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Abstract—Carbon-embedded ordered macroporous titania (C-MAC TiO,) spheres are prepared in solution by the
cooperative self-assembly of polymer beads and a titania precursor within evaporative emulsions and subsequent direct
carbonization. Because the highly reactive titania precursors are easily crosslinked to form gels early in evaporation
before the polymer beads are self-organized, non-reactive toluene-in-formamide emulsions are used. These non-aque-
ous emulsions should be stable at relatively high temperatures (~80 °C) for the evaporation process. We found that
amphiphilic triblock copolymers of poly(ethylene oxide) (PEO) and poly(phenylene oxide) (PPO) with longer PEO
chains (Pluronic® F108 (EO,,5-b-POg-b-EQ,,s) are required to stabilize those non-aqueous emulsions, and become
more important at higher concentrations used for bulk fabrication. The carbon inside our C-MAC TiO, significantly
suppresses strong multiple scattering from structural defects or imperfections, thus emphasizing their Bragg reflection
colors.
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INTRODUCTION

Colloidal particles can be assembled into crystalline structures
that may show structural colors corresponding to their optical stop
bands, as shown in opal gemstones and Cotinga maynana feath-
ers [1,2]. Moreover, hollow colloidal particles can show structural
color upon self-assembly [3]. The manipulation of light in such col-
loidal photonic structures is important in integrated optoelectronic
devices [4]. In addition, their highly reflective colors are significant
in the development of colorimetric sensors and electronic papers
[5,6]. For better mechanical stability, inverse opal structures and
ordered macroporous structures are also fabricated by templating
colloidal crystals of polymer beads with metal oxides such as sil-
ica, titania, tin dioxide, and alumina [7-10]. In particular, the high-
est-refractive-index non-absorbing material of titania has been ex-
tensively explored for inverse opal structures because it may show
strong Bragg reflections with fewer layers. Because of the high spe-
cific surface areas and semiconducting properties of colloidal crys-
tals of metal oxides, they have been implemented for various ap-
plications such as catalytic supporters, photocatalysts, sensors, water-
splitting, and dye-sensitized solar cells [11-15]. However, because
of imperfections or defects within macroporous titania, multiple
scattering dominates Bragg-reflected colors; it is even stronger for
materials with high index mismatches (e.g., TiO,-Air) [16], which
appear white in most cases.

In this article, we report the synthesis of carbon-embedded mac-
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roporous titania (C-MAC TiO,) spheres in solution by the evapo-
ration-induced cooperative assembly of polystyrene (PS) beads and
titania precursor inside toluene-in-formamide emulsions with sub-
sequent direct carbonization. Because of the broadband light ab-
sorption of carbon [17], multiple scattering from structural defects,
which is independent of wavelength, can be significantly suppressed.
Recently; carbon black nanoparticles were included to suppress multi-
ple scattering in colloidal glasses and crystals [18-20]. In our approach,
hydrocarbons within the materials were directly converted into car-
bon without disturbing the colloidal structures. To prepare macro-
porous titania spheres, toluene-in-formamide emulsions with PS and
titania precursors were used in previous reports [21,22] in which
amphiphilic triblock copolymers (Pluronic” P123) were used as stabi-
lizers for the non-aqueous emulsions at relatively lower concentra-
tions. However, we found that the P123 surfactant with short poly
(ethylene oxide) (PEO) chains was insufficient to stabilize emul-
sions at high concentrations or large scales at relatively high tem-
peratures for the evaporation process. Pluronic® F108, having longer
PEO chains, could stabilize concentrated non-aqueous emulsions
even at high evaporation temperatures.

EXPERIMENTAL

1. Materials

Sodium hydrogen carbonate (NaHCO;, 99%) and formamide
(98.5%) were purchased from Junsei. PEO-b-PPO-b-PEO (EO,,;-
POEQO,y5, Pluronic® F108, M, =14,600 g/mol), 4-styrenesulfonic
acid sodium salt hydrate (NaSS), divinylbenzene (DVB, 55%), and
titanium butoxide (TBT, 97%) were purchased from Aldrich. Potas-
sium persulfate (KPS), toluene (99.5%), and styrene monomers
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(99.5%) were purchased from Samchun. All reagents and solvents
were used as received without any purification.
2. Synthesis of Crosslinked PS Beads

Crosslinked PS beads were synthesized by emulsifier-free emul-
sion polymerization. Typically, NaHCO; (0.75 g), DVB (0.5 g), NaSS
(0.1 g), and styrene (35 g) were dissolved in 430 mL of deionized
water. Then, the mixture was heated and stirred at 70 °C while purg-
ing with nitrogen gas. In 30 min, 0.1 g KPS was carefully introduced
as an initiator into the mixed solution, which was stirred for 24
hours at 70 °C under nitrogen atmosphere.
3. Preparation of C-MAC TiO, Spheres

The suspension of cross-linked PS beads in toluene (1 wt%, 1 mL)
was mixed with 0.01 g TBT and stirred for 30 min, before emulsi-
fying with formamide (0.98 g) and amphiphilic triblock copolymers
(Pluronic® F108, 0.2 g) using a mechanical homogenizer (IKA) at
5,000 rpm for 30's. While annealing the sample at 80 °C for 24 h,
the toluene was removed and the hydrolyzed TBT was condensed,
yielding composite spheres of PS beads and TiO,. The composite
spheres were washed with ethanol and water four times by gentle
centrifugation and re-dispersion. C-MAC TiO, spheres were pro-
duced by heat treatment under nitrogen atmosphere for 6 h at 540,
700, 800, or 900 °C.
4. Characterization

The shapes and pore structures of the C-MAC TiO, spheres were
observed by field-emission scanning electron microscopy (FE-SEM;
JEOL, JSM-7500E Japan) and high-resolution transmission electron
microscopy (HR-TEM; Tecnai, G2F30). The reflection spectra of
the C-MAC TiO, spheres were measured using a fiber-coupled spec-
trophotometer (Ocean Optics Inc., BH-2000-BAL). For in-depth
analysis of the reflection spectrum from a single C-MAC TiO, sphere,
custom-built spectroscopic microscopy was performed, equipped
with an imaging spectrometer (IsoPlane, Princeton Instruments)
and a charge-coupled device (CCD) camera (PIXIS-400B, Prince-
ton Instruments) on an optical microscope (Nikon Eclipse). The
cross-sections of the PS-TiO, spheres were prepared and observed
by focused ion beam (TESCAN, LTRA3 XMC). The crystal phases
were measured by high-resolution X-ray diffractometry (XRD; Dis-
cover, D8). The carbon content was measured using an elemental
analyzer (Elementar Analysensysteme GmbH, Elementar Vario EL
cube).

RESULTS AND DISCUSSION

1. Scalable Synthesis of C-MAC TiO, Spheres

As shown in Fig. 1, the suspension of crosslinked PS beads and
TiO, precursor (TBT) in toluene is emulsified into formamide instead
of water because of the high reactivity of TBT in water. Then, emul-
sions are annealed at the relatively high temperature of ~80 °C for
the slow evaporation of toluene through the formamide into the
air. This induces the co-assembly of PS beads within the emulsions,
producing composite balls of PS beads and amorphous TiO,. Finally;
the composite balls of PS and TiO, are heat-treated at >540 °C under
nitrogen atmosphere. During the heat treatment process, the hy-
drocarbons within the amorphous titania or PS are decomposed;
some of them are directly converted into carbon inside the polycrys-
talline anatase titania matrix, which yields C-MAC TiO, spheres.

(d)
) PS beads @ @

+ TBT

Toluene @ @

Emulsification - Carbonization

Evaporation Q'.

Formamide+F108

Fig. 1. Scheme of synthesis of C-MAC TiO, spheres. (a) TBT and PS
beads are dispersed in toluene and (b) the toluene dispersion
is emulsified into formamide by a homogenizer. (c) The emul-
sions are heated and annealed at 80°C in order to remove
toluene, yielding composite spheres of PS-TBT. (d) Finally,
C-MAC TiO, spheres are obtained by carbonization under
nitrogen atmosphere.

In Fig. S1, the PS-TiO, composite balls and TiO, spheres without
carbon both show bright white colors because of multiple scatter-
ing, which is much stronger than the structural color induced by
Bragg reflection. However, in our carbon-embedded spheres, the
structural color appears clearly in the visible region because multi-
ply scattered light is significantly suppressed via effective absorp-
tion in the embedded carbon.

Because non-aqueous emulsions are unusual, it is challenging to
choose proper surfactants to stabilize them. At low concentrations,
several surfactants were reported for stabilization at room tem-
perature in a previous article [21]. We first tried triblock copoly-
mers with short PEO brushes (Pluronic® P123, EO,;-PO,,-EO,,)
as a stabilizer for a high-concentration emulsion. However, at high
concentrations, stabilization was not achieved. Instead, the emul-
sion became even more unstable during evaporation at ~80 °C. By
contrast, another surfactant with longer PEO brushes (Pluronic®
F108) could stabilize the toluene-in-formamide emulsions at rela-
tively high concentrations (>20vol%) and high temperatures (>80 °C),
as shown in Fig. 2.

Through the slow evaporation of the highly stable toluene-in-for-
mamide emulsion with F108, composite spheres of TBT and PS
beads were formed; C-MAC TiO, spheres were prepared by a post-
thermal annealing process, as described in the experimental sec-
tion. To control the pore-to-pore distance or wall thickness, we
manipulated the weight ratio (@) of TBT to PS. As shown in Fig.
3(a), the macropores are loosely packed and disordered for a=5.
However, for <2, they are closely packed and ordered, as shown
in Fig. 3(b)-(d), in which the wall thickness decreases as o decreases
(Fig. S2). Because of the high reactivity of TBT, amorphous titania
gels are formed around the PS beads during the evaporation pro-
cess; these gels are solidified in the annealing step. The internal struc-
tures of the PS beads in the composite spheres and the macropores
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Fig. 2. (a)-(d) Photographs of toluene-in-formamide emulsion stabilized with (a), (b) F108 and (c), (d) P123 surfactants (a), (c) before and
(b), (d) after heat treatment. (e)-(h) Size distributions of emulsions with (e), (f) F108 and (g), (h) P123 surfactants (e), (g) before and
(f), (h) after heat treatment, as obtained by analyzing optical micrographs (insets).

in the porous spheres are confirmed in TEM imaging (Fig. S2). As
shown in the high-magnification TEM images in Fig. S2(a)-(d), as
the TBT ratio increases, the pore-to-pore distance in the macropo-
rous TiO, spheres is increased; the wall thicknesses are 247, 265,
and 280 nm for a=0.5, 1, and 2 (i.e, TBT:PS=1:2,1:1,and 2: 1),
respectively. For the precise analysis of the internal structures, we
prepared cross-sections of the PS-TiO, composite balls using FIB; the
sections show hexagonally arranged structures, as shown in Fig. S3.
2. Reflective Colors from Single C-MAC TiO, Sphere

Because of Bragg reflections or optical stop bands of the inter-
nal ordered structures, our C-MAC TiO, spheres show strong light

reflections corresponding to their structural periodicity. The wave-
length of the reflection peak can be calculated using the modified
Bragg Eq. (1) [23,24]:

2d
a1z 2Sni [ 2
m

ag—sSin’ 0 1)
where A is the peak of the optical stop band, n,,, (=@n.+(1-
O)Nyakgouna) 18 the volume fraction-weighted average of the refrac-

tive indices of the materials, &is the angle between the reflected light
and the incidence angle, dy (=D/2 /J/h*+K’+I is the spacing

Fig. 3. SEM images of C-MAC TiO, spheres from emulsions with different mixing ratios (¢) of TBT to 300-nm PS beads (TBT: PS) of (a)
5:1,(b)2:1,(c) 1:1,and (d) 1:2. Scale bars are 500 nm and 2 mm for inset.

October, 2018
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Fig. 4. (a) Reflection spectra of single C-MAC TiO, sphere from center to edge of sphere; (b) spectra at five different points near edges in (c)
optical micrograph, in which 300-nm TBT and PS beads are mixed with a 2: 1 mixing ratio and the carbonization temperature of

540°C.

of the diffraction layers of the fcc lattice structure, h, k, and / are
the Miller indices of the crystal structure plane, m is the integer
representing the order of diffraction considered as first-order, and
D is the pore-to-pore distance. Because the densest plane of the
fec lattice is the (111) plane, which is parallel to the surfaces of the C-
MAC TiO, spheres, their specular surface reflection peak wavelength

would be 1= 2242 [
J3

As shown in Fig. 4, in order to understand how our ordered
macroporous spheres reflect light, we measured the reflection spec-
tra from single particles under optical microscopy equipped with
spectroscopy at different positions on the C-MAC TiO, surface.
During the measurement, we fixed the detection area to 15 pixels
and measured the reflection spectra of the C-MAC TiO, sphere at
six different points from the center to the edge. From positions (1),
(3), and (6), reflectance peaks are measured at 542 nm, 520 nm,
and 480 nm (Fig. 4), matching the predicted peak positions of 555
nm, 532 nm, and 474 nm for the angle values of 0, 29, and 45°, re-
spectively. Here, we assume that the refractive index of the matrix
is 2.35, calculated as the average of TiO, and carbon depending on
the volume ratio of carbon, as confirmed in Fig. $4 [25]. Therefore,
the average refractive index of the spheres is calculated as 1.35, in-
cluding the refractive index of air voids. In Fig. 4, as the detection
area moves from (1) to (6), each position shows a different reflec-
tion spectrum and intensity because of the angle dependency. How-
ever, the reflection spectrum and intensity are unchanged at the
same angle. Then, we changed the detection area to investigate the
correlation between intensity and angle. As shown in Fig. S5, we
measured the ultraviolet-visible (UV/Vis) reflections from differ-
ent areas of a single sphere. The reflection from inside the square

area was approximately 544 nm and 465 nm. When the detection
area was enlarged to the red square box, the peak intensity at ~465
nm was increased significantly, while that at 544 nm was increased
gradually because of the collection of light back-reflected from a
wider range of angles. As the results demonstrate, we can limit the
considerable range of angles because the reflection peak is unchanged
over 45°, as confirmed by the matching of the measured and cal-
culated peak. The light behavior may be similar to that of a convec-
tion mirror. Following these results, the reflection spectrum cannot
be perfectly explained by Eq. (2), because the C-MAC TiO, sphere
has a curved, not flat, surface. For the calculation of the reflection
spectrum, we considered the angle dependency.

Because our C-MAC TiO, spheres show polydisperse size dis-
tributions, the effect of sphere size on the reflection spectrum is
investigated, in which the sphere diameter ranges from 16 um to
204 pum (Fig. 5(a)-(d)). The green spot size of the center is increased
as the diameter increases and the reflection peaks remain at 540
nm. Even if the diameter is changed, light is reflected at the same
wavelength for detection areas with the same position. As the reflec-
tion position is moved to the middle and then the central posi-
tions, the reflection intensity is decreased. However, the tail of the
main peak near 450 nm is increased as the diameter increases, cor-
responding to the blue zone of back-reflected light from a wider
range of angles. For larger particles (Fig. 5(c)-(d)), blue colors are
detected at the central position (Fig. 5(g)-(h)). In these results, the
C-MAC TiO, diameter does not affect the reflection spectrum.

3. Reflective Colors from C-MAC TiO, Powder

Previously, we discussed the reflective colors observed from a sin-
gle sphere at different positions. Here, we confirmed reflective col-
ors from the C-MAC TiO, spheres in bulk, which have different
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2142

Relfectance(%)
Reflectance(%)

o 4 |
400 500 600 700 800 400 500 600 700 800

Waveleng ht{nm) W avelenght{nm)

Reflectance(%)

D.-W. Jung et al.

Reflectance(%)

00 1 4
400 500 600 700 800 400 500 500 700 800

Wavelenght{nm) W aveleng hi{nm)

Fig. 5. (a)-(d) Optical micrographs of C-MAC TiO, spheres with diameters of (a) 16.5 um, (b) 18.4 um, (c) 19.3 um, and (d) 20.4 pm. (e)-(h)
Reflection spectra of three different positions (15 pixel) at center, middle, and edge of four different spheres in (a)-(d), in which TBT
and 300-nm PS beads are mixed with 2: 1 mixing ratio and carbonization temperature is at 540 °C.

periodicities based on the ratio of TBT and PS, calcination tem-
peratures, and PS diameters. First, as the weight ratio of TBT to PS
beads increases, thicker TiO, walls are formed, increasing the pore-
to-pore distance (D) and therefore the periodicity. Thereby; the reflec-
tion peak (A1) is shifted to a longer wavelength, as shown in Fig. 6.
At the weight ratio of 5: 1, the macropores are disordered and no
Bragg reflection peaks or reflective colors appear in the spectra or
photographs, respectively. For the other cases, peaks are measured
around 520, 555, and 590 nm for 1:2, 1:1, and 2: 1 weight ratios
of TBT to PS, respectively, which are slightly shorter than the cal-
culated peak wavelengths of 559, 588, and 623 nm from Eq. (2),

-TBT.PS=5:1|
TBT:PS=2:1
ETBT-PSﬂ 1|
——TBT:PS=13

(a) 30
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Fig. 6. (a) Reflection spectra and (b) optical micrographs of C-MAC
TiO, spheres with different mixing ratios of TBT to 300 nm
PS beads. Carbonization temperature is 540 °C. Scale bars are

100 pm.
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respectively. This discrepancy can be attributed to the angle depen-
dency of reflective color on the curved surfaces of single spheres, as
discussed in the previous section.

The pore-to-pore distance and crystalline phase of titania can be
controlled by adjusting the thermal annealing temperature. As the
annealing temperature is increased, the pore-to-pore distance de-
creases gradually. When the PS-TiO, composite spheres were an-
nealed under nitrogen atmosphere at 540, 700, 800, and 900 °C,
the pore-to-pore distances were measured as 292, 286, 286, and 279
nm, respectively. On the other hand, as the annealing temperature
was increased, titania was gradually transformed from anatase to
rutile, as confirmed in XRD patterns (Fig. S6). Up to 700 °C, both
phases of anatase and rutile were detected. However, only the rutile
phase was detected at 800 °C and 900 °C. The carbon content in
the thermally annealed composite spheres was ~15wt% and re-
mained unchanged up to 800 °C, but was decreased to 13 wt% at
900 °C, as plotted in Fig. S4.

Because the rutile phase is dense and high in refractive index, the
reflection peak from the high-temperature-annealed spheres should
be shifted to a longer wavelength. However, the pore-to-pore dis-
tance was decreased much more during heat treatment; therefore,
the reflection peak was shifted to a slightly shorter wavelength instead.
As shown in Fig. 8, the reflection peak wavelengths are decreased
from 610 nm to 584 nm as the annealing temperature increases from
540 °C to 900 °C; these values are well matched with those calcu-
lated from Eq. (2), assuming that the refractive index is 1.36. Nota-
bly, the reflectance peak position was shifted to slightly shorter
wavelength and intensity decreased as the annealing temperature
increased. We speculate that more rutile-phase titania is grown which
and structural disorder is increased slightly at higher annealing tem-
peratures, which may reduce the peak intensity. As shown in the
low-magnification optical micrographs in Fig. 8(b)-(e), the color of
spheres changed from red-brown for the samples annealed at 540 °C
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Fig. 7. SEM images of C-MAC TiO, spheres depending on carbonization temperatures: (a) 540 °C, (b) 700 °C, (c) 800 °C, (d) 900 °C. Scale bars

are 200 nm and 1 pm for insets.
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Fig. 8. (a) Reflection spectra of C-MAC TiO, spheres annealed at dif-
ferent temperatures under either nitrogen or air atmosphere.
(b)-(e) Optical micrographs of C-MAC TiO, annealed at (b)
540 °C, (c) 700°C, (d) 800 °C, and (e) 900 °C under nitrogen
atmosphere. Scale bars are 100 pm.

to green for 900 °C, corresponding to the reflection spectra in Fig,
8(a).

Finally, we changed the size of the PS bead as a template to con-
trol the pore-to-pore distance (D). As shown in Fig. S7, when PS
beads with diameters of 190, 270, 300, and 350 nm were used, the
pore-to-pore distances in the C-MAC TiO, spheres were measured
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©
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Fig. 9. (a) Normalized reflection spectra of C-MAC TiO, spheres
which were prepared by co-assembly of TBT and PS in tolu-
ene droplets and calcination at 540 °C. (b)-(d) Optical micro-
graphs and (e)-(g) powder images of C-MAC TiO, spheres
with the pore diameter (d,..) of (b), (€) 236 nm, (c), (f) 266
nm, and (d), (g) 292 nm. Scale bars are 100 pm.

as 156, 236, 266, and 292 nm, respectively. At the pore-to-pore dis-
tance of 156 nm, the color of C-MAC TiO, spheres was dark blue,

Korean J. Chem. Eng.(Vol. 35, No. 10)
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near the block color, in both optical microscopy and photograph
images. The reflective peak was measured as the UV wavelength
of 360 nm (Fig. S8). As the pore-to-pore distance was decreased,
the reflection of light appeared in the UV range. However, with the
pore-to-pore distances of 236, 266, and 292 nm, the optical micros-
copy images in Fig. 9(b)-(d) and photographs in 9(e)-(g) show the
color change of the spheres from blue to red, respectively, which
are well matched with the wavelengths of the reflection peaks shown
in Fig. 9(a). These results indicate the potential to realize visible- and
UV-light reflective materials by controlling the templating mate-
rial size.

CONCLUSIONS

We prepared thermally stable toluene-in-formamide emulsions
stabilized with Pluronic® F108 surfactant (EO,,5-b-POg,-b-EO,,).
By encapsulating PS beads within the emulsions, composite spheres
were prepared through the slow evaporation of toluene; C-MAC
TiO, spheres were finally produced by the direct carbonization of
PS and organic part of titania precursors. The carbon within the
MAC TiO, spheres suppressed wavelength-independent multiple
scattering. Therefore, Bragg reflection colors in the visible range were
observed from powders of the C-MAC TiO, spheres; the colors
were independent of the rotation angle because of their unique
spherical shapes and pore structures. Furthermore, the reflected
colors could be controlled by changing the weight ratio of the pre-
cursors, the size of polymer beads, and the thermal annealing tem-
perature. Because these materials can be prepared in solution, we
believe that they can be further implemented in various applications
such as pigments, sensors, dye-sensitized solar cells, catalysts, and
others [26-29].
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Fig. S1. Optical micrographs of (a) composite balls of PS-TiO,, (b) MAC TiO, spheres and (c) C-MAC TiO, Spheres for which 300-nm PS
beads and TBT are mixed with 1 : 2 mixing ratio of TBT to PS and carbonization temperature is at 540 °C. Scale bars are 100 pm.

Fig. S3. SEM images of composite ball of PS-TiO, with (a), (b) before
and (c), (d) after cross-section by FIB and TBT : PS ratio is
1:2.

L,

Fig. S2. TEM images of C-MAC TiO, spheres obtained from emul-
sions with different mixing ratios of TBT to 300-nm PS beads
(TBT: PS), which are (a) 5:1, (b) 2:1, (c) 1:1, (d) 1:2. Scale
bars are 200 nm and 1 pm for inset.
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Fig. S4. Element analysis of C-MAC TiO, spheres with different carbonization temperatures that are (a) 540 °C, (b) 700 °C, (c) 800°C, (d)

900 °C.
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Fig. S5. (a) Reflection spectra of single C-MAC TiO, sphere from red and green squares near center of spheres in (b) optical micrograph, for
which 300-nm PS beads and TBT are mixed with 1 : 2 mixing ratio of TBT to PS and carbonization temperature is 540 °C.
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Fig. S6. Change of X-ray diffraction patterns of C-MAC TiO, spheres with different carbonization temperatures which are (a) 540°C, (b)

700 °C, (c) 800 °C, (d) 900 °C.



Fig. S7. SEM images of C-MAC TiO, spheres from emulsions with different pore diameters which are (a) 236 nm and (b) 157 nm. Mixing
ratio of TBT to PS beads is 1:2 and calcination at 540 °C. Scale bars are 200 nm and 1mm for insets.
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Fig. S8. (a) Normalized reflection spectra of C-MAC TiO, spheres which were prepared by co-assembly of TBT and PS (1 : 2 ratio) in the tol-

uene droplets and calcination at 540 °C. (b) Optical micrographs and (c) powder images of C-MAC TiO, spheres with the pore diam-
eter (d,,.) of 156 nm. Scale bar is 100 pm.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


