivative of 4,4'-azobis(4-cyanopentanoic acid) (Aldrich)
was prepared by adding the slurry of phosphorus pen-
tachloride (Merck) to a suspension of ACP in dichloro-
methane (Merck) at 0°C. After crystallization from a
hexane—dichloromethane mixture at 0 °C, the product
(ACPC) was washed and dried under vacuum. ACPC was
introduced onto the Si surface from a 5% solution in
dichloromethane with catalytic amount of triethylamine
(Merck) at room temperature for one night. Subsequently
the Si-wafers with chemically attached initiating groups
were rinsed in ethanol in an ultrasonic bath. Every step of
the modification of Si-wafers was controlled by ellipso-
metric measurements of the layer thickness.

For grafting, the Si-wafers with chemically attached
initiator were placed in toluene solution of styrene (Merck)
under an argon atmosphere in a glass flask. The flasks were
immersed in a water bath (55, 60, 67, 75 °C, temperature
accuracy: *=0.1°C) for various periods of time running
between 1 and 50 h. To remove any ungrafted polymer, the
samples were cleaned by Soxhlet extraction for 8 h using
tetrahydrofurane. For each specimen the molecular weight
and polydispersity of polymer extracted from the solution
were determined by gel permeation chromatography. After
drying under nitrogen flow, all samples were annealed for
S5hat 150 °C.

Ellipsometry was used to measure the attached amount of
initiator as well as the grafted amount of polystyrene on the
Si wafers. The measurements were carried out with a
Sentech SE850 at an angle of incidence of 70°. For data
interpretation, the samples were modeled as a layered
system of bulk silicon and successive layers of SiO,,
initiator, and polystyrene brush. The thickness of the grafted
polystyrene layers was measured for the dry layers with an
accuracy of about 10%. For simplicity, we assume that
brush has the PS bulk density.

The surface coverage A (mg/m?) was calculated from the
ellipsometric data and SPM thickness of the layer # (nm) by
the following equation A = hp, where p is the bulk density

of polystyrene (1.05 g/cm?). The grafting density & (number
of chains/nm?) was determined as follows &= hpN, X
10721/M, = (6.023A x 100)/M,,, where N, is Avogadro’s
number and M, is the number average molecular weight
of the grafted polystyrene. The distance between grafting
sites D (nm) was calculated using the follow equation: D =
(4/6m)"2.

Polystyrene films (M, = 66,000 Da) were spin cast from
dilute toluene solution onto silicon wafers coated with
polystyrene brushes of different thickness. All samples were
annealed at 155°C under nitrogen for times varying
between 30 min and 85h. De-wetting dynamics were
observed using an optical microscopy in reflection mode
(Zeiss Axio Tech, equipped with a video camera and a
frame grabber). This set-up allowed us to follow the de-
wetting processes in real-time (growth of holes).

Some of the specimens were imaged with scanning force
microscopy operated in tapping mode after quenching to
room temperature. Experiments were performed on a
Nanoscope 3100 (Digital Instruments Inc., Santa Barbara)
scanning force microscope using standard silicon cantile-
vers (NANOSENSORS Dr Olaf Wolter GmbH).

3. Results and discussion

Table 1 presents the characteristics of the grafted
polystyrene layers calculated from the experimental data.
De-wetting experiments were done on samples with various
thickness and grafting density (Table 1). On the Fig.
1(a)—(c), one can see SFM images of the grafted brushes
with various thickness and density. Fig. 2 shows the typical
optical micrographs of the de-wetting patterns of poly-
styrene films (thickness 30 = 5 nm) placed on the bare SiO,
surface (Fig. 2(a)) and on chemically grafted polystyrene
brushes of different thickness (Fig. 2(b)—(d)). The samples
were annealed at 155 °C for different period of time. On the
bare SiO, surface as well as on the thin brush (0.3—10 nm),
the polystyrene films are unstable and exhibit the well-
known de-wetting patterns (Fig. 2(a) and (b)). De-wetting
begins by nucleation of circular holes, which grow rapidly
and eventually coalesce. In contrast, on thicker PS brushes,
the films remain rather smooth and almost featureless even
after extended annealing (Fig. 2(c)). For brushes with the
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Fig. 1. Topography images (2 X 2 wm) of silica wafers covered with PS grafted brushes showing the characteristic changes of the structure depending on the
grafting time ((a) 15 h grafting, 60 °C, thickness 2 nm, (b) 24 h, 67 °C, 35 nm, (c) 31 h, 67 °C, 60 nm).

thickness of about 20—35 nm, no de-wetting was observed
after 80 h of annealing. If the brush thickness is further
increased to more than 60 nm, we found that the stability of
the polystyrene films dramatically dropped and polystyrene
de-wetted with a high velocity (Fig. 2(d)). The character of
de-wetting in this case is similar to the process on very
thin brushes and finally results in the formation of big
droplets of PS.

Several explanations of the observed phenomena may be
suggested. A very thin (low grafting density) polymer brush
does not completely cover the substrate surface allowing
polymer chains of the top polystyrene to penetrate to the
silica as annealing proceeds. They could thereby only
slightly modify the influence of the non-wettable silica
surface and polystyrene films on the thin brush de-wets
similar to PS films on the uncovered silica wafers (Fig. 1(a)).
In this case, the unfavorable interactions with the underlying
silica substrate can favor de-wetting. In order to explain the
stability of polystyrene film on brushes with a thickness of
about 20—35 nm, we point out that these thickness values
correspond (or a little higher) to a complete saturation of the
silica surface with polymer. We also found that samples

with a corresponding thickness appeared to be very smooth
with a roughness of 1-2 nm. It seems that in this case the
stabilization of the top polystyrene film relies upon the
modification of interfacial tension between liquid and
substrate by a brush-like polymer layer grafted to the
substrate surface. The possible mechanism for prevention of
the de-wetting comprises decrease of interfacial tension and
entanglements between the chains grafted to the surface and
free chains of the polymer on top of the brush. De-wetting
process speeds up as the brush becomes thicker because,
thicker brushes have much higher grafting density and high
grafting density chains could repel top polystyrene chains
forming a hardly wettable surface. Based on a theory [39],
there is a substantial increase in the interfacial tension
between the brush and the free polymer as the grafting
density increases. Our experimental data were recently
supported by theoretical investigations [40]. By a combi-
nation of self-consistent field calculations and liquid state
theory, the authors investigated the behavior of polymer
chains on surface of polymer brushes as function of grafting
density. At low grafting densities, they found a first order
wetting transition similar to the wetting at the bare surface.
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Fig. 2. Characteristical optical micrographs for the de-wetting stages of polystyrene film (M,, = 66,000, 7 = 30 nm) on the: pure silica wafer, annealing time
2 h, 155 °C (a), polystyrene brush 2 = 2 nm, 7= 15 h (b), polystyrene brush, & = 35 nm, 7 = 24 h (c), polystyrene brush, 2~ = 60 nm, 7= 31 h (d).

Liquid wets the brush at the intermediate region (second
order transition). Following the phase diagram, the
intermediate region terminates in a tricritical wetting
transition with an increasing grafting density.

4. Conclusions

Investigation of the stability of thin polystyrene films
deposited on polymer brush demonstrated the essential
influence of the grafting density and the brush thickness on
de-wetting. In the case of the relatively thick and densely
grafted brushes the de-wettable interface between the
brushes and free polymer has been created. De-wetting
also occurred on the brushes with a low thickness because of
the penetration of the free polymer through the brush-like
layer of a low density, when the free polymer approaches
surface of the substrate. On top of the densely grafted thick
(20-35nm) brushes, no de-wetting phenomena were
observed during 80 h of annealing.
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