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Abstract This paper reports the
synthesis and characterization of
polystyrene nanorods in hemicylin-
drical hemimicelles of a nonionic
polyoxyethylene surfactant, Ci,Fs,
on graphite. The surface structure
is characterized by atomic force
microscopy (AFM), Fourier trans-
form infrared spectroscopy, and
contact angle goniometry.
Uniformly aligned polystyrene
nanorods are captured by AFM.
The nanorod dimensions are stud-
ied as a function of the reaction
time and styrene monomer con-
centration. The template synthesis
using self-assembled surfactant
surface aggregates promises to
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Introduction

Surfactants self-associate into micelles with various
radii of curvature, vesicles, and ordered liquid crystal-
line phases at the concentration above the critical mi-
celle concentration (CMC) [1]. Recent atomic force
microscopy (AFM) studies have shown that analogous
structural transitions also occur at the solid/liquid
interface. At the solid/liquid interface, surfactants self-
assemble into discrete surface micelles with spherical,
cylindrical, and disk-like shapes, in addition to the
normal continuous monolayer and bilayer structures
[2-7]. Previously, surfactant micelles, reversed micelles,
micro-emulsions, vesicles, tubules, and liquid crystalline

create functional and stable
nanostructures for optoelectronics
and surface engineering.

phases have been used as templates for nanostructured
material synthesis with retention of the original tem-
plate microstructure [8, 9]. The self-assembled struc-
tures of surfactants at surfaces may also serve as
templates for the synthesis of nanostructured thin films
by following similar recipes used in bulk mesophase
synthesis. The nanostructured thin films may have
applications in ultrafine separations, optoelectronic ar-
rays, and surface modification.

Polymerization in surfactant mesophases follows two
synthesis routes. One uses the polymerizable surfactants
[10] and the other relies on the localized solubilization of
monomers in surfactant mesophases [11]. The two
strategies can be combined to synthesize copolymers by
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reacting polymerizable surfactants with localized
monomers. The same strategies have been adopted to
synthesize textured polymer films using the self-assem-
bled structures of surfactants at surfaces, sometimes
referred to as admicelle polymerization [12]. Monomers,
such as styrene, isoprene, pyrrole, and butadiene, have
been polymerized in the hydrophobic interior of admi-
celles on a variety of surfaces including silica particles,
alumina, mica, glass fibers, and cotton fibers. The highly
oriented pyrolytic graphite (HOPG) has been a popular
choice because alkyl surfactants self-assemble into
highly ordered hemicylindrical hemimicelles as a result
of one-dimensional (1-D) epitaxy. Polymeric nanorod
arrays have been synthesized from polymerizable sur-
factant surface micelles on mica [13] and monomers
dispersed in surfactant surface micelles on HOPG [14,
15]. Here we report the synthesis of polymeric nanorod
arrays from a common monomer, styrene, within a
nonionic polyoxyethylene surfactant hemimicelle tem-
plate on HOPG.

Results and discussions

The surfactant hemimicelles adsorbed at the HOPG/
solution interface before and after solubilization of sty-
rene are studied by AFM. Fig. 1b is an AFM image
captured in situ on HOPG in the styrene and C,E;s
ethanolic solution. It shows a nanostripe pattern that is
similar to Fig. 1a, which is captured in 0.11 mM Cj,Ej5
aqueous solution. The nanostripes are less straight than
those of pure Ci,Es. The nanostripe periodicity of pure
C»Es5 is 5.5 to 6.0 nm, within the range of its micellar
diameter [3]. The periodicity in Fig. 1b, between 8 to
12 nm, is larger than that in Fig. la. This expansion is
consistent with the styrene solubilization in the inte-
rior of the Ci,Es hemimicelles. It is likely that the
hemimicelle structure is perturbed by styrene solubili-
zation, which also explains the less defined nanostruc-
ture in Fig. 1b.

The force-versus-distance curves captured in solu-
tion also show differences between the two cases.
During the AFM force measurement, the interaction
force between the AFM tip and the substrate is re-
corded as a function of their separation in solution. A
repulsive force arises when the adsorbed surfactant film
resists the advancement and penetration of the AFM
tip, also called the steric repulsion. When the resistance
limit is reached, the AFM tip suddenly snaps onto the
substrate because of the force gradient exceeding the
spring constant. This sudden movement is called the
jump-in point. It has been suggested that the jump-in
point reflects the surfactant molecules being pushed out
of the contact zone in a collective lateral movement
[16]. The force curve captured in pure C|»Es is in
Fig. 1c and the force curve captured in the mixed

solution is in Fig. 1d. The film thickness is estimated
from the repulsion onset to be 5.9 nm in pure Ci,E;
and 10 nm in the mixed solution. This expansion is
consistent with the solubilization of styrene in the
C1»,Es hemimicelles. The main difference is that the
push-out of the film molecules is less abrupt when
styrene is present. In the absence of styrene, there is a
clearly defined jump-in point signified by the large gap
in data collection. The maximum steric force barriers
are comparable (0.8 vs. 0.9 nN). The lack of such
jump-in event suggests non-uniform molecular adsorp-
tion strength/mechanism at the surface, which hinders
the collective movement of molecules. This is consistent
with the adsorption of both C,E5 and styrene at the
HOPG surface. The presence of styrene next to the
alkyl chains of C|,E5 may disrupt the uniform epitaxial
interaction with the HOPG lattice. It is also possible
that styrene disrupts the micellar structure and allows
small domains to move independently from each other.

The hemicylindrical hemimicelle structure is depicted
in Fig. le. Fig. 1f shows the schematic structure of
C»E5s hemimicelles solubilized by styrene monomers at
the interface.

It is uncertain if the surfactant surface phase under-
goes any changes (i.e., phase separation) at higher
reaction temperature (~ 65 °C). From the polymer rods
obtained after reaction, it can be concluded that the
hemicylindrical shape of the surfactant hemimicelles acts
as a template and geometric confinement during styrene
polymerization.

The contact angle of water on HOPG is measured to
be 75+ 3°. The contact angle of water on the polymer-
ized film is measured to be 82+3° which compares
favorably with literature contact angle of 80° of water on
polystyrene [17].

Chloroform is used to remove some film materials for
examination after surface polymerization. The effluent
chloroform solution is examined by FTIR in the atten-
uated total reflection (ATR) Mode (Magna IR-560,
Nicolet). The IR spectrum (Fig. 2) displays the charac-
teristic peaks of polystyrene at 1458, 1495 and
1600 cm™" [20].

Fig. 3a is an AFM image of the film after 1-h poly-
merization time. The ill-defined rod-like nanostructure
has an average length=100-350 nm, width=8-18 nm,
and height=2-5 nm as determined by sectional height
analysis. The width is estimated by the peak-to-peak
distance between two neighboring rods. The height is
estimated by the z distance between the center of the
peak and the flat background. Fig. 3b is a height profile
along the white line in Fig. 3a. The polymer rods are
wider than the surfactant hemimicelles.

After 3 h of polymerization time, rods become
larger with length = 1 um, width = 60-85 nm, and
height=0.5-1 nm as shown in Fig. 3c. The height
values are likely underestimated (Fig. 3d) because the
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Fig. 1 C,Eshemimicelles on graphite as a template for the synthesis
of polystyrene. a AFM height image captured in the Contact Mode
in 0.11 mM C,Es solution on graphite. The nanostripes are
hemicylindrical micelles epitaxially oriented on graphite. b AFM
height image captured in the Contact Mode in 0.10 mM C1,E5 and
0.05 M styrene mixed solution on graphite. ¢ AFM force curve

AFM tip cannot reach the HOPG when rods are close
to each other and no flat background is present to
serve as a baseline. Approximately 15% surface cov-
erage consists of some flat and wide bands such as the

measured in 0.11 mM C|,E5 solution on graphite. d AFM force
curve measured in 0.10 mM C,FEs and 0.05 M styrene mixed
solution on graphite. e Structure scheme of C,E5 hemicylindrical
micelles on graphite. (f) Scheme of hemicylindrical micelles swollen
by styrene monomers as viewed along the cross section of the
surfactant hemicyliders

one at the left lower corner in Fig. 3c. The width of the
bands reaches approximately 350 nm. It indicates that
polymerization is no longer confined by the initial
geometry of the hemimicelles but proceeds in a lateral
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Fig. 2 IR spectrum of the film material removed from graphite by chloroform after polymerization

direction to form a 2-D structure. Another controlled
experiment is also carried out with 3 h of reaction, but
the monomer concentration is kept at a much higher
value by not draining the solution from the surface
before proceeding to polymerization. In that case, a
thick continuous polystyrene film is formed.

Lateral growth of the polymer film has generally been
observed in the admicelle polymerization [18]. A quasi-
emulsion polymerization model has been postulated by
Wu et al[18]. to describe the reaction behavior. The
admicelles enriched in styrene on the surface act as both
a reactor and the source of the monomer. The mono-
mers dissolved in the bulk solution are non-negligible as
compared to the emulsion polymerization, where
monomers are only supplied by the emulsion droplets.
Therefore, the transfer of monomers from supernatant
fluids plays an important role in the surface polymeri-
zation to keep the polymer chain growing. If the chain
growing direction is perpendicular to the long axis of the
hemimicelles, the polymer cylinders will merge to form
2-D bands or eventually a continuous film. In our
experiments, when the monomer solution is promptly
removed from the surface, we observe the nanostructure
growing with time and the nanorods merge with each
other. But the continuous film is never observed prob-
ably because of monomer source deprivation. In the case
when the monomer solution is left on the surface, the
continuous and thick polystyrene film forms in a short
time.

Polystyrene thin film formation on solid surfaces
using admicelles polymerization has been extensively
studied. Kitiyanan et al. [19] synthesized polystyrene

films on precipitated silica using CTAB micelles in order
to improve the function of silica as fillers in shoe soles
and tires. Pongprayoon et al. [20] modified the cotton
fiber surface with polystyrene to enhance water repel-
lency and soil resistance. Polystyrene film was also suc-
cessfully coated on glass fiber [21] and alumina [18]. This
paper shows that the polymer chain aggregate mor-
phology changes gradually with polymerization time.
More detailed kinetic study with AFM is necessary to
precisely control the size, shape, alignment, and distri-
bution of polymer chains synthesized in the surfactant
surface template down to the molecular level.

Conclusions

Parallel polystyrene nanorods are synthesized in the
surfactant hemicylindrical hemimicelle template on
HOPG. The film has been characterized in situ and ex
situ by AFM, FTIR-ATR, and contact angle goniome-
try. The method shows a potential to vary the polymer
nanorod width from 8 to 350 nm by controlling the
reaction time and monomer concentration. The highly
ordered polymer arrays have potential applications for
surface modification and fabrication of nanopatterns for
nanotechnological applications.

Experimental

The synthesis of polystyrene nanorods on graphite
(HOPG ZYH grade, Advanced Ceramic Co.) uses the
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Fig. 3 AFM height images and height cross sectional profiles
captured in the Contact Mode in air of polystyrene synthesized in
C1»Es hemicylindrical hemimicelles on graphite. a Film after 1-h
polymerization time, and b its cross sectional height profile along

self-assembled template of nonionic penta(oxyethylene)
dodecyl ether or C|»E5 (98%, Fluka). C1,E5 at 0.11 mM
(= 2xCMC) forms the typical nanostripe pattern on
HOPG due to the 1-D epitaxy between the zigzag alkyl
chains and the HOPG carbon lattice.

The surface nanostructures are imaged by AFM
(Digital Instrument, Nanoscope IIla) in the Contact
Mode using a fluid cell containing 0.11 mM C,E;
solution. An E-scanner with maximum scan area of
10x10 pm? is used. The z-scale of the scanner is cali-
brated with Ultra-Sharp Calibration 7GZ02 set (step
height 100 nm, Silicon-MDT). Silicon nitride integral
tips (NP type) are used with a nominal tip radius of 20—
40 nm. In order to compare the force values, we present
data that are obtained by the same cantilever tip. The
spring constant of the cantilever is calibrated using the
deflection method against a reference cantilever (Park
Scientific Instruments) of known spring constant
(0.157 N/m) [22]. The calibrated value 0.17+0.05 N/m

| 1 | I
200 300 400 500

nM

the white line in (a). ¢ Film after 3-hour polymerization time, and d
its corresponding cross sectional height profile along the white line
in (¢)

is used in all force plots. The force calibration curve is
converted to the force-versus-separation plot following a
standard procedure [23]. A representative force curve is
selected from tens of curves measured on the same
sample. A previous study has shown that the typical
AFM force measurement errors in our system are
+0.16 nN for the force magnitude and £0.5 nm for the
separation distance [24]. The tip to substrate velocity is
fixed at 0.2 um/s in force calibration. We find that the
force curves become independent of approach speed
below 0.5 um/s for the nonionic surfactant systems. The
temperature is maintained at 22+ 1 °C. AFM images of
the surfactant layer are obtained in the soft-contact
mode. The scan rate is between 3 and 12 Hz. Height
images are captured with feedback gains between 3 and
5. Deflection images are captured with feedback gains
less than 1. Height images are flattened in order to re-
move background slopes. No other filtering procedures
are performed on these images.
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The contact angle is measured by an NRL contact
angle goniometer (Model 100, Rame-Hart) in the labo-
ratory atmosphere. A water droplet of 20 ul is placed on
the substrate and contact angles are read on both sides
of the droplet. Five droplets are placed at various spots
near the center of the substrate, and contact angles are
averaged with an error of =+3°.

The procedures for surface polymerization are de-
scribed as follows. 0.9 M styrene ethanolic solution is
mixed with 0.11 mM C|,E5 aqueous solution to form a
saturated styrene solution. The styrene is added until it
forms a saturated solution. The styrene concentration is
approximately 0.05 M in the mixed solvent, while the
C»E5 concentration is about 0.10 mM. The solutions
were not degassed. After vigorous stirring of the mixture
solution, a freshly cleaved graphite piece is immersed in
the solution. The HOPG piece is kept in the solution for

2 h at room temperature. The solution is drained from
the surface with only a thin liquid film remaining. The
HOPG piece is then immersed in 0.05 M sodium per-
sulfate (>99%, Aldrich) aqueous solution. The sodium
persulfate concentration is kept the same as monomer
according to literature [25]. The solution is heated to
65°C for 1 h during styrene polymerization. The surface
is rinsed with deionized water and ethanol in order to
remove surfactants and excess monomers. The contact
angle of the surface no longer changes (~82°) after
rinsing three times with water, each rinse lasting 10 s.
The surface is dried with nitrogen gas before charac-
terization.
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