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ABSTRACT: In this study, the photonic bandgap (PBG) film with tunable mechanical properties and photonic stop band was prepared
by a simple and feasible approach. Colloid polymer spheres with a relatively large diameter (approximate D,, of 200 nm) and different
glass transition temperatures (T,) were blended with small polystyrene (PS) latex (D, =20 nm) and were subsequently casted on a
substrate for 3 h at 50°C for self-assembly of the PBG film. The monodispersed polymer spheres were synthesized by soap-free emul-
sion polymerization in the boiling state. The T, values of the spheres were predetermined based on the Fox equation, and designed to
fall in the region of —34°C to 112°C. Small PS could also be synthesized by this approach using the comonomer, sodium p-styrene-
sulfonate (NaSS), to ensure the small diameter. The long-range ordered structure constructed by embedding the small PS in the PBG
film was indirectly confirmed on the basis of SEM analysis, from which the monochromatic film color was determined based on
Bragg’s diffraction law. Tunable film color was achieved by adjusting the diameter of the spheres, as evaluated using UV—Vis. Tunable
mechanical properties of the PBG film were also achieved by varying the T, of the spheres or the filling ratio of small PS. Based on
these approaches, the ultimate tensile strength could be tuned in the region between 0.39 to 4.7 Mpa, and the relative strain could be
varied from 1236% to 16%, illustrative of the excellent deformability of the film. Furthermore, by variation of these two parameters,
the film properties could be changed from typical elastomer behavior to brittle plastic polymer type behavior, greatly extending the
prospective application fields. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40276.
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approach generally exploits the self-assembly of the molecular
species or colloid spheres into one-, two-, and three-dimensional
periodic structures.'”'® The assembly of colloidal spheres is the
most commonly employed strategy for constructing PBG materi-
als given its relatively simple procedure and cost-efficiency for

INTRODUCTION

In recent decades, photonic crystals (PCs) or photonic bandgap
(PBG) materials have emerged as promising materials due to
their unique light attenuation properties. The specific periodic
dielectric (or refractive index) architectural construction of

these species can strongly confine and control the propagation
of electromagnetic (EM) waves for certain frequency ranges,'™
thereby giving rise to the PBG. Thus, extensive and prospective
development of many applications such as smart windows,
chemical sensors, optical devices, and memory devices ™! is
based on these features.

The numerous approaches for construction of PBG materials can
be roughly classified into two categories, i.e., top—down and
bottom-up methods.'* The top-down approaches are often car-
ried out using traditional microfabrication techniques, such as
photolithography and etching,'*™'¢ to produce periodical struc-
tures with the desired shape from bulk materials. The bottom—up
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large-scale production.’®*® Typical colloidal crystals are ordered
arrays of highly monodisperse oxides or polymer spheres because
these species can readily be synthesized with the desired diame-
ter.”! The sol-gel process is typically employed for synthesis of
oxide materials such as SiO,, TiO,, and ZnO, whereas the con-
ventional polymer spheres of PS, PMMA, and their cross-linked
products are generally synthesized by soap-free emulsion poly-
merization (or using surfactants).>'* However, such colloid
spheres are always “hard” beads. Consequently, the photonic
crystal films constructed using these spheres exhibit less than sat-
isfactory mechanical properties.

To resolve these issues, a number of interesting approaches for
the construction of PBG films with high toughness have been
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developed.”™" These strategies can be classified into two divi-
sions. The first approach achieves enhanced linkage among the
colloid spheres by various means, such as sintering the PBG
film at high temperature,’®** or coating the polymer PBG with
a thin silica layer.™* However, a more effective method involves
direct arrangement of narrow-size modified, or core—shell
spheres into the PBG film. For example, Leyrer’s group synthe-
sized various modified spheres with different functional groups
on the surface of the spheres and subsequently assembled them
to generate covalent or physical cross-linking among the PBG
films. In this way, a 10-fold enhancement of the chemomechan-
ical stability of the PBG films was achieved.”® Successful con-
struction of tough PBG films has also been reported using rigid
core/soft shell spheres such as polystyrene (PS)/poly(butylme-
thacrylate), PS/poly(methyl methacrylate-acrylic acid), and PS/
poly(N-isopropylacrylamide)'>*>*> by arrangement of the rigid
cores into periodical lattices, while the soft shell provides the
binding force between the surfaces of the spheres. In the second
approach, instead of simply enhancing the binding force
between the contact areas of the spheres only, prepolymers or
monomers are introduced into the voids of the colloidal crystal,
which are subsequently cured or polymerized to directly replace
the air void with the elastic polymer, thus increasing the bind-
ing area. For example, Fudouzi’s group fabricated an elastic sili-
cone PBG film with reversibly tunable color by embedding the
ordered PS colloid into poly(dimethylsiloxane) (PDMS).*® Fou-
gler’s group demonstrated that a similar film could also be fab-
ricated by locking the PS colloid crystal
polyacrylate, with a consequent shift of the bandgap by more
than 300 nm.”’ A particularly unique technique was pub-
lished by Hellmann and co-workers, demonstrating that tough
PBG films devoid of air voids could be obtained based on the
use of a cross-linked PS core and soft polyacrylate shell spheres
which assist the melt-flow process.**™>" Although these strategies
can be successfully used to prepare tough PBG films, the syn-
thesis of core—shell spheres is necessarily tedious and multi-step
film-formation processes are required.

in water-free

Thus, since 2009, Wu and co-workers published a series of litera-
ture’®'™* describing an attractive, novel, and simple approach
for constructing tough PBG films. This approach is different
from the use of normal colloid PBG films using hard spheres as
periodical lattices, in that the tough films were constructed based
on soft monodispersed spheres by binding with nanosilica par-
ticles. In this manner, the binding force was directly supplied by
the entirety of the soft spheres, thus, the film exhibited sufficient
mechanical durability to withstand further processing, e.g., cut-
ting, puckering, bending etc.”® Although the film-formation
processes were relatively simple, the PBG films still had to be
self-assembled from blended suspensions at room temperature
over the course of one day. Furthermore, the contrast in the
refractive index was mainly between the organic polymer and
inorganic SiO,, where the synthesis of inorganic silica particles is
necessarily time-consuming and these species are not readily
complexed, and their physical properties are not easily changed
by surface modification. To simplify the preparation procedures
and extend the application fields, the SiO, nanoparticles with
high refractive index were replaced with a designed organic

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

40276 (2 of 9)

Applied Polymer

SCIENCE

nanoparticle to construct an organic/organic matrix, without
inclusion of any inorganic portion in the PBG films. Based on
our previous work,'”***> monodispersed polymer spheres with
the desired Tg, diameter, and even core—shell structure were easily
synthesized within 2 h in the boiling state. In this study, we eval-
uate the changes in the interaction between the two categories of
spheres with variation of the functional groups. Based on this
concept, soft monodispersed spheres with various T, are readily
synthesized using small PS and are subsequently blended with
each other for self-assembly at 50°C over 3 h to generate the
PBG films. The entire duration of the reaction, from the synthe-
sis of the spheres to complete assembly, is only 5 h. Variation of
the PGB is achieved by changing the diameter of the soft spheres,
and the mechanical properties of the PBG film are easily tailored
from typical elastomer behavior to brittle plastic polymer type
behavior by tuning the sphere T, or filling ratio of small PS.

EXPERIMENTAL

Materials

The reagent-grade monomers, styrene (St), methacrylic acid
(MAA), and sodium p-styrenesulfonate (NaSS) were purchased
from SHOWA. Butyl methacrylate (BMA) and butyl acrylate
(BA) were obtained from Acros. All monomers were purified by
vacuum distillation. Potassium persulfate (KPS), used as the ini-
tiator, was acquired from SHOWA.

Preparation of Spheres with Different T,

Based on the Fox equation, monodisperse spheres with different
T, were designed by varying the feeding ratio of St, BMA, and BA.
The formulations are shown in Table I. Initially, deionized water
was mixed with the mixture of monomer and 540 pL MAA in a
250 mL three-necked flask equipped with a reflux condenser. The
reaction mixture was mechanically stirred at 420 rpm, and the
reaction temperature was then increased to achieve the boiling
state. After 5 min, 5 g of deionized water, in which 0.0876 g of
KPS was dissolved, was added to the reaction mixture. The poly-
merization reaction was terminated after 2 h. The particle diame-
ter was estimated from SEM observation of more than 100
particles to ensure accuracy based on following equation:

D,= (Z n;D;/ Z ni>

where the terms D,,, D;, and n; represent the number-averaged diam-
eter, the particle diameter, and amount of particles, respectively.

Preparation of Small PS Spheres

Small PS spheres were synthesized by soap-free emulsion poly-
merization in the boiling state. The typical procedure is as fol-
lows: 85 g of deionized water, 10 g St, 0.6 g NaSS, and 540 pL
of MAA were combined in a 250 mL three-necked flask. The
reaction mixture was mechanically stirred at 420 rpm, and the
reaction temperature was increased to achieve the boiling state.
After 5 min, 5 g of deionized water containing 0.0876 g of dis-
solved KPS was added to the reaction mixture. The polymeriza-
tion was stopped after 2 h.

Fabrication of Opal Films

Various sphere-suspensions with equal solid content (10 wt %)
were blended with the required amount of small PS colloid, and
magnetically stirred for 5 min. This dispersion was
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Table I. The Preparation Conditions” and the Results from DLS and DSC of Polymer Spheres

St (g) BMA (g) BA (g) Tg Fox” (°C) Tg. psc® (°C) N-mean (d nm) PdI¢ D,% (nm)
10 = = 116 112 178 0.048 179
1.9 51 - 53 50 167 0.026 153
= 7 = 895 26 153 0.073 145
- 52 1.8 10 8 176 0.076 160
= 3.1 39 =i5 —-20 205 0.068 145
- - 7 —-45 -34 281 0.008 224

2Reaction condition : Total amount : 100 g, MAA, 5 wt %; KPS, 3.6 mM; reaction temperature, 100°C; reaction time, 2 h.

®Predicted by Fox equation.
¢Determined from DSC.
dDetermined from DLS.

¢Number-averaged diameter was determined by a survey of 100 particles from SEM.

ultrasonically treated for 2 min, and 5 mL of suspended par-
ticles was subsequently spread onto a 10 X 10 cm polytetrafluo-
roethylene plate and dried at 50°C for 3 h. The water of latex
was evaporated, during which the spheres in the latex were self-
assembled into the ordered lattice.

RESULTS AND DISCUSSION

Fabrication and Structure of PBG Film

In this study, a series of PBG films were fabricated by casting
the blended polymer suspension on the polytetrafluoroethylene
substrate at 50°C for 3 h. The blended polymer suspension con-
sisted of two categories of spheres distinguished by the sphere
diameter. The latex of the copolymer spheres with larger diame-
ter (approximate D, of 200 nm) and various T, which were
denoted polymer spheres for convenience, was then blended
with the small PS (D, =20 nm) to produce the blended poly-
mer suspension. These small PS can hamper deformation and
coalescence between the soft spheres during the film-forming
process. Thus, the monodisperse soft spheres can stack tightly
after self-assembly, and the voids between the polymer spheres
are filled with small PS to form a three-dimensional polymer—
polymer ordered structure.

Correlated literature®” indicated that the mechanical properties
of the colloid PBG film were significantly affected by the T, of
the component particles. However, most of the reported colloid
PBG films were constructed with core—shell spheres, or single
category spheres, and only a few studies by Wu’s group dis-
cussed blend PBG films.*>*'">* Thus, to investigate the relation-
ship between the sphere T, and film properties, polymer
spheres with different T, were synthesized herein, the formula-
tions and correlated analysis data of which are shown in Table
I. The softness of the polymer spheres is dependent on the
monomer feed-in proportion of St, BMA, and BA. A series of
spheres with different T, were designed based on the Fox equa-
tion, such that the predicted T, values were in the region of
—45°C to 116°C, which roughly corresponded to the measured
values from DSC. The diameters of the spheres prepared from
the mixture of the monomer of BMA and BA decreased as the
proportion of BMA in the monomer mixture increased. This
trend was attributed to the difference in the extent of water
solubility of BMA (3 g/L) and BA (1.4 g/L). The higher water
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solubility of BMA furnishes more nuclei sites in the aqueous
phase, while the polymerization process occurs during the parti-
cle nucleation stage. Thus, increasing the proportion of BMA in
the monomer mixture produced a larger number of spheres,
leading to the decrease in diameter. Similar results were also
observed when St and BMA were used as the feed-in monomer.
The diameter of the PS spheres was 178 nm, which was larger
than that of the P(St-co-BMA) spheres of 167 nm. Comparison
of the water solubility of St versus BMA showed that St (300
mg/L) was more difficult to dissolve in water, thus forming
fewer nuclei sites at the particle nucleation stage, with conse-
quent formation of fewer spheres with larger diameters. DLS
results indicated that the spheres of each copolymer displayed
low PDI (<0.08) values, which demonstrates that monodis-
persed copolymer spheres could be synthesized as the feed-in
composition of the monomers was varied.

The small PS sample was synthesized with the aid of the NaSS
comonomer to reduce the diameter. The PDI value of 0.139
derived from DLS indicated that the spheres exhibited mid-
range polydispersity. However, the optical properties of the PBG

Figure 1. Surface morphologies of small PS spheres.
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film were mainly determined by the periodical structure con-
structed by the polymer spheres. The small PS functioned only
as the filler within the interstices of the PBG film. Thus, the
diameter is the paramount parameter for ensuring that the
internal structure is maintained, whereas the size should be
smaller than the void between the polymer spheres. Based on
the DLS analysis, the PS diameter (20 nm) was sufficiently small
for use as a filler, and the surface morphologies are shown in
Figure 1. The small PS sample exhibited a spherical morphol-
ogy, and the diameter derived from SEM was analysis was con-
sistent with the DLS result, i.e., distributed around 20 nm. The
higher T, and smaller diameter of the PS sample makes it useful
as part of the framework of the PBG film after film formation.

The architectural arrangement of the PBG films prepared from
polymer spheres with various T, having a small PS content of
25 wt % was observed using SEM, and the upper surface and
cross-sectional images are shown in Figure 2. Highly ordered,
close-packed lattices with perfect face-centered cubic (FCC)
array were observed for each of the samples. The polymer
spheres were hexagonally arranged with the small PS occupying
the interstices. These observations demonstrate that the polymer
spheres of various T, can self-assemble into three-dimensional
periodic structures with the aid of the small PS colloid. The
SEM images also revealed that the surface morphologies of the
PBG films were significantly altered with variation of the T, of
the polymer spheres. In the case of the PBG film constructed
using polymer spheres with a T, of 112°C [Figure 2(a)], clear
barrier ribs were observed between the interfaces of the polymer
spheres, delineating the spherical shape with curved surface, and
the distinct interior boundaries also indicated that the ribs were
constructed from small PS. The diameter of the polymer spheres
of 179 nm, which was roughly estimated from the SEM images,
was highly consistent with the value (178 nm) from DLS. With
the progressive decrease of the T, of the spheres from 112°C to
—34°C, the curved surface surrounded by small PS became uni-
formly flat [Figure 2(b)], and the array of small PS gradually
became less distinct [Figures 2(c—f)] until a nearly smooth sur-
face without any discernible small PS was apparent [Figure
2(f)]. These observations are indicative of coalescence, fusion,
and formation of a continuous phase during the film-formation
process as the T, of the polymer spheres decreased. However,
the values of the diameters derived from DLS were consistently
larger than those calculated from SEM. This may be attributed
to shrinkage of the soft polymer spheres due to capillary force
during the film-formation process, or the arranged small PS
covered a part of top surface of sphere, which resulted in the
discordant diameter values. It is well known that the mobility
of molecular chains is strongly dependent on the T, of the poly-
mer. Because the T, of the spheres is higher than the assembly
temperature of 50°C, the mobility of the spheres in the polymer
chain was restricted, and the polymer displayed glassy behavior.
Thus, the distinct spherical shape was observed. As the T, of
the spheres decreased to below the assembly temperature, the
mobility of the polymer chain increased to give a flexible, rub-
berlike polymer. Therefore, the polymer spheres coalesced
slightly and fused with each other for sphere T, values of 8°C
and —20°C, thus covering part of the small PS in the cavity
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and interstices [Figures 2(d,e)]. When the T, of the spheres was
decreased to —34°C, the highly flexible polymer chains of the
spheres coalesced even further and fused, thus obscuring the
array constructed by the small PS, resulting in a nearly smooth
surface, even though the long-range ordered structures of small
PS were still embedded under the smooth surface.

As mentioned above, the ordered array embedded in the PBG
film was constructed by small PS. The content of small PS plays
an important role in preventing coalescence of the polymer
spheres and ensuring the formation of the periodic structure.
Although difficult to observe for the T, of —34°C (Figure 2),
spheres were used to construct the PBG film. Thus, PBG films
employing spheres with the higher T, of 26°C are presented, and
the surface morphologies of the PBG films with various small PS
contents are shown in Figure 3. In the case of insufficient small
PS content, a pure polymer film was similarly apparent with
many surface caves, and it was difficult to observe any visible
ordered structure [Figure 3(a)]. When the small PS content of
the film exceeded 10 wt %, the films exhibited an ordered array
of polymer spheres [Figure 3(b—e)] and the surface caves disap-
peared. The caves were due to channels formed by evaporating
water. As sufficiently rigid PS was filled into the PBG film, the
interstices between the rigid PS provide channels to assist evapo-
ration of water out of the film, thus the surface caves disap-
peared. The variation of the surface morphologies implied that
the architectural construction was changed as illustrated in Figure
4. In the case of the PBG film with a low content of small PS,
the small PS was insufficient for construction of the barriers to
prevent coalescence, and thus, the polymer spheres collapsed.
When the appropriate content of small PS was present, the poly-
mer spheres were precisely enclosed by barrier ribs constructed
by small PS, giving rise to the ordered structures. However, as
progressive increased the small PS content, the polymer spheres
were encircled by more than one layer of small PS. Added small
PS layers were arranged along with the curve surface on sphere
top, resulting in small encircled diameter.

Optical Properties of PBG Films

To ensure that the photonic stop bands were present in the PBG
films of different softness, and that the long-range ordered struc-
ture was indeed embedded in the films, the PBG films con-
structed by varying the T, of the spheres (constant small PS
content of 10 wt %) were further examined by acquisition of the
reflection spectra shown in Figure 5. The evidently monochro-
matic films ranging from blue to green exhibited sharp reflected
peaks at the respective positions, which were blue-shifted from
562 nm to 462 nm as the T, of the sphere increased from
—34°C to 26°C. The films constructed with spheres having a T,
higher than 26°C exhibited inferior film properties with obvious
cracks and fragments. The decrease in the stop band could be
explained based on Bragg’s diffraction law:

;vmax:2dlllm (1)

where d;;; represents the distance between the crystalline [111]
planes in relation to the sphere diameter D; d = 0.8165 D based
on the fcc structure. The symbol .4 represents the effective
refractive index, and in this experiment, . is expressed by the
following equation:
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Figure 2. Surface morphologies of opal film constructed by various T, spheres blended with 25 wt % small PS. (a) 112°C, (b) 50°C, (c) 26°C, (d) 8°C,
(e) —20°C, (f) —34°C.

— length of the stop band not only increases in direct proportion
nff_\/f lymer 7 polymer + f(pS+air) 1> (s +ai (2) & P Y
‘ polymer - polymer TIPS -ain) TS ain) to the diameter but is also affected by the refractive index of
where foolymer and fips + airy are the filling ratio of the polymer  the spheres. As shown in Table I, the diameter of the spheres
spheres and of small PS plus air, respectively. Thus, the wave-  decreased dramatically from 281 nm to 153 nm as the T, of the
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Figure 3. Surface morphologies of opal film prepared by 26°C T, spheres blended with different small PS content. (a) 5 wt %, (b) 10 wt %, (c) 15 wt
%, (d) 20 wt %, (e) 25 wt %.

spheres increased, with a consequent blue-shift of Ay..  ngpwere able to obtain by a straight line in the plot of Jmax” VS.
Although calculation of the theoretical refractive index of the  sin® 0 [from eq. (1)]. Therefore, the 1., positions of PBG film
copolymer was difficult, the prediction of sphere diameter and  constructed by T, of —34°C spheres were recorded in different
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at 50°C.
e >
Appropriate content of
small PS
Polymer sphere Small PS
Excess small PS

Figure 4. Illustrations of architectural construction prepared by different small PS content. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

incident light directions, and the correlation plot shown in
Figure 6. The very close results between fitted diameter (222 nm)
and diameter from SEM (224 nm) confirmed that these structures
exhibit Bragg diffraction, which also indicated that the fitted n.g
of PBG film was about 1.52. However, it also certified that the
PBG film can be prepared by using spheres of various T,

Mechanical Properties of the PBG Film
Due to the generally inferior mechanical properties of colloid
PBG films, many studies have focused on improving the film

——26C
-------- &%

- 20°C
—— 34°C

R(%)

- - T v -
400 500 600 700 800
Wavelength(nm)

Figure 5. Reflection spectra of opal film Prepared from different T, of
polymer spheres blended with 10 wt % small PS.
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properties.”> ' Herein, the PBG film was constructed from
polymer spheres only. The mechanical properties could easily be
controlled by two main approaches to satisfy the requirements
of various specific applications. One strategy involves adjusting
the T, of the component polymer spheres, and the second
involves varying the filling ratio of soft polymer spheres relative
to small PS. These PBG films were subsequently subjected to
tensile tests, recorded as stress—strain diagrams. The tensile

310000

300000 4 ™ o
290000

280000 ‘m

32 (nm?)

270000 L
260000 4 “m

250000 - S

240000 T T T T
0.0 0.1 02 03 0.4 05

.2
sine
Figure 6. Plot of square of 2% max (reflection maxima) vs sin® 0 of angle of
incidence to the PBG film constructed by of —34°C spheres. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40276



http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

behavior of the PBG films constructed from spheres with various
T, using 10 wt % small PS is shown in Figure 7. A dramatic
increase in the Young’s modulus of the PBG films was observed as
the T, of the spheres increased from —34°C to 8°C, accompanied
by an increase in the ultimate tensile strength from 0.65 Mpa to
4.7 Mpa, whereas the elongation declined from 828% to 16%.
With progressive increase of the T, of the spheres to exceed 26°C,
the films exhibited cracks and even displayed powder-like proper-
ties, making it difficult to perform the tensile test. On the other
hand, the characteristics of the stress—strain curves also gradually
changed from typical elastomer type behavior to brittle plastic
polymer behavior as the T, of the spheres increased. A similar col-
loid PBG film constructed using core—shell spheres has been pub-
lished by Hellmann’s group, where the novel film-formation
process of thermal uniaxial compression was necessary, during
which, the hard cores were arranged into a crystalline lattice, and
the soft shell was merged during flow in the melt. Although shear
force and thermal extrusion were used to enhance the film proper-
ties, the ultimate tensile strength was still in the range of ca. 2.5
Mpa. Wu’s group also successfully prepared organic/inorganic
PBG films from blended spheres without the use of complex pro-
cedures. Soft spheres with T, values of —2°C and 21°C were
blended with small SiO,, and subsequent drying at room tempera-
ture for 1 day furnished the elastic PBG film. The results of tensile
tests indicated that the ultimate tensile strengths achieved were
about 0.5 Mpa and 3 Mpa, respectively. Based on the aforemen-
tioned reports, the maximum recorded ultimate tensile strength of
this type of colloid PBG films was about 3 Mpa, whereas the as-
prepared organic/organic blend film developed herein exhibited a
higher ultimate tensile strength of 4.7 Mpa.

To further extend the tunability of the PBG film, the spheres
with a T, of —34°C were blended with various amounts of small
PS as a second approach; the tensile behaviors of the films are
shown in Figure 8. Excellent deformability was achieved using 5
wt % small PS, with a film strain of 1236%. As the content of
small PS in the film increased, the deformability exhibited a
declining trend, accompanied by an increase in the ultimate ten-
sile strength. The ultimate tensile strength reached 1.2 Mpa for a
small PS content of 20 wt %, and the leathery property was

— 8&C
-20°C
<t [ -34°C
T 3+
o
=
17}
1]
5 2
= 4
14 i "
......... ) T
|
0 T I T——
0 200 400 600 800 1000 1200

Strain(%)
Figure 7. Stress—strain curves of opal film composed of different T, of
spheres and 10 wt % small PS.
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Figure 8. Stress—strain curves of opal film prepared by —34°C T, spheres
blended with different small PS content.

retained. However, the stress—strain curves deviated from typical
elastomer behavior to brittle plastic polymer type behavior as the
PS content was increased to 25 wt %. These results demonstrated
that the mechanical properties of PBG films can be tuned by
varying the small PS content in the range of 5-25 wt %.

CONCLUSION

In this study, a rapid, novel, and feasible approach for fabricating
the PBG film was developed by blending two types of organic sus-
pended spheres. Both types of spheres were synthesized by soap-
free emulsion polymerization in the boiling state for 2 h. Spheres
with a larger diameter (approximate D, of 200 nm) and T, values
in the region between —45°C to 116°C were designed based on
the Fox equation; the predicted T,s of which were highly consist-
ent with the T, values from DSC. Small PS was synthesized with
the aid of NaSS comonomer to ensure that the diameter was less
than 50 nm. Blended suspensions of various compositions were
subsequently self-assembled at 50°C for 3 h to obtain the PBG
films. Evaluation of the architectural construction using SEM indi-
cated that the soft polymer spheres were hexagonally arranged,
and the small PS occupied the interstices when the appropriate PS
filling ratio was utilized. Sharp PBG peaks observed in the UV-Vis
spectra further confirmed that the PBG films could be constructed
using spheres of various T, Variation of the diameter of the
spheres from 281 nm to 153 nm effected a blue-shift of the maxi-
mum absorption of the tunable PBGs from 562 nm to 462 nm.
Tensile tests indicated that the mechanical behavior of the PBG
films can be tuned from typical elastomer behavior to brittle plas-
tic polymer behavior with variation of the T, of the component
spheres from —34°C to 8°C, or by varying the PS filling ratio
from 5 wt % to 25 wt %. Based on these two approaches, an ulti-
mate tensile strength and a maximum elongation of 4.7 Mpa and
1236%, respectively, could be achieved.
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