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ABSTRACT: A colloidal templating method with vapor-phase oxidative polymerization was used to fabricate
conducting poly(pyrrole) (Ppy) inverse opal patterns over a wide area. We fabricated 2- and 3-D Ppy inverse
opal patterns from two kinds of 2- and 3-D colloidal templates of poly(St/NaSS) latex particle, which were
prepared on bare glass and 3-aminopropyl trimethoxysilane (APTMS)-modified glass substrates, respectively.
With two different 2-D colloidal templates, different Ppy inverse opal monolayer patterns, i.e., ordered 2-D rings,
hexagonal or honeycomb monolayer, were obtained. With 3-D colloidal templates, Ppy inverse opal multilayers
were obtained and their time-evolution growths were observed by SEM analysis. Differences in inverse opal
structure and volume fraction were elucidated in terms of the array pattern of sacrificial poly(St/NaSS) latex
particles and its packing density. Shrinkage of the inverse opal structure, which might be a serious problem in
optical and physical properties, was reduced to almost zero with this method. Mechanical and electrical properties
of the Ppy inverse opal multilayer films were analyzed by nanoindentation and four-point probe conductivity
methods, respectively. It was found that narrow interparticle interstices of colloidal templates led to honeycomblike
2- and 3-D patterns, higher modulus and hardness, and lower electrical conductivity. In contrast, a spacious
colloidal pattern resulted in 2-D ring patterns, hexagonal 2- and 3-D patterns, lower modulus and hardness, and
higher electrical conductivity.

Introduction conducting polymer inverse opals because they need many
Recently, novel materials based on tWd- and three- accessories, such as many electrodes, ITO-coated glass, metal
dimensiondt8 ordered colloidal structures, i.e., inorganic silica Paste, potentiostat, etc. On the other hand, vapor-phase oxidative
and/or organic polymer colloidal crystals, have been invented polymerllzatlon provides a simple route that directly allows
and widely investigated. In particular, photonic crystals for the Preparation of the conducting polymer inverse opal patterns over
visible range have been prepared by the self-assembly techniqué Wide area by controlling the amount of oxidant (i.e., RpCl
using polymer colloids of several hundred nanometers in €mbedded in a colloidal crystal template. The vapor-phase
diameter, which are dried and crystallized into a face-centered 0xidative polymerization method also presents an additional
cubic lattice. In just a few years, the fabrication of porous advanta_ge in that reaction co_ndltlons (polymerization time,
materials using colloidal crystal templates, namely inverse opal Polymerization temperature, a kind of monomer, etc.) can easily
structures, has become a promising alternative in order to realizel€ controlled to achieve various morphologies such as ordered
the full potential of three-dimensional photonic crystals for 2-D ring patterns, hexagonal or honeycomb monolayer, multi-
practical device applications. One approach for creating inversel@yers with highly porous interconnected pores, and so on.
opal structures is to replicate the structure of these photonic Polymeric materials with ordered microstructures are one of the
crystals in a durable matrix, i.e., silica (S)r titania (TiQ). most important to a range of areas such as the fabrication of
The original colloidal particles are subsequently removed, optical devices, e!ectronlc devices, actuators, sensors, and even
leaving behind a new type of material whose pores preserve Polymer-based circuits, et€.Most current techniques (i.e.,
valuable optical properties of the colloidal crystal. Many €-beam lithography and soft lithography) use metallic, semi-

methods such as surfactéi or UV-induced’ 13 polymeri- conductor, or polymeric masks or molds to transfer relief
zation, sot-gel hydrolysis'# hydrolysist>16pyrolysisl’ particle structures into polymeric materials. Lithographical microfabri-
infusion® chemical vapor depositioH, electrodepositioA? cation techniques such as e-beam lithography can be used to

electropolymerizatioR? etc. have been tried to make porous create ordered array patterns or microstructures that are sub-

inverse opal materials from a wide variety of precursors or micrometer in both thickness and diameter. These techniques,
monomers and templates. In these methods, the colloidal crystaldiowever, have the significant limitations of being both expensive

serve as templates, with the voids infiltrated by material that @nd time-consuming due to the multistep procedures. Therefore,
solidifies in place without disrupting the order of the crygfal.  the colloidal crystal templating method, which can be fast and
Among the methods, those for electrochemical ones are veryinexpensive as the nonlithographical technique, is worth inves-
complex to set the experimental equipment for preparing the tigating. In fact, this method, which is based on the use of
colloidal crystals of sub-micrometer polymer latex or silica

* To whom correspondence should be addressed. ¥82 2 2123 7633.  SPheres as a template, is in the limelight as an attractive
Fax: +82 2 312 0305. E-mail: jayhkim@yonsei.ac.kr. alternative. In recent years, there have been numerous studies
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Figure 1. Fabrication of Ppy inverse opal by vapor-phase oxidative polymerization of pyrrole with a template of poly(St/NaSS) colloid crystal.
The resulting Ppy layer was dried under air prior to exposure to gkQlemove the colloidal template.

on the growth conditions of colloidal crystals, which are made  Preparation of 2- and 3-D Ppy Inverse Opals.Vapor-phase
by the convective drying methdd;however, information on oxidative polymerization was carried out with the colloidal template
the growth mechanism of the conducting inverse opal film from at 40°C for an appropriate time (monolayer growth: 10 s to 60
the colloidal crystals is very limite#. The growth mechanism ~ min, multilayer growth: from 10 to 180 min). Figure 1 shows a
of vapor-phase oxidative polymerization of the conducting schematic for the fabrication of a conducting Ppy inverse opal

inverse opal structure in both the monolayer and multilayer has Structure, which was obtained by the vapor-phase oxidative
not been reported. polymerization of a pyrrole monomer within the interstices of a

In this study, we fabricated 2- and 3-D poly(pyrrole) (Ppy) colloid crystal. 2- and 3-D colloid crystals of poly(St/NaSS) particles

. . : were first prepared by a natural convection drying method. The
inverse opal patterns from two kinds of colloidal templates, crystals of mono- and multilayer in a wide area of 150 hwere

which were prepared on bare glass and 3-aminopropy! tri- gpiained, and then the crevices of colloidal crystal template were
meth(_)xysnane (APTMS)-modified glass substrates_, respe_ctwgly. infiltrated with a FeCJ aqueous solution (6.2 104 mol, 0.1 g)
The inverse opal structure was made by using oxidative py ysing a spraying method. The crystal template was dried to
polymerization of vaporizing pyrrole monomer. The colloidal remove any residual water at room temperature for 1 day. After
templates were prepared using monodisperse and submicromedrying, vapor-phase oxidative polymerizations of pyrrole were
ter-sized poly(styrene/sodiurp-styrene sulfonate) (poly(St/  carried out with 1.5x 1073 mol of pyrrole monomer. For
NaSS)) particles. Direct observation of the growth of 2- and investigation of the time-evolution growth of inverse opal structure,
3-D Ppy inverse opal films was carried out by controlling the the resulting Ppy films were sampled and exposed to a chloroform

polymerization time. (CHCI5) solution for 10 h to remove the template.
) . Characterization. Array patterns and inverse opal patterns were
Experimental Section observed by using a field-emission scanning electron microscope

Materials. Styrene monomer (St, Junsei, Japan) was purchased(FE-SEM, JSM-6500F, JEOL Co., Japan). The ordered 2-D array
and purified using an inhibitor remover column (Aldrich, USA). ~ Patterns of Ppy were obtained by atomic force microscope (AFM,
The purified monomer was kept at5 °C until use. Sodium Dlglt_al Instruments 1Va), and all AFM images were obtained b_y
p-styrene sulfonate (NaSS, Aldrich, USA) was purchased and usedtapping (noncontact) mode under ambient conditions. A nanoin-
as received. Potassium persulfate (KPS, Junsei, Japan) waglenter (MTS XP System, MTS Systems Corp., USA) was used to
recrystallized with methanol, dried in a vacuum oven, and kept at measure the mechanical properties of Ppy inverse opal films at 25
—5 °C until use. Sodium bicarbonate (NaHgQ3-aminopropyl °C. In this experiment, a diamond Berkovich-type indenter tip was
trimethoxysilane (APTMS), and anhydrous methanol were chosen forced onto the sample being studied. The indentation depth is
as analytical grades and used without further purification. Pyrrole related to the area of contact between the indenter and the sample
monomer (99% purity, Acros Organics, USA) was refrigerated at being tested. Multiple (five times) indentations were made at
—5 °C until use. Anhydrous ferric chloride (FegCKanto Chemical, different locations on the film surface at a fixed applied load (max
Japan) and chloroform (CHgI199% purity, Samchun Chemical, load= 6 mN). The load-displacement curves were recorded, from
Korea) were obtained and used as received. F@@ used as an  which the effective hardness and modulus values could be
oxidant. They were all analytical grade and used without further calculated. The electrical conductivities of two kinds of Ppy inverse
purification. Double-d_istilled and deionized (DDI) water was used opal films were determined using a standard four-point probe
throughout the experiment. technique (RT-70/RG-5 four-point probe system, Napson Co.,

Preparation of 2- and 3-D Colloid Crystal Templates.For 2- Japan) at room temperature. Sheet resistivity of the Ppy inverse
and 3-D colloid crystals as a template, a natural convection drying opal monolayer films on each substrate was measured and converted
method was applied. Purified latex (0.02 wt % solid) was deposited into electrical conductivity (S cr). The resistivity measurement
on a stainless steel (40 mm40 mmx 2 mm) plate with a circular  of specimen layers, such as thin films, is affected by the size and
tapered hole (diameter 15 mm, taper angle= 60°) in its center, thickness of the specimen to the probe pin spacing, the configuration

and the cell was allowed to dry in the incubator to form colloid ¢ the specimen and the measuring position. Sheet resistivity can
crystals at 20°C. In order to prepare colloid crystal templates on a4 found by the following equation:

the hydrophobic substrates, we modified the bare glass substrates
with APTMS and applied the natural convection drying method
under the same conditions on the bare glass sub3fritenodis- o= 4.532\—/ tCq (©2:cm) (1)
perse poly(St/NaSS) latex particles used for colloidal crystal '

templates were prepared by emulsifier-free emulsion polymeriza-

tion.2526 The number-average particle size, and the polydis- wheret is the thickness of the specimen, a@g is the correction
persity index Dy/Dy) were 235 nm and 1.007, respectively. The factor for the size and configuration of the specimen, and the
surface charge density) was 38uC cn2, measuring position.
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Figure 2. Top-view SEM image of a poly(St/NaSS) particle monolayer
prepared on the bare glass (a), and APTMS-modified glass (b) substrate:
at 20°C. Schematic of the formation of water meniscus between the

hydrated poly(St/NaSS) particle and different substrates, (c) bare glass
and (d) APTMS-modified glass substrates, during the drying of water.
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Formation of Poly(St/NaSS) Colloidal TemplatesThe FE-
SEM micrographs in Figure 2a and b show the top view of a
poly(St/NaSS) particle monolayer, i.e., 2-D colloid crystal
templates, prepared on the bare glass (a) and APTMS-modifiedg
glass (b) substrates at 2C. The crystal lattice of the bare glass  °
substrate showed an irregular interparticle spacing; however, aFigure 3. SEM image (a) of Ppy 2-D array was captured at 10 min
very regular hexagonal lattice and adhesional particle deforma-after the beginning of vapor-phase oxidative polymerization #Gl0

. oo . The 2-D ring pattern of Ppy inverse opal was obtained with the poly-
tion were found on the APTMS-modified glass sample. This (St/NaSS) colloidal template fabricated on the bare glass substrate.

adhesional particle deformation resulted from the surface The corresponding surface plot AFM image (b) and top-view AFM
modification of the substrates with APTMS.The insets in image with a tracing of the-axis profiles (c) were presented. The

Figure 2a and b (85tilted views) show individual poly(Stt ~ SEM image (d) of Ppy 2-D array was captured at 90 s after the

; ; ; ; polymerization. The 2-D honeycomb pattern of Ppy inverse opal was
NaSS) particles and provide further evidence on the adhes'Onalobtained with the colloidal template fabricated on the APTMS-modified

deformation of the individual poly(St/NaSS) particle on the 355 substrate. The corresponding surface plot AFM image () and
APTMS-modified glass substrate. As shown in Figure 2a, the top-view AFM image with a tracing of the-axis profiles (f) were

individual particle lies on the bare glass substrate without any presented.
discernible deformation. On the other hand, the particles in
Figure 2b adhered to the surface of the APTMS-modified glass After all, the adhesional deformation of the particles resulted
substrate were clearly deformed. from the surface modification of the substrates, and provides
Figure 2c and d shows a schematic for the formation of water an important basis for the different morphologies of the Ppy
meniscus between the hydrated poly(St/NaSS) particle andinverse opal films between on bare glass and on APTMS-
different substrates, (c) bare glass and (d) APTMS-modified modified glass substrates.
glass substrates. Particle deformation was achieved during the Formation of 2-D Ppy Patterns. Figure 3a and d indicates
natural convective drying due to the large capillary force at the the SEM images of different 2-D array patterns of Ppy inverse
water meniscus, which was formed between the hydrated poly- opal that were fabricated from the two different poly(St/NaSS)
(St/NaSS) molecules on the surface of the particle and the colloidal templates. Detailed reaction and analytic conditions
APTMS-modified glass substrate. If a particle weighed on the are described in the figure caption. As shown in Figure 3a, the
‘grasslike’ soft substrate, the contact surface of the substrateordered 2-D ring patterns were obtained with the colloidal
deformed to close up the surface of the particle. The APTMS template shown in Figure 2a. On the other hand, the 2-D
coating seemed to offer a softer substrate surface, like “grass”,honeycomb pattern in Figure 3b was obtained with the template
than the bare glass substrate, thus providing a greater contacshown in Figure 2b. As seen in Figure 3a, submicrometer-sized
area of poly(St/NaSS) particles with the APTMS coating. As a rings of Ppy were formed on the bare glass substrate with 2-D
result of the greater contact area, the interstice between thepoly(St/NaSS) colloidal array. The Ppy rings were formed in
particle and the APTMS surface was reduced. This reduced the smallest interstice at the contact point between the bare glass
interstice provides a stronger capillary force since capillary substrate and the particles, where pyrrole vapor was easily

025 050 075  1.00pm %0 025 050 075  1.00pm

pressure is inversely proportional to the interstice sizea(d condensed to be polymerized. A detailed description for the
ro) between the particle surface and substrate according to thegrowth of Ppy ring was presented in Figure 4. The center-to-
Young—Laplace equationAP = 2y/R, whereR = r4, rp, and center spacing of Ppy ring pattern is consistent with the lattice

r1 > rp) for spherical surfaces. This larger capillary force at the constant of the sacrificial 2-D poly(St/NaSS) latex colloie2@5
water meniscus in the interstices caused the adhesional deformanm) array. AFM analysis was performed in height mode and
tion of the hydrated particles during natural convection drying. shown in Figure 3b and 3c. The Ppy rings wer&25 nm in
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Growth of 2-D Ppy Inverse Opal Monolayers. Figure 4
shows the time-evolution SEM images of 2-D Ppy inverse opal
monolayer on the different colloidal templates, i.e., the bare
(a—d) and APTMS-madified (eh) glass substrates (see Figure
2). Different time scales were applied due to the different
interstice volumes between two colloidal templates. With the
SEM images, one can see that the 2-D array of poly(St/NaSS)
particles can be used as a good template to fabricate hexagonal
(Figure 4d) or honeycomblike (Figure 4h) inverse opal patterns
of periodic structure.

A growth mechanism of 2-D Ppy patterns is as follows. When
pyrrole was heated, it would be evaporated and then condensed
at the contact regions between the particle and the substrate (or
between the particles). The condensed pyrrole was instantly
polymerized by pre-existing Fe£lin the case of the colloidal
template with the bare glass substrate (see Figure 2a), the
polymerization proceeded to the interstices between the substrate
and the monolayer of particles along the lower ridge of given
particles. Therefore, the ring patterns of Ppy were left after the
removal of the template (Figure 4a). After 20 min of polym-
erization, a thin reticulate Ppy layer was formed at the interstice
between the particles and this layer came down on the substrate
after removal of the template (Figure 4b). Depending on the
interstice size, this monolayer may be simultaneously formed
with the ring formation or subsequently formed to the ring
formation. As the evaporation and polymerization of pyrrole
proceeded, both Ppy polymer layers formed from the ring and
the interparticle regions keep growing and fill the vacant
vicinities between the glass substrate and particles along the
lower ridges of the hemispheres of the particles. Eventually,
the two Ppy layers are interconnected and the boundary of ring
pattern disappears (Figure 4c). At the same time, this reticulate
Ppy layer at the interparticle regions grows in both vertical
directions. Therefore, the center of triangular region among three
TR e oo wdasin particles could be vacant (Figure 4d), while the three corners
Figure 4. Time-evolution SEM images of 2-D Ppy inverse opal S€emed to be firm. Since the polymerization proceeded to the
monolayers on different colloidal templates; 2-D array of poly(St/NaSS) center of a tetrahedral (i.e., the triangle) interstice, the central
latex particles on the bare glass-@) and the same particle array on  space might not be filled with Ppy polymers or might be easily
the APTMS-modified glass substrates+g. The time in each SEM  yamoyed during the removal of colloidal template. As Ppy grew,
micrograph indicates the polymerization time of pyrrole monomer.

the vacant spaces between the glass substrate and lower
diameter, 26-25 nm in height, and 100 nm in width, as seen in hemispheres of .given particles, as well as .the tetrahedral
interstices, were filled up completely. After 60 min, a hexagonal

the top-view AFM image and tracing of tfzeaxis profiles. inverse opal monolayer of Ppy was formed, as seen in Figure
In contrast, a honeycomb 2-D pattern of Ppy was observed 4d

on the APTMS-modified glass substrate with 2-D poly(St/NaSS) . ) .
colloidal array. This different pattern is believed to originate !N the case of the colloidal template with APTMS-modified
from the particle deformation on the APTMS-modified glass 9/ass substrate (see Figure 2b), traces of the honeycomblike
substrate. As shown in Figure 2b, there was not enough spacingP@ttern of Ppy were found (Figure 4e). As shown in Figure 4e
between particles and surface of the substrate due to theh: @ rigid and firm honeycomb Ppy layer was formed completely
adhesional deformation of the particles. In the colloidal template Within 2 min, since pyrrole vapor was easily condensed to be
of the APTMS-modified glass substrate, the lower hemisphere poly_merlzed in the narrow interstices between the deformed
of particle was deformed by the larger capillary force at the particles. In contrast to the reticular Ppy monolayer on the bare
water meniscus in the interstices between the particle and theglass substrate (Figure 4b), the honeycomb Ppy structure grew
APTMS surface during the formation of the monolayer. The N one vertical direction from the partictgarticle-substrate
interstice spacings between the particles and the APTMS- contact line. The m_set in Flgure_4h indicates the_repeatmg qnlt
modified glass substrate became so small in consequence off the honeycomblike 2-D Ppy inverse opal, which was quite
the adhesional deformation of the hydrated particles. The spacingdifferent from that of the 2-D pattern on the bare glass substrate
of periodic pattern was ca. 210 nm, which was smaller than the (Figure 4d vs Figure 4h).

size of sacrificial poly(St/NaSS) latex particleZ35 nm). The Figure 5 suggests a necessary condition to form 2-D
results were consistent with the AFM data for the interparticle hexagonal structure of Ppy inverse opal on the bare glass
distance (209 nm) of the same latex particles shown in our substrate. One can see a 1-D array of Ppy rings near the border
previous work¥* As shown in Figure 3f, the wall of honey-  of hexagonal Ppy monolayer in Figure 5a. Imaginary poly(St/
comblike Ppy pattern were approximately 22 2 nm in NaSS) particles, which were initially deposited on the bare glass
thickness and 5% 2 nm in height, obtained from the tracing substrate, can be drawn as shown in Figure 5b. A separated
of the z-axis profiles of the pore array. boundary of the 2-D Ppy layer was induced by the parallel line

10 min
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Figure 5. SEM image of 2-D Ppy inverse opal monolayer (a) captured
at 60 min after initiation and the same image with imaginary poly(St/
NaSS) latex particles (b). The arrow indicates a line defect in the 2-D
particle array on the bare glass substrate.

defect of the colloid array used as a template. Due to the line
defect, spacing between the adjacent particles was too far for
pyrrole vapor to be condensed and polymerized as seen in Figur
5b, even though FegWas impregnated all over the surface of
substrate. Therefore, it can be concluded that a formation of ¢
2-D Ppy monolayer significantly depends on the interparticle
distance, since the volume of the interstice originated from the
template is too large for a pyrrole monomer to be condensed.
As a result, only ring patterns were formed at the sparsely
arrayed particles.

Growth of 3-D Ppy Inverse Opal Multilayers. Figure 6
shows the time-evolution SEM images of 3-D Ppy inverse opal i A7\ 30min
multilayer prepared with different colloidal templates. For Figure E=E SO0 D8z i
6a—d, Ppy inverse opals were fabricated with the template of
3-D poly(St/NaSS) array prepared on the bare glass substrate #P
These multilayers were captured by FE-SEM at a time interval '.. :
of 30 min in order to investigate development of growing Ppy -
structure as the polymerization of pyrrole proceeds. The volume
fraction of the colloidal template was measured as &'7s
shown in Figure 6ad, a high-quality Ppy inverse opal - -
multilayer with well-defined pore structures was successfully '. g A B0min, 60min
fabricated. As shown in Figure 6a, concave and tetrahedral Ppy*= . S EEE—
wall structures having a triangular void were formed at the r';igll:irlg g;s ZL’%?&Z‘(SH%%’I‘IO%EMEH?g;z .%f S:’;\E:rappgf ";‘I’e(gsNgFéaS')
”'a'?gu'ar contact po_lnt . betwee_n_ _bottom and top layer of latex p)érticles on the bare glass—(da)pand the same)Em\rtFi)cley array on
particles. The polymerization was initiated at the smallest contact the APTMS-modified glass substrates®. The time in each SEM
points betweenn(— 1)th andnth layers of particles and growing  micrograph indicates the polymerization time of pyrrole monomer.
Ppy layer started to fill up the tetrahedral interstice between i ) !
the ( — 1)th andnth layers of particles, as seen in Figure 6a Table 1. Nanoindentation Data for 3-D Ppy Inverse Opal Films on

. - . Different Colloidal Templates Prepared on (a) Bare Glass and (b)
and b. As Ppy climbed over the upper hemispheres of given APTMS-Modified Glass Substrates at 25°C
particles, the walls of Ppy inverse opals became thicker, as seen

in Figure 6¢ and d. The insets in Figure 6 show growing values a b
tetrahedral Ppy units by vapor-phase oxidative polymerization g’éi:egg\ilg’n depth (om) 1.2 ;:8%41 B 33?;7}: % ]
of pyrroZIAe. The Ppy volume fractionpf) was measured ag, modulus (GPa) e 232 1E8,
= 0.26: hardness (GPa) 0F0.4 23408

For Figure 6e-h, the colloidal template used for Ppy inverse aEach value i ) i
th lue from f Bifise applied
opal was 3-D poly(St/NaSS) array prepared on the APTMS- 2% E;d \Csaieésm,\i average value from five measurem appie

modified glass substrate. Due to the higher packing density

(~0.80) of poly(St/NaSS) particle array on the APTMS- covered, as shown in Figure 6g. Eventually, the upper hemi-
modified glass substraté, SEM images were captured with a  spheres of the latex particles were covered up completely (Figure
time interval of 10 min. In this case, growing Ppy immediately 6h). Ppy volume fraction of the inverse opal structure was
climbed up the upper hemispheres of densely packed particlesmeasured ag, = 0.20%*

within 10 min and then covered the surfaces of sacrificial poly-  Pore Dimension of 3-D Ppy Inverse Opal Multilayers.
(St/NaSS) particles (Figure 6e and f). Thus, the tetrahedral Figure 6a-d indicates a hexagonally well-ordered pore structure
interstices between the poly(St/NaSS) particles are seeminglyof (111) fcc lattice. From Figure 6a, the average channel size
void. The concave tetrahedral structure originated from the at the contact region between the particles was-9%6nm and
higher packing density arising from adhesional deformation of the average pore size was 2347 nm. As Ppy grew, both the
poly(St/NaSS) latex particle. Due to the higher packing density average channel and pore sizes became smaller, as seen in Figure
of the poly(St/NaSS) particle array, the volume of the interstice 6¢c and d, while the average center-to-center distance between
was smaller. Therefore, Ppy grew fast in the vertical direction the pores remained constant241 + 6 nm. This value

to cover the upper hemisphere of the poly(St/NaSS) particles. corresponds to the average center-to-center distance between
After 30 min, a half of the upper hemisphere was irregularly sacrificial poly(St/NaSS) latexes (2458 nm). For the APTMS-
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The SEM images (b and c) aré tlie@EEM images of Ppy inverse
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opal films prepared on the bare glass substr@eapnd APTMS-modified glass substrate)( respectively, which were tested in nanoindentation
analysis. Morphology of Ppy inverse opal films on the APTMS-modified template seems like that of colloidal particle arrays.

modified glass substrate, the average channel size was 58
nm and the average pore size was 208 nm (Figure 6e). As

Table 2. Electrical Conductivity Data for 2-D Ppy Inverse Opal
Monolayer Fabricated with the Colloidal Templates (a) with Bare
Glass and (b) APTMS-Modified Glass Substrates

Ppy grew, both the average channel and pore sizes also became

values a b

smaller, as seen in Figure 6f and g, while the average center
to-center distance between the pores remained const2aB

+ 5 nm, which was in accordance with the average center-to-
center distance of the sacrificial deformed poly(St/NaSS)
particles (209t 1 nm). In this case, the average distance slightly
increased, but it might be an error of measurement.

For inverse opal fabrications, it was reported that-gyl
process of metal alkoxides invariably resulted in a linear
shrinkage of 25:30%?27 On the other hand, electropolymer-
ization of conducting polymers resulted in a linear shrinkage

sheet resistanée 0.761x 10* 4+ 0.02 2.054x 10* +0.05

(Q/O)

specific resistancef? 0.18 0.48
(Q-cm)

conductivity 5.6 2.1
(Scnt?y)

a Sheet resistances of Ppy inverse opal monolayer films were determined
using standard four-point probe techniques at°’@0° The thickness of
Ppy inverse opal monolayers was 235 rfr@onductivity = 1/Specific
resistance; the applied current and voltage wereuAOand 100 mV,
respectively.



Macromolecules, Vol. 40, No. 26, 2007 Effects of Hydrophobicity on Structures of Poly(pyrrole®535

Table 3. Electrical Conductivity Data for Ppy with Various Morphologies

research group structure synthetic method conductivity (Stgm ref

our results inverse opal films vapor-phase oxidative polymerization a BB

Peietal. bulk films electro-polymerization 1:0102-1.0x 10 28
Leeetal. bulk films chemical oxidative polymerization XAO "-1.0x 107 29
Ishizu et al. colloidal particles chemical oxidative polymerization via emulsion method x 1@5-1.0x 10t 30
Armes et al. colloidal particles chemical oxidative polymerization via dispersion method —-6283.0-28.0 31,32
Ruckenstein et al. powders chemical oxidative polymerization via inverted emulsion method —3428 33
Jang et al. nanotubes chemical oxidative polymerization via reverse emulsion method —324.0 34

appy inverse opal monolayer fabricated with the colloidal template of bare glass sul¥sBpyeinverse opal monolayer fabricated with the colloidal
template of APTMS-modified glass substrate.

of 14 £ 1%2° which is similar to the shrinkage theoretically spacing, filled with Ppy, of the poly(St/NaSS) patrticles template
expected assuming isotropic shrinkage of the sampletfo) 18 with APTMS substrate was much narrower than that with bare
With a nanochemical technique in the wet stt@ linear glass substrate in consequence of the adhesional deformation
shrinkage of~5% was reported. This value isB times less of the particles. Thus, the amount of Ppy in the templates was
than that obtained for inverse opals fabricated from metal smaller than that with bare glass substrate and resulted in the
alkoxide precursors using segjel techniqued’ Despite the intrinsically low conductivity. Recently, electrical properties of
progress achieved in these studies, the substantial shrinkage ofarious conducting Ppy structures (i.e., bulk film, colloidal
the inverse opals remained as an unsolved problem. However particles, powder, etc.) have been reported. We listed the values
there was no substantial shrinkage at all in our samples. Forof electrical conductivity for various Ppy with different struc-
the bare glass template, the percentage shrinkage was 1.6%tures in Table 3. In the case of bulk structures, conductivities
and this value seems to be negligible, as compared with thoseof the Ppy films with electropolymerization were in the range
of previously reported. Generally, a monomer in the liquid phase 1.0 x 1072—1.0 x 10' S cn7 1,22 while conductivities of the
undergoes shrinkage during the polymerization. In our case, Ppy films with chemical oxidative polymerization (1010~ "—
however, pyrrole vapor is condensed to fill the voids of colloidal 1.0 x 1071 S cnt1)2® were much lower than those with
template and instantly polymerized, which overcomes the limited electropolymerization. Conductivities of the Ppy colloidal

isotropic shrinkage value<(14%) of the infiltration of colloidal particles prepared by emulsion and dispersion methods were in
nanoparticles into colloidal crystalg. the range 10°—10-13%and 0.8-28.0 S cm1,31-32respectively,
Nanoindentation Analysis of 3-D Ppy Inverse Opal Mul- depending on the amount of dopant. In the case of powder form,

tilayers. Mechanical properties of two 3-D Ppy inverse opal conductivity of the Ppy powders prepared by using inverted
films were measured using nanoindentation behavior. The emulsions was in the range of 9:84.2 S cnm.33 In recent
average values in penetration depth, modulus, and hardness of€ars, it also has been reported that Ppy nanotubes were readily
two films are summarized in Table 1, and their representative fabricated through chemical oxidative polymerization in AOT
load-displacement curves of the films are illustrated with their reverse (water-in-oil) emulsions. Its conductivity was in the
SEM images in Figure 7. It was observed that there is no range 24.6-33.0 S cm* with increasing wall thicknes¥.
substantial difference in the two loadisplacement curves of ~ Comparing our results with published data, conductivity of the
the different glass substrates, which were not shown in this Ppy inverse opal monolayer films was relatively higher than
paper. However, the load of Ppy inverse opal films on the those of bulk films and colloidal particles. This can be explained
APTMS-modified glass substrate (Figure 7c) was higher than by the well-ordered Ppy inverse opal structure of good inter-
that on the bare glass substrate (Figure 7b) at a constantconnectivity, in spite of low volume fractions (0.20.26) of
penetration depth above 100 nm, as seen in Figure 7a. AbovePpy inverse opal structure.
100 nm (similar to the initial radius of sacrificial poly(St/NaSS) )
particles), the load of the films) on the APTMS-modified ~ Conclusion
glass substrat'e increasgd sharply. As seen in Figure 7c (or Figure We have prepared 2- and 3-D colloidal templates of poly-
6h), the exterior of Ppy inverse opal structure was covered with (syNaSS) latex particles with different interstice size and lattice
Ppy, i.e., Ppy shell. This shell might be dented with ease when stryctures by controlling the hydrophobicity of glass substrates.
load is applied only if the Ppy shell would be flexible. With these colloidal templates, 2- and 3-D Ppy inverse opal
As given in Table 1, penetration depths (232 8.6 vs 258.2 patterns were fabricated via vapor-phase oxidative polymeri-
+ 15.2 nm) were similar, but the applied load, hardness, and zation. The Ppy inverse opal patterns showed different morphol-
modulus were significantly different. In the case of Ppy with ogy and volume fraction depending on the interstice size and
the template of APTMS-maodified glass substrate, both hardnesslattice structure of the colloidal templates, which significantly
and modulus were higher than those of bare glass substrateaffected the hardness and modulus of Ppy inverse opal multi-
This result can be explained by the Ppy wall structure of layer films. In spite of the low volume fraction of Ppy in the
APTMS-modified glass substrate sample. A denser Ppy wall inverse opal structure, an excellent electrical conductivity was
structure as mentioned above can effectively decentralize loadingobtained. In addition, we have prepared successfully the 3-D
force in spite of the low volume fraction of Ppy in the inverse inverse opal structure, of which shrinkage was reduced to almost
opal structure. zero through a combination of colloidal templating method and
Electrical Conductivity of 2-D Ppy Inverse Opal Mono- vapor-phase oxidative polymerization. This method can be
layers. Electrical resistance and conductivity data of 2-D Ppy effectively utilized to prepare mesoporous conductive films with
inverse opal monolayer films fabricated on the different various pore structures and volume factions.
templates were given in Table 2. The conductivity (2.1 Stm
with APTMS-modified glass substrate) of the Ppy flmwas 2.5  Acknowledgment. This work was financially supported by
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