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ABSTRACT: Polystyrene thin film containing one-termi-
nal thiol (PS–SH) was spin-coated and adsorbed from 0.1 to
0.001 wt % of polymer solution in toluene onto evaporated
gold (Au) film supported on Si-wafer substrate. The effect of
polymer solution concentration on the aggregation structure

of PS–SH thin films was determined on the basis of atomic
force microscopic (AFM) observation. © 2002 Wiley Periodi-
cals, Inc. J Appl Polym Sci 86: 1248–1252, 2002

Key words: polystyrene; AFM; thin film; Au-substrate

INTRODUCTION

Thin films, which are used in both technological ap-
plications and scientific investigation, are getting pro-
gressively thinner. Polymeric surface functions such
as biomedical materials, adhesives, and others are
closely related to the surface aggregation structure of
polymeric solid.1

In most cases, homogeneity, uniform thickness, and
durability are essential. Thus, the questions concern-
ing the stability of thin films against shape changes are
relevant and interesting. However, it is often experi-
enced that the polymer thin films dewet on the sub-
strate upon heating above its glass transition temper-
ature (Tg).2–8

The author9 –10 has investigated the surface mor-
phology of carboxyl-terminated polystyrene, PS-
COOH, on different substrates and concluded that
the dewetting behavior of PS-COOH on Si-wafer
substrate occurred upon annealing. Also, the ad-
sorption of modified polymer onto solids from so-
lution is not only of academic interest but is also a
fundamental aspect of numerous applications such
as electronic devices, coating, and lubrication. Poly-
mer chains adsorbed onto solid surface are impor-
tant in the stabilization of colloidal suspension (e.g,
paint, coating, and ceramics processing).11 Cohen-
Stuart and Fleer12 discussed the preferential adsorp-
tion of binary mixture of monodisperse polymer
and revealed that the bridging can occur only when
the adsorbed amount of polymer is below satura-
tion; at high-polymer solution concentration, all

particles are fully covered and dangling tails form a
steric barrier against flocculation.

The monodisperse polystyrene–thiol end group
(PS–SH) polymer was chosen because of the high af-
finity of sulfur to gold13–16 and allows spontaneous
adsorption of modified polystyrene from good sol-
vents, which unmodified polystyrene does not.

The broad objective of this study is to control the
surface aggregation structure of polymer thin film by
adsorbing polymer containing high-affinity functional
groups to the substrate in specific and controllable
thickness and location on their chain.

EXPERIMENTAL

Materials

Styrene was distilled from calcium hydride at reduced
pressure (70 mm) and stored under nitrogen gas. n-
Butyllithium (1.6M in hexane) was used as received.
Propylene sulfide was distilled from calcium hydride
and stored under nitrogen gas. Tetrahydrofurane
(THF) was distilled from calcium hydride.

Polymer synthesis and characterization

An 80-ml Schlenk tube was purged with nitrogen, and
30 ml of THF was added via a steel capillary tube.
Styrene (2 ml, 17.5-m mol.) was added via syringe
followed by the addition of the n-butyllithium as ini-
tiator. After the styrene was consumed, the polystyryl
anion was titrated with 1 equi propylene sulfide. The
polymer was protonated with acidic methanol and
precipitated in methanol. PS–SH was prepared by liv-
ing anionic polymerization at 293 K.

Journal of Applied Polymer Science, Vol. 86, 1248–1252 (2002)
© 2002 Wiley Periodicals, Inc.



The number-average molecular weight (Mn) and
molecular weight distribution Mw/Mn were deter-
mined via gel permeation chromatography (GPC)
with PS standards. The chemical structures of the
thiol-terminated polystyrene, PS–SH, used in this
study was shown in Figure 1.

Bulk Tg of polymers used in this study was deter-
mined by a differential scanning calorimeter (DSC-50
Shimadzu) at 10 K min�1 under nitrogen atmosphere.
The temperature at the midpoint of the baseline shift
was defined as Tg in this study.

Film preparation

Polymer thin films were prepared by spin-coating
technique and the adsorption of thiol-terminated
polystyrene, PS–SH, from different polymer solutions
(0.1–0.001 wt %). In both cases, the prepared films
were annealed above the bulk glass transition in a
vacuum oven under nitrogen at 365 K for 6 h. Because
solvent molecules are evaporated fairly quickly before
attainment of an equilibrium and stable state, the
chain conformation and or chain aggregation structure
is generally frozen in the thin film: thus, the annealing
process was recommended. In the case of the adsorp-
tion technique, the PS–SH polymer solution was
placed in Schlenk tubes under nitrogen stream via
cannula to cover Si-wafer-supported gold film. The
exposure times varied from 1 to 48 h. At each interval,
the thickness of the PS–SH thin film was measured.
The surface morphology of adsorbed PS–SH onto gold
(Au) at an equilibrium time of 24 h was observed. The
adsorbed samples were rinsed with toluene to remove
unbound polystyrene.

Preparation of gold substrate

Au substrates were prepared by thermal evaporation
at a temperature of 350 K and vacuumed at 1.1 � 10�5

mmHg with 150 nm of 99.999% gold onto Si-wafer.
Film thickness was measured by optical ellipsom-

etry (Jasco, M-150) with a wavelength of 632.8 nm.
Surface morphology of polystyrene thin films was

investigated on the basis of atomic force microscopy
(AFM). Images were obtained by SFA 300 with SPI

3700 controller (Seiko Instruments Industry Co., Ltd.)
at room temperature. AFM images were carried out at
a repulsive force of 0.02 nN.

RESULTS AND DISCUSSION

Bulk characterization

Table I shows the physicochemical properties of poly-
mers used in this study. The number-average molec-
ular weight and molecular weight distribution
Mw/Mn was measured with GPC. The presence of the
thiol group was confirmed with 1H-NMR at 2.6 PPm.
Radius of gyration of unperturbed chain was calcu-
lated by

Rg � �Nb2/6�1/2

where N is the degree of polymerization and b is the
average statistical segment length. The magnitude of
bPS was 0.68.17

Surface characterization

Figure 2 showed the thickness variation of PS–SH
spin-coated onto Au- and Si-wafer substrates from
0.1–0.001 wt % of polymer solution in toluene. These
results show that the film thickness of PS–SH was
decreased with a decrease in polymer solution concen-
tration. It can be noted that the film thickness of
PS–SH spin-coated onto Au substrate from 0.1–0. 001
wt % toluene solution was higher than that of PS–SH

Figure 1 The chemical structure of thiol-terminated poly-
styrene, PS–SH, used in this study.

TABLE I
The Physicochemical Properties of Thiol-Terminated PS

Mn Mw/Mn 2 Rg/nm Tg/K

PS–SH 6900 1.08 2.3 360

Rg, radius of gyration.

Figure 2 Thickness versus polymer solution concentration
of PS–SH spin-coated onto different substrates.

ADSORBED SULFUR-FUNCTIONALIZED PS THIN FILM 1249



onto Si-wafer. This may be attributed to the anchoring
nature of thiol group to Au substrate forming Au–
thiolate complex.18–19 The Au–thiolate increases the
PS–SH thin-film thickness.

Surface morphology of spin-coated PS–SH thin
film

Figure 3(a–c) shows AFM images of PS–SH spin-
coated onto Au- substrate from 0.1–0. 001 wt % poly-
mer solution in toluene after annealing at 365 K for
6 h. At different polymer solution concentrations (0.1–
0.001 wt %), the PS–SH films showed continuous and
homogeneous structure irrespective to the polymer
solution concentration used here. This result may ex-
plain that the high affinity of sulfur of —SH to Au-
substrate enhances the depletion of thiol end group to
the interior region of substrate, resulting in the forma-
tion of the homogeneous structure. In the case of low
polymer solution concentration (0.01 and 0.001 wt %),
the uncovered areas of substrate are caught by tails
and loops extending from the covered area to give
continuous films.

To investigate the different behavior of interaction
between PS–SH onto both Au substrate and Si-wafer
substrate, the surface morphology of PS–SH film spin-
coated onto Si-wafer was observed.

Figure 4(a–c) shows AFM images of PS–SH coated
onto Si-wafer substrate from 0.1–0. 001 wt % polymer
solution in toluene after annealing at 365 K for 6 h. The
brighter and darker parts correspond to PS phase and
bare substrate. The dewetting behavior became more
apparent with a decrease in polymer solution concen-
tration. The PS–SH thin film dewets on the Si-wafer
substrate with dropletlike structure, as shown in Fig-
ure 4a, and dewets with island-like noncontinous
structure, as shown in Figure 4(b, c). This reveals that
the absence of interaction between —SH group and
Si-wafer substrate may cause the thiol end groups to
preferentially segregate to air/polymer interface. The
segregation of thiol end groups enhances the dewet-
ting structure of PS–SH onto Si-wafer. As the polymer
film gets thinner (0.001 wt %) than the magnitude of
twice its radius of gyration (2 Rg), the PS–SH film is
constrained in an extremely narrow space while re-
covering its conformational entropy, as shown in Fig-
ure 4c.

Figure 3 AFM images of PS–SH spin-coated onto Au sub-
strate from (a) 0.1, (b) 0.01, and (c) 0.001 wt % of polymer
solution after annealing.

Figure 4 AFM images of PS–SH spin-coated onto Si-wafer
substrate from (a) 0.1, (b) 0.01, and (c) 0.001 wt % of polymer
solution after annealing.
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Adsorption process

To investigate the adsorption behavior of PS–SH thin
film onto Au substrate at different polymer solution
concentrations and different exposure times, the
adsorption process was carried out from 0.1–0.001
wt % of toluene solution at different exposure times
(1–48 h).

Figure 5 shows the adsorption behavior of PS–SH
on Au substrate from 0.1–0.001 wt % polymer solution
in toluene at different exposure times (1–48 h). At
polymer solution concentration (0.01–0.001 wt %), the
thickness of adsorbed PS–SH film onto Au substrate
rises sharply at low exposure times and levels off at
higher exposure times. As the polymer solution con-
centration gets higher (0.1 wt %), the thickness of
adsorbed PS–SH onto Au substrate reaches a steady
state of equilibrium. At higher concentrations (0.1 wt
%), the dangling tail of adsorbed PS–SH spreads out
over the Au substrate surface, building more adsorbed
layers, which inhibit adsorption of other chains. This
adsorption-inhibiting polymer layer explains why the
adsorption of PS-SH levels off with an increase in the
polymer solution concentration after 1 h. On the other
hand, at low polymer solution concentrations (0.01
and 0.001 wt %), the PS–SH chains adsorbed at its
termini, resulting no inhibiting layer, and formed
many contacts unhindered by other chains, which
compete with the adsorbable surface points to forbid
the chain expansion.

Surface morphology of adsorbed PS–SH onto Au
substrate

To investigate the difference in the aggregation struc-
ture of PS–SH, in the case of spin-coated PS–SH film

onto gold and adsorbed PS–SH film, the surface mor-
phology of adsorbed PS–SH film on gold was ob-
served.

Figure 6 shows AFM images of adsorbed PS–SH
film from 0.1–0. 001 wt % toluene solution onto gold
substrate at 24 h exposure time, which were then
annealed at 365 K for 6h. At a polymer solution con-
centration of 0.1 wt %, the PS–SH chain forms a hole-
like structure, whereas in the case of polymer solution
concentration (0.01–0.001 wt %), the adsorbed PS–SH
chains showed a different aggregation structure than
that observed in the case of a 0.1 wt % polymer solu-
tion. This means that, at 0.01 and 0.001 wt % polymer
solution, the PS–SH chains behave similar to mono-
layer on Au substrate in which each polymer molecule
is attached to the surface, forming a continuous film as
shown in Figure 6(b, c). In contrast, at 0.1 wt % poly-
mer solution, the PS–SH showed a holelike structure
as shown in Figure 6a, in which the first adsorbed
polymer molecules occupied most of the absorbable
points on Au substrate, whereas the other PS–SH
chains anchored above the first adsorbed layer of PS–
SH, leaving its dangling tails in disorder, resulting in
the formation of a holelike aggregation structure.

Figure 5 Thickness versus polymer solution concentration
of PS–SH adsorbed onto Au substrate at different exposure
times, 1–48 h.

Figure 6 AFM images of PS–SH adsorbed onto Au sub-
strate from (a) 0.1, (b) 0.01, and (c) 0.001 wt % of polymer
solution at exposure time 24 h after annealing.
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