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ABSTRACT: Silver-nanoparticle-doped poly(9-vinylcar-
bazole) (PVK) nanocomposites were prepared via the
reduction of Ag' ions and the self-assembly of PVK on
AgNO; aqueous solution surfaces. The formed composite
nanostructures depended strongly on the experimental
temperature. Thick round disks of PVK surrounded by
discrete Ag nanoparticles and/or with irregular holes
formed at room temperature; nanotubes and micronet-
works doped with Ag nanoparticles formed at about 30—
40°C, and networks formed at higher temperature. Further
investigation revealed that the nanotubes were trans-
formed from thin round disks. The length of the PVK/Ag
composite nanotubes were longer than 10 um, and the av-

erage size of the embedded Ag nanoparticles was found to
be about 3.5 nm. The composite networks were composed
of round pores with diameters of several hundred nano-
meters and fine silver nanoparticles embedded in the thin
polymer films that covered the pores. The formation of the
nanotubes was a very interesting self-assembly phenom-
enon of the polymer at the air-water interface that has not
been reported before. © 2009 Wiley Periodicals, Inc. ] Appl
Polym Sci 116: 252-257, 2010
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INTRODUCTION

Recently, the fabrication of polymer nanostructures at
the air-water interface has attracted much attention.
Amphiphilic conjugated polymer,' linear,>® and star-
shaped” block copolymers have been fabricated into cir-
cular, rodlike, fibril, and long cylindrical aggregates,
netlike and grid structures, hairlike and needlelike
architectures, dendritic superstructures, and even laby-
rinth patterns at the air-water interface through the self-
assembly of the polymer molecules. Meanwhile, circular
aggregates of poly(9-vinylcarbazole) (PVK) have been
assembled at the air-water interface, and the electro-
chemical properties have been investigated.®

PVK is a photoconductive semiconductor polymer
that possesses a high glass-transition temperature and
good processability. Because of its specific electric and
optical properties and wide applications in microelec-
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tronics, the structure and properties, including the crys-
talline mor31:_>hology,11 conformation,'”> and emission
properties,'”'® of bulk PVK have been studied exten-
sively. Recently, inorganic nanoparticle/PVK nanocom-
posites have aroused much attention because of their
unique photoconductive and photorefractive properties,
which show important applications in high-density op-
tical storage, optical amplification, and dynamic image
processing. The doped nanoparticles acted as photosen-
sitizers, and PVK acted as a matrix and charge-transport
species. Light-emitting diodes composed of the nano-
composites doped with europium,"” iridium,'® and ru-
thenium'® complexes have been fabricated, and the pho-
torefractive effect and photoconductivity of the
composites doped with semiconductor nanocrystals®* >
and metal nanoparticles™ have been investigated.
Polymer nanostructures, such as nanotubes, nano-
capsules, and honeycomb films, show a wealth of
potential applications in optoelectronic devices, ca-
talysis, medicine carries, and so on. Recently, the
preparation and characterization of polymer nano-
tubes have attracted much attention. A lot of syn-
thetic methods have been developed,24 including tra-
ditional  template  methods  with  sacrificial
nanorods® and nanotubes or microtubes®® as hard
templates, a soft supramolecular template method,”
a template-free self-assembly method,® a self-rolled
method,” and a modified electrospan method.*
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Many kinds of polymers, including conjugated poly-
mers, polyelectrolytes, and even block copolymers,
have been assembled into nanotubes. Very recently,
PVK nanotubes doped with europium complex mol-
ecules were prepared with porous anodized alumina
membranes as templates, and the energy transfer
from PVK to Eu(lll) and the emission properties of
the composite nanotubes were investigated.>’ To our
best knowledge, this was the first report on PVK
nanotubes. On the other hand, a simple technique
was developed to fabricate honeycomb-patterned
thin films of polymers.’® This method was based on
the self-assembly of polymer molecules around hex-
agonal-patterned water droplets that were formed
on the organic solution surface upon evaporation of
the solvent when the organic solution was spread on
a solid substrate under humid air.*®> Honeycomb-pat-
terned films of various polymers have been fabri-
cated by this approach, and these structures show
novel properties and potential applications. For
example, the ordered honeycomb structures of a
light-emitting conjugate polymer enhanced photo-
current generation®; the honeycomb-patterned bio-
degradable polymer film was used as a scaffold for
bone tissue engineering, on which hydroxyapatite
was formed.* However, the honeycomb structures
were mainly formed on solid substrates. Recently,
an attempt was made to fabricate honeycomb struc-
tures on a water surface.®® The honeycomb struc-
tures formed on the water surface could be trans-
ferred onto any substrate, which is useful for many
applications and studies.

Here we report the fabrication of PVK/Ag nano-
structures at the air-water interface through a one-
step synthesis and assembly process. PVK nanotubes
embedded with silver nanoparticles in the walls and
networks were obtained under appropriate condi-
tions. To the best of our knowledge, this is the first
example of the preparation polymer nanotubes at
the air-water interface. This study not only provided
a new approach for the preparation of polymer
nanotubes and honeycomb structures but also gave
insight into the self-assembly behavior of polymer
molecules at the air-water interface.

EXPERIMENTAL
Chemicals

PVK (weight-average molecular weight = 81,800)
was purchased from Aldrich (St. Louis, MO).
AgNO; (99.9%) was purchased from Shanghai
Chemical Co. (Shanghai, China) and was used as
received. Chloroform was an analytical agent.
Highly purified water was used with a resistivity of
18.0 MQ cm or greater.
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Preparation and characterization of the
nanostructures

The experiment was carried out as described next. A
clean beaker with an inner diameter of 5.7 cm was
filled with 10 mL of an aqueous solution of AgNO;
with a concentration of 1 x 10~* mol/L. A chloro-
form solution (68 pL) of PVK with a concentration of
0.046 mg/mL was spread on the aqueous solution
surface by a microsyringe. When the organic solvent
evaporated, a thin film was formed at the interface
through a self-assembly process after 20 min. The
mean area per repeat unit of PVK was calculated to
be about 0.26 nm®. The temperature of the subphase
was controlled between 20 and 60°C, and the tem-
perature of the spreading solution was controlled at
20°C, respectively. The thin films at the interface
formed with a subphase temperature of 20°C were
treated by formaldehyde gas for 24 h, and those
formed with subphase temperatures of 20-60°C
were illuminated with UV light (A = 254 nm) for 1
min and then transferred onto Formvar-covered 230-
mesh copper grids by the Langmuir-Schaefer
method for investigation by transmission electron
microscopy (TEM; JEM-100CXIl, Jeol Ltd., Tokyo
Japan) and high-resolution transmission electron
microscopy (HRTEM; JEOL-2010).

RESULTS AND DISCUSSION
Nanostructures formed at room temperature

Round thick disks with various sizes ranging from
100 nm to several micrometers formed after the chlo-
roform solution of PVK was spread onto the AgNO;
aqueous solution surface. After formaldehyde gas
treatment or UV irradiation at room temperature, sil-
ver nanoparticles appeared around the PVK disks to
form a ring structure. Figure 1 shows the TEM
micrographs of the formed nanostructures. It is very
interesting to get a ring structure composed of dis-
crete metal nanoparticles, and researchers have
made great efforts to assemble these structures, such
as rings composed of cobalt nanoparticles® and gold
nanoparticles®® and nanorods.”” The formation of the
round disks of PVK was attributed to the aggrega-
tion of PVK molecules at the air-water interface after
the evaporation of chloroform because of the strong
interactions between the molecules. It was reported
that it is difficult for the rays to penetrate the thick
plates.*” So after reduction by formaldehyde gas or
irradiation by UV light, the Ag" ions adsorbed on
the periphery of the round disks were reduced to
Ag atoms to form nanoparticles that were arranged
around the disks, whereas the Ag+ ions under the
thick PVK disks could not be reduced.
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Figure 1 TEM micrographs of rings composed of Ag
nanoparticles formed at room temperature by (a,b) formal-
dehyde gas treatment or (c,d) UV-light irradiation.

WANG ET AL.

As shown in Figure 1(c), some irregular holes
with different sizes appeared in the PVK disk. The
network structure was much less than in the disks.

Nanostructures formed at higher temperatures

When the temperature of the subphase increased,
instead of round thick disks, two kinds of nanostruc-
tures, that 1is, nanotubes and nanonetworks,
appeared. Figure 2 shows the morphology of the
nanotubes formed at 30, 32, and 35°C, respectively.
The average outer and inner diameters and the wall
thicknesses were 100-120, 80-90, and 15-20 nm,
respectively, which were close to each other for the
samples prepared under different subphase tempera-
tures, and the length of the nanotubes reached sev-
eral micrometers. The tubes showed two interesting
features: (1) they had sharp, closed tips, and (2) the
ends of some tubes connected with big round disks.
Clearly, the tubes broke off from the center of the
homogeneous disks that formed through the organi-
zation of the wires into a network, as seen from the
periphery of the disks. This gave us a hint about the
formation process of the nanotubes. First, a big,

Figure 2 (a—i) TEM and (j) HRTEM micrographs of the PVK/Ag composite nanotubes formed at (a,b,i,j) 30, (c-f) 32, and

(g,h) 35°C.
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Scheme 1 Formation process of the nanotubes. y repre-
sents surface tension and Ap represents additional pressure.

round thin plate formed at the air-water interface
through a self-assembly process of the PVK chain
and Ag™" ions; then, a sharp tip of the nanotube pro-
truded from the center of the plate; in the mean
time, the plate shrank; this led to the creation of a
nanotube. The nanotube grew to air straightly at the
air-water interface. If the plate completely became
nanotubes, the nanotube was down on the surface
[Fig. 2(e/h)]; if the plate did not transform to nano-
tubes completely, there was a breakage between the
end of the tube and the center of the plate, possibly
because of the Langmuir-Schaefer transfer of the
sample when the nanotube was growing (i.e., the
copper grid pushed down the nanotube) or because
of the overweight of the upstanding nanotube. The
formation mechanism, which was similar to that of a
single-walled carbon nanotube investigated in situ
by TEM,*! is illustrated in Scheme 1. Also, some
nanoparticles were embedded in the walls of the
tubes. During the formation process, Ag™ ions were
reduced to Ag atoms; this led to the generation of
Ag nanoparticles embedded in the walls.

The particles dispersed on the walls showed a dis-
tinct lattice structure with an interplanar distance of
0.239 nm, which was close to 0.236 nm, with a lattice
spacing between (111) facets of the face-centered
cubic silver. The average diameter of the silver nano-
particles was about 3.5 nm. Smaller silver nanopar-
ticles readily reacted with oxygen, transforming to
Ag,0 and AgO upon exposure to air.*>** In our pre-
vious studies, we prepared silver nanoparticles with
diameters of 3-5 nm at the air-water interface under
Langmuir monolayers of n-hexadecyl dihydrogen
phosphate.** The lattice spacing was found to be
0.265 nm, close to that between (111) facets of Ag,O;
this indicated that Ag nanoparticles transformed to
Ag,0 ones after they were transferred to solid sub-
strate and exposed to air. The silver nanoparticles
that were embedded in the walls of the nanotubes
were protected by the PVK molecules, which pre-
vented the Ag nanoparticles from oxidation.

The formation of the mnanotubes depended
strongly on the experimental temperature. The tem-
perature of the subphase was controlled at about 30—
40°C. If the temperatures were too low, thicker
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plates formed. Under UV-light illumination for 1
min, fine nanoparticles were generated, which
formed ringlike structures around the PVK plates
(Fig. 1) because the UV light could not penetrate the
thick plate to induce the formation of the Ag nano-
particles under the plate.*” However, if the tempera-
tures were too high, for example, at 45 and 55°C,
just networks were observed, as discussed later. It
was clear that the thickness of the plate had a great
influence on the formation of the nanotubes. The
driving force for the formation of the nanotube may
have been the additional pressure (Ap) that came
from the surface tension on the PVK plate edges and
was directed to the center of the plate, as shown in
Scheme 1. Of course, the interaction between the
PVK molecules and water or Ag™ ions in the sub-
phase created a reaction force when the PVK plate
shrank. As we know, the interaction between the
PVK molecules and water was weaker because PVK
is a hydrophobic molecule. So the nanotube formed
when Ap was greater than the interaction. Thicker
plates were too rigid to shrink. We drew the conclu-
sion that only these plates with appropriate thick-
ness (corresponding to the wall thickness) formed
nanotubes through self-assembly process. This have
been the reason why the nanotubes formed under
different conditions had similar diameters and wall
thicknesses.

From the view point of thermodynamics, we could
explain the formation of the nanotube as follows. Let
us consider a solid particle floating at the air-water
interface. According to Young’s formula, at a contact
point between the water, solid particle, and gas
phase, Y¢s = Vis + Ygq cos 0, where v, v, and vy
refer to the interfacial surface energies of the gas-
solid, water—solid, and gas—water interfaces, respec-
tively, and 0 refers to the contact angle. If 6 > 90°,
Yis > Y¢s- PVK is a hydrophobic molecule; the water
contact angle of PVK should be more than 90°. In
our experiment, PVK molecules were spread onto
water surface to form a thin layer with the help of
chloroform. However, as discussed previously, v;; >
Y¢s for this system. So the PVK plate shrank to
reduce the contact area between PVK and water.
Meanwhile, the interfacial area between the gas and
solid surface increased. Finally, the total energy
decreased. In other words, this process took place
spontaneously. On the basis of the analysis, we dem-
onstrated that it was possible for such hydrophobic
polymers as PVK and polystyrene to form nanotubes
at the air-water interface. As for amphiphilic poly-
mers, such as polystyrene-block-poly(ethyl oxide), or
hydrophilic polymers, such as poly(methyl methac-
rylate), they could not form nanotubes by this
method.

In addition to the nanotubes, nanonetworks
appeared under the same experimental conditions,

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 TEM micrographs of the PVK/Ag composite
networks formed at (a,b) 32, (c—f) 38, (g) 45, and (h) 55°C.

as shown in Figure 3. The networks shown in Figure
3(a,c) were composed of closely packed round pores
with diameters of several hundred nanometers. As
shown in the enlarged micrographs in Figure 3(b,d),
these pores were actually composed of thin PVK
film embedded with fine nanoparticles, whose size
increased with the subphase temperature. With
increasing subphase temperature further, only net-
work structures were observed; the pore size
increased, the framework broke off, and larger silver
nanoparticles appeared on the framework, as shown
in Figure 3(e,f).

The formation of the honeycomb-like nanostruc-
tures shown in Figures 3(a—d) were ascribed to the

Journal of Applied Polymer Science DOI 10.1002/app
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condensed water droplets formed at the air—chloro-
form solution interface and the self-assembly of PVK
molecules around the water droplets. The nuclea-
tion, growth, and coalescence of water droplets on
the organic solution surface and the formation of or-
dered hexagonal arrays of water droplets depended
on the experimental conditions, especially the rela-
tive humidity in the air. At lower temperatures, the
relative humidity was lower, and the evaporation of
chloroform was slower. Water droplets had diffi-
culty forming on the organic solution surface under
such conditions. On the other hand, the attraction
between PVK molecules was stronger. This led to
the formation of a large amount of round disks and
several network plates with irregular holes (Fig. 1).
With increasing subphase temperature, the relative
humidity in air increased because of the evaporation
of water, and the organic solvent evaporated rap-
idly, which led to a sharp decrease in the solution
temperature on the solution surface, which benefited
the nucleation, growth, and coalescence of water
droplets on the solution surface. On the other hand,
the attractive interaction between the PVK molecules
weakened because of the thermal movement of the
molecules under higher temperature. The honey-
comb-like structures formed via the self-assembly of
PVK molecules around the ordered arranged water
droplets. The holes were covered with thin layers.
This was similar to the honeycomb structure of
poly(9,9’-dihexyfluorene) on solid substrates.*> This
indicated that the PVK thin films formed under such
conditions could support the formed water droplets.
Numerous fine silver nanoparticles were embedded
in the thin layers, as shown in Figure 3(b,d).

When the subphase temperature increased further,
the holes became larger and larger, the walls broke
off, and big silver particles adsorbed on the walls.
This was attributed to the increased relative humid-
ity, the rapid evaporation of the solvent, and the vio-
lent thermal movement of the PVK molecules. With
evaporation of chloroform, the temperature of the
solution surface decreased sharply; this resulted in
rapid nucleation, growth, and coalescence of the
water droplets, which led to the creation of bigger
droplets. At the same time, the film became too thin
to support the droplets, and the viscosity of the or-
ganic solution became too low at higher tempera-
tures; this led to the formation of void holes, as
shown in Figure 3(gh).

It should be noted that two kinds of nanostruc-
tures, that is, round disks and network structures
appeared simultaneously at both room temperature
or elevated temperatures. In fact, the nanotubes that
arose from the big thinner round disks formed
at higher temperatures. This may have been related
to the spreading process of the organic solutions.
As described in the Experimental section, the
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chloroform solution of PVK spread dropwise onto
the subphase surface with a limited area. In the
early stage of spreading, the organic solution drop
spread rapidly to form a thin layer on the subphase
surface. The solvent evaporated so quickly that the
water droplets could not form on the solution sur-
face in time. The thin solid films formed and trans-
formed to nanotubes at higher temperature because
of the surface tension around the plates. When the
water surface was occupied by the thin layers or
nanotubes, the subsequent drops could not spread
freely, the organic layers became thicker, and the
evaporation time of the solvent became longer; this
led to the nucleation and growth of water droplets
on the solution surface. The polymer molecules self-
assembled into solid structures after the complete
evaporation of the solvent and water droplets. At
last, the honeycomb-like structures formed.

CONCLUSIONS

In summary, we found for the first time that poly-
mer nanotubes could be fabricated through a self-as-
sembly process at the air-water interface. On the
other hand, honeycomb-like nanostructures were
fabricated at the air-water interface under humid air
conditions, too. The formation of tubelike or honey-
comb-like structures depended on the experimental
conditions. This revealed the possibility to fabricate
nanotubes without templates. This method could be
extended to other polymer systems, and the formed
nanotubes could conveniently be doped with other
components, such as metal and semiconductor nano-
particles or functional molecules or metal complexes.
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