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ABSTRACT: Surface-modified CdS nanoparticles selectively dispersed in hexagonally

packed poly(ethylene oxide) (PEO) cylinders of poly(styrene-b-ethylene oxide) (PSEO)
block copolymers were prepared. The photoluminescence and ultraviolet—visible char-
acteristics of the presynthesized CdS nanoparticles in N,N-dimethylformamide and in
PEO domains of the PSEO block copolymers were determined. Because of strong
interactions between the CdS nanoparticles and PEO chains, as shown by Fourier
transform infrared spectroscopy, the incorporation of the CdS nanoparticles prevented
the PEO cylinders from properly crystallizing; this was confirmed by differential
scanning calorimetry and wide-angle X-ray diffraction measurements. The intercylin-
der distance between the swollen and reduced-crystallinity CdS/PEO cylinders in
turn increased, as confirmed by small-angle X-ray scattering and transmission elec-
tron microscopy. At a high CdS concentration (43 wt % or 8.3 vol % with respect to
PEO), however, the hexagonally packed cylindrical nanostructure of the PSEO
diblock copolymers was destroyed. © 2005 Wiley Periodicals, Inc. J Polym Sci Part B:

Polym Phys 43: 1220-1229, 2005
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INTRODUCTION

Block copolymers are versatile platform materials
because they can self-assemble into various nano-
structures with periodic thicknesses on the scale
of tens to hundreds of nanometers under the
appropriate compositions and conditions on ac-
count of microphase separation between incom-
patible blocks.!™ The crystallization and mor-
phology of one particular class of block co-
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polymers, crystalline—amorphous diblock copoly-
mers, have been studied extensively. For
example, the morphology and crystallization of
asymmetric poly(styrene-b-ethylene oxide) (PSEO),>%
poly(1,4-butadiene)-b-poly(styrene-r-butadiene),
polyethylene-b-poly(vinylcyclohexane),” and poly-
(butadiene-b-ethylene oxide)®® have been re-
ported. On the other hand, a number of studies
involving nanostructured block copolymers for
nanomasks in lithography,!®!! nanotemplate,?>!
and photonic crystal®® applications have been
reported recently. For instance, ordered Ti/Au,'®
Si, Co,'* and silicon nitride arrays have been
fabricated with block copolymer lithography.
Additionally, Au and Ag nanowire'? and CdSe



and Co nanowire arrays'® have been produced
with polystyrene-b-poly(methyl methacrylate)
(PS-6-PMMA) block copolymers as templates. In
other cases, quasi-regular arrays of Au clus-
ters'* and self-assemblies of both Au and Fe,O5
nanoparticles’® have been synthesized with
micellar polystyrene-b-poly(vinylpyridine) (PS-b-
PVP). The groups of Cohen'® and Schrock!’
have reported the synthesis of Mn-doped and
Tb-doped ZnS, iron—cobalt, iron—nickel, Fe,;Os3,
PbS, ZnS, and CdSe nanoparticles in block
copolymers by organometallic complexes. Sev-
eral groups have also reported the in situ syn-
thesis of CoFes04'® and CdS'® nanoparticles or
the ability to control the spatial location of
nanoparticles such as Au and SiO,%° Pd,?!,
TiOy, and CdS?? by polystyrene-b-poly(ethylene
propylene), polystyrene-b-poly(acrylic acid), PS-
b-PMMA, PS-b-PVP, and PSEO, respectively.
The use of nanostructured block copolymers as
templates to selectively control the spatial posi-
tion of semiconductor nanoparticles in one of the
blocks may lead to several potential applica-
tions.?*?* For instance, periodic high-refractive-
index contrast domains in phase-separated block
copolymers can be used in photonic crystal appli-
cations.?® Nanoparticles with highly efficient
luminescence can be combined with organic
layers in light-emitting devices.?* The incorpora-
tion of nanoparticles into block copolymers, how-
ever, would lead to more complicated mor-
phologies with respect to their pristine state, as
theoretically predicted by the group of Balazs:?®
they used self-consistent field theory and density
functional theory to describe the structure of the
polymer and the nanoparticles, respectively, and
predicted the morphology and their phase dia-
grams. Recently, we have adopted an approach to
synthesize TiOy and CdS nanoparticles via the
attachment of various surface ligands. These sur-
factants can be either hydrophilic or hydrophobic
and tethered to TiO, and CdS nanoparticles by
an ionic or covalent bond. Selective dispersions of
surface-modified TiOs in the polystyrene (PS) or
poly(methyl methacrylate) domains of PS-b-
PMMAZ2® and CdS in the poly(ethylene oxide)
(PEO) domains of PSEO??® have been obtained.
This selectivity leads to a change in the morphol-
ogy of the block copolymer. For instance, the
incorporation of CdS nanoparticles into the PEO
domain of 125,000PS-b-16,100PEO results in a
morphological transformation forming a body-
centered-cubic or simple cubic nanostructure.?®
Moreover, the evolution of the size distribution of
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CdS nanoparticles, from N,N-dimethylformamide
(DMF) solutions to the final polymer composites,
has been reported in detail and measured by
small-angle X-ray scattering (SAXS) in an abso-
lute intensity scale.?”® The binding of CdS nano-
particles promotes the segregation of the PEO
and nanoparticles and leads to spherical CdS/
PEO microdomains in the composite film with
greatly enhanced thermal stability.

In this study, we prepared hexagonally packed
cylindrical (HEX) CdS/PSEO nanocomposites
with lower molecular weight PSEO. The effects of
the CdS nanoparticle concentration on the crys-
tallization and morphology of PSEO diblock
copolymers are reported in detail. Moreover, we
have determined the characteristics of presynthe-
sized CdS nanoparticles in an organic solvent,
DMF, and in PEO domains of PSEO block copoly-
mers with ultraviolet—visible (UV-vis) absorption
spectra and photoluminescence (PL).

EXPERIMENTAL

Cadmium acetate dihydrate [Cd(Ac)e-2H50],
sodium sulfide (NayS-9H50), and mercaptoetha-
nol (HSC,;H,OH) were purchased from Aldrich.
A PSEO diblock copolymer with a molecular
weight of 19,000PS/12,600PEO was purchased
from Polymersource, Inc. CdS nanoparticles
were synthesized with HSC,H,OH as the sur-
factant through the reaction of Cd(Ac),-2H50,
NayS-9H,0, and HSCsH,OH in methanol with a
modification of the kinetic trapping method.?®
The synthetic steps have been reported in detail
elsewhere.??®-260:9 The  gurfactant-modified

Table 1. Characteristic Properties of CdS
Nanoparticles

Crystal
)2 4ge B Cige 2R%.. RPI°  Sizef
445nm 360nm 34nm 20nm 1.12 1.33 nm

2 The edge absorption wavelength of CdS nanoparticles in
DMF as obtained from UV-vis spectra in Figure 1(a).

b The absorption wavelength of the mode of CdS nanopar-
ticles.

¢ The larger size of CdS nanoparticles was calculated with
Jedge from UV—vis spectra with 1.19:26.27

4 The mode of the CdS size was calculated from Apqy.

© RPI was determined with eq. 3.1°

f The crystal size was calculated with the Debye—Scherrer
equation.
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Figure 1. (a) UV—vis absorption and PL spectra of CdS capped with HSC,H,OH in

DMF and (b) X-ray diffraction curve of CdS powder.

CdS, containing a chemically active hydroxyl
surface, became hydrophilic. The basic proper-
ties were determined and are listed in Table 1.
In Table 1, two kinds of CdS sizes, 2Reqqe and
2R hax, calculated individually from edge absorp-
tion wavelengths Zeqge and Amax in the UV-vis

spectrum of Figure 1(a), typically represent the
larger size and mode size in the size distribution
curve of CdS in DMF.'*?¢ The CdS size obtained
from X-ray diffraction is the crystal size and
represents the smallest size; this corresponds to
the fact that we have polycrystalline CdS.



Subsequently, CdAS/DMF was added to a pre-
viously prepared PSEO/DMF solution with stir-
ring. This mixture was dried slowly in vacuo at
323 K and then maintained at 383 K for 24 h;
afterwards, the CdS/PSEO nanocomposite film
was obtained. The preparation of the pure PSEO
films was similar. Thermogravimetric analysis
was used to ensure that no residual DMF sol-
vent was present.

Characterization

SAXS experiments were performed on the BL-
17B1 wiggler beam line at the National Synchro-
tron Radiation Research Center of Taiwan. UV-
vis absorption spectra of a CdS-containing solu-
tion in a quartz cell and CdS-containing block
copolymer films were recorded on an Aglient
8453 UV-vis spectrometer with scanning be-
tween 200 and 1000 nm. PL spectra were
obtained with a Hitachi F4500 fluorescence spec-
trophotometer at room temperature. Wide-angle
X-ray diffraction (WAXD) measurements on the
samples were collected with a conventional rotat-
ing-anode source. Fourier transform infrared
(FTIR) spectra of the samples were obtained with
a Nicolet Protégé-460 spectrometer. Transmission
electron microscopy (TEM) was performed on a
Hitachi H-600 instrument operating at 100 kV;
ultrathin sections of CdS/PSEO nanocomposites
for TEM studies were microtomed with a Leica
Ultracut Uct equipped with a diamond knife and
were subsequently deposited on copper grids. The
glass-transition temperatures (Ty’s) and melting
points (T',,) of the bulk films were obtained with a
Dupont DSC 2910 instrument at a heating rate of
20 °C/min.

Figure 1(a) shows UV-vis absorption and PL
spectra of the CdS nanoparticles. In the UV-vis
absorption spectrum, a blueshift (68 nm) in the
absorption edge (447 nm) with respect to the
bulk value (515 nm) and the appearance of an
exciton shoulder and a blueshift of the absorp-
tion edge indicate that the CdS nanoparticles
were quantum-confined.'®?%® From the absorp-
tion wavelength, the size of the CdS nanopar-
ticles was calculated as follows:25@

E,, —E, = AE, L1 18 (1)

8abs 8ref 2R2 M eR

where E; , is the energy gap of quantum confined
CdS nanoparticles, E; . is the energy gap of bulk
CdS, 4E; is the difference between energy gap of
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bulk and quantum confined CdS, R is the radius
of the partlcle L is the reduced mass of the exciton
G, u t=myt+m,1, where mg ! is the effective
mass of the electron and my, ! is the effective mass
of the hole), and ¢ is the dielectric constant of the
material. From the UV-vis absorption spectrum,
two CdS sizes (3.4 nm for 2R.4e. and 2.0 nm for
2R 1ax), as listed in Table 1, were calculated indi-
vidually from edge absorption wavelengths legge
and Amax. Aedge @Nd Amax correspond to the larger
mean particle size and the mode size in a size dis-
tribution, respectively. The sizes of CdS in DMF,
determined by the energy gaps of semiconductors
from UV-vis absorption spectra, were consistent
with those calculated by SAXS in an absolute
intensity scale in our previous studies.??® The
polydispersity of the sample was assessed by the
calculation of the half-width of the size distribu-
tion (d1/2), 1.4 nm, which is defined as follows:

d1/2 = 2Z%edge — 2R pax (2)

If we assume a Gaussian distribution of par-
ticles, the dq value can be taken to be twice
that of the standard deviation (csz), and 2R, .x
approximates the mean particle diameter
(2R pean)- Then, a simplified radius polydisper-
sity index (RPI) can be defined as follows:®

RPI = (698/2Rmean)” + 1 (3)

As shown in Table 1, RPI for the CdS nanopar-
ticles in this case was approximately 1.12.

PL of CdS in DMF, as shown in Figure 1(a),
exhibited a sharp excitonic fluorescence at
478 nm and two broad peaks at 683 and
717 nm, which were due to two different states
of surface trapping.?® 2’ Fluorescence by sur-
face-trapped states, which is exhibited by most
nanoparticles, results from nonradiative decay
of the free electrons to the deep-trapped state; it
does not indicate a high agglomeration of CdS
nanoparticles. In this study, the intensity of the
surface-trapped fluorescence was much stronger
than that of the excitonic fluorescence, and this
indicated poor passivation of the surface state of
the CdS nanoparticles. This could have been
caused by the defects of CdS nanocrystals or the
surface modification by HSC,H,OH 26@:27

Figure 1(b) shows X-ray diffraction curves of
the CdS powders; they have broad peaks (20
= 20-40°) associated with their sphalerite struc-
ture. In the case of spherical crystallites, the rela-
tionship between the coherence length (L) and the
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Figure 2.
CdS nanoparticle concentrations.

diameter of CdS (D) is given by L = 3/4D. L was
calculated with the Debye—Scherrer formula:

0.9/

~ Becos0 (4)

where B is the full width at half-maximum of
the peak, / is the X-ray wavelength, and 0 is the
angle of diffraction. The crystal size of CdS
determined by this method was 1.33 nm. The

WMMM
T Mmm 7% CdS in PEO
% 1

pure PSEO

Intensity

pure PSEO

4% CdS in PEO

ffid 28% CdS in PEO

WWWWC&
/Myl 43% CdS in PEO

(a) DSC and (b,c) X-ray diffraction curves of CdS/PSEO with various

CdS size obtained from X-ray diffraction was the
crystal size and represented the smallest size;
this corresponded to the fact that we had poly-
crystalline CdS.

RESULTS AND DISCUSSION

Figure 2(a) shows differential scanning calorim-
etry (DSC) analysis results for CdS/PSEO with



Table 2. Crystallinity of CAS/PEO Composites
with Various CdS Concentrations from DSC and
WAXD Results

CdS/PSEO X Dsca X VAXDb
0% CdS in PEO 0.69 0.72
7% CdS in PEO 0.48 0.53
14% CdS in PEO 0.35 0.28
28% CdS in PEO 0.07 0.13
43% CdS in PEO 0.06 0.00

2 XPSC was calculated from DSC curves with eq. 5.

b XWAXD was calculated from WAXD curves after deconvo-

lution with eq. 6.

various amounts of incorporated CdS nanopar-
ticles. A crystal melting peak at 58 °C associated
with the PEO domain (T,,pro) appears in the
pure PSEO case, whereas the glass-transition
temperature of the amorphous phase of PEO
(Tgpro) is undetectable. In the presence of 43%
CdS nanoparticles, the crystallinity of the PEO
domain decreases to 5 J/g from 55 J/g for the
pure PEO domain, and T,pgo decreases to
42 °C from 58 °C for pure PEO in PSEO. Tgpro
is —40 °C as the CdS concentration increases.
The crystallinity (X2°°) can be calculated from
the DSC curves as follows:

1 AH
DSC __
XC o WEO (AH()) (5)

where wgo is the weight fraction of PEO, AH is
the heat of fusion calculated from the melting peak
in DSC, and AH, is the heat of fusion for com-
pletely crystallized PEO (AH, = 200 J/g),®® as
shown in Table 2. This indicates that CdS dis-
persed in the PEO domains in PSEO hinders the
crystallization of PEO domains. Moreover, the
WAXD results also support the corresponding crys-
tal-to-amorphous change of the PEO domain in
PSEO. Figure 2(b) shows the WAXD curves of pure
PSEO after deconvolution; two sharp peaks at 20
values of 19.0 and 23.21° represent the crystalline
peaks of the PEO domain. The WAXD curves in
Figure 2(c) can be deconvoluted to determine the
crystallinity (X32XP), and the results are given in
Table 2. X¥XP can be obtained as follows:

xpwo L (A ) .

wgo \Ac +4,

where A, and A, are the areas under the crystal-
line and amorphous peaks. The CdS diffraction
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peak has been deconvoluted and taken out from
the PEO crystalline curves. This analysis shows
that the crystallinity of the PEO domain de-
creases with an increasing amount of CdS, and
this indicates the retardation of PEO crystalliza-
tion by the CdS nanoparticles. This result is also
consistent with those obtained by DSC. The
decrease in the crystallinity of the PEO domain
and the loading of CdS nanoparticles lead to the
swelling of the CdS/PEO composite cylinders and
an increase in the volume fraction of the CdS/
PEO domain in PSEO.

To verify the intermolecular interactions be-
tween the CdS nanoparticles and PEO block,
the vibration spectra of CAS/PSEO in a selected
region [C—O—C symmetric and asymmetric
stretching (1200-1000 cm')] were obtained, as
shown in Figure 3, and the results are discussed
in the following. In the presence of 7-43% CdS
in the PEO domains, the C—O—C stretch vibra-
tions of PEO chains display a shift toward lower
wave numbers, from 1100 to 1085 cm '. The
changes in the intensity, shape, and position of
the C—O—C stretching mode are associated
with the interaction between PEO and surface-
hydroxylated CdS nanoparticles, and they reveal
the formation of dipole-dipole interactions be-
tween the oxygen atoms of PEO chains and
hydroxyl groups on CdS nanoparticles.?’

Figure 4 shows one-dimensional SAXS pat-
terns of CdS/PSEO nanocomposites with various
CdS concentrations by synchrotron radiation.
For pure PSEO, four peaks appear at @ values

£ “’ \ | 43% CdS in PEO

~\ /\/\ﬂ 28% CdS in PEO

/\/\’\\ /\ q/ \ 14% CdS in PEO

/¢x\/ t\ 7% CdS in PEO
\ pure PSEO

1400 1200 1000 800
wavelength (em™)

Absorption

Figure 3. FTIR spectra of CdS/PSEO in a selected
region: C—O—C symmetric and asymmetric stretch-
ing (1200-1000 cm ™).
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Figure 4. SAXS of CdS/PSEO nanocomposites with various CdS nanoparticle con-

centrations.

0f 0.021, 0.041, 0.053, and 0.078 Afl, which corre-
spond to a ratio of 1:4V2:7V2:12V2 (Q = 4nsin(0)/4,
/ is the wavelength of X-ray). This ratio indicates
scattering by HEX nanostructures. The intercylin-
der distance (D) was determined to be 35.07 nm as
follows:

D = (4/3)"2

where dig9 is equal to 27/Q190 and Q199 iS
0.21 nm ! (@0 is the scattering peak caused by
the HEX structure factor). After the incorpora-
tion of CdS nanoparticles into the PSEO diblock
copolymer, HEX nanostructures in CdS/PSEO
still remain, but the ordering peaks of SAXS
curves shift to a lower @ region; this indicates an
enlargement of the center-to-center distance
between the PEO composite cylinders. The dis-
tance is measured from the center of a cylinder to
that of a neighboring cylinder. The enlarged dis-
tance is a result of the reduced crystallinity and
swollen CdS/PEO composite cylinders. A com-
plete listing of intercylinder distances for various
CdS/PSEO nanocomposites is given in Table 3.
According to the SAXS curves, an increasing CdS

X d100 (7)

concentration in PSEO leads to a reduction in the
ordering peaks because of the convolution with
CdS nanoparticle scattering contributions. For
CdS/PSEO with 43% CdS in the PEO block, the
HEX PEO nanostructure is destroyed, and this
may be explained by the fact that CdS nanopar-
ticles fill up a large fraction of free spacing in the
PEO domains and alter the surface energy of the
PEO composite domains in PSEO.

Figure 5 shows TEM images of PSEO con-
taining various amounts of CdS nanoparticles.

Table 3. SAXS Results for CAS/PSEO with Various
CdS Concentrations

CdS/PSEO Q100 (Mm ™ Y?  dygo mm)® D (nm)°
0% CdS in PEO 0.21 30.37 35.07
7% CdS in PEO 0.19 32.40 37.42
14% CdS in PEO 0.18 34.66 40.02
28% CdS in PEO 0.16 38.79 44.79

43% CdS in PEO — — —

# Q100 was determined from SAXS curves in Figure 4.
d100 was calculated as follows: d199 = 27/Q100-
¢ The intercylinder distance (D) was calculated with eq. 5.



(e) 100 nm

Figure 5. TEM images of (a) PSEO stained with
050y, (b) 7% CdS nanoparticles in PEO of PSEO, (c)
14% CdS nanoparticles in PEO of PSEO, (d) 28% CdS
nanoparticles in PEO of PSEO, and (e) 43% CdS
nanoparticles in PEO of PSEO.

In Figure 5(a), the dark region, due to staining
by OsOy4, is the PEO domain, and the lighter
region is the PS domain. The cylindrical nano-
structure of pure PSEO is easily revealed. The
diameter of the PEO cylinder is approximately
14 nm. There is no staining in Figure 5(b—f); the
darker color represents the PEO/CdS composite
phase because of the higher electron density of
cadmium. The location of CdS in the PEO
domain has been probed by energy-dispersive
spectrometry, and no PEO domains without CdS
nanoparticles have been observed in PSEO.
The selective distribution of HSCoH,OH-modi-
fied CdS in the PEO domain is likely due to
dipole—dipole interactions between the hydroxyl
groups of HSCoH,OH and the PEO block. In

INCORPORATED CdS NANOPARTICLES 1227

Figure 5(b—e), the cylindrical morphology of
CdS/PSEO nanocomposites is distorted when
the concentration of CdS nanoparticles in the
PEO phase is increased. The cylindrical nano-
structure, however, is destroyed in high-CdS-
concentration CdS/PSEO (43% CdS in PEO), as
shown in Figure 5(f), and this is consistent with
SAXS results.

Figure 6 compares PL properties of CdS in
DMF and in PEO domains. After the selective
dispersion of CdS in the PEO domains of the
PSEO block copolymer, the excitonic fluores-
cence diminishes, and apparent red and broad
surface-trapped luminescent characteristics re-
main largely unchanged. Moreover, the main
broad surface-trapped fluorescence of CdS nano-
particles in PEO domains displays a slight blue-
shift to 711 nm from 717 nm when the CdS
concentration is low (7-28%), but it displays a
redshift to 715 nm with a 43% CdS concentra-
tion in PEO. The disappearance of the excitonic
fluorescence and the blueshift of the broad sur-
face-trapped fluorescence can be explained by
the fact that the chemical environment of the
CdS nanoparticles has changed from amide
groups (in DMF) to ethylene oxide groups (in
PEO blocks). With a high CdS concentration
(43%) in the PEO domains, however, the CdS
nanoparticles become agglomerated in the PEO
domains and cause the redshift of the surface-
trapped fluorescence.

To clarify the agglomeration of CdS nanopar-
ticles in DMF and in the composites, we exam-
ined in more detail the surfactant removal and its
sequence in the process. The surface-hydroxy-
lated CdS nanoparticles were synthesized by the
bonding of the surfactant, HSC,H,OH, to CdS
nanoparticles with the thiol group, and then they
were dispersed and mixed with PSEO in DMF.
The CdS/SEO nanocomposite films were formed
after they were dried in vacuo at 323 K and kept
at 383 K for 24 h. During the drying processes,
the solvent, DMF, was removed and, in our opin-
ion, a small amount of HSCo,H,OH may also have
been carried away from the CdS surface because
of the strong hydrogen bonding between DMF
and HSCoH,OH and the lower boiling point of
HSC,H,OH in comparison with that of DMF (157
vs. 165 °C). The removal of the surfactant from
the surface of the CdS nanoparticles caused their
agglomeration and the broadening and redshift of
their PL peaks. By comparing PL of CdS/PSEO
composites and that of CdS in DMF, we found
that the amount of the surfactant that was
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Figure 6. PL spectra of CdS nanoparticles in DMF and CdS/PSEO with various

CdS nanoparticle concentrations.

removed was apparently small during the drying
processes because no redshift, only a little broad-
ening, is shown in the PL peaks in Figure 6.

CONCLUSIONS

CdS/PSEO nanocomposites with selective disper-
sions of surface-modified CdS nanoparticles in
hexagonally packed PEO cylinders of PSEO
block copolymers have been prepared. CdS
nanoparticles hinder the crystallization of PEO

and result in an increase in the intercylinder
distance of HEX CdS/PSEO, as shown in
Scheme 1. A high CdS nanoparticle concentra-
tion, however, destroys the ordered HEX nano-
structure of PSEO. The size and RPI of CdS
have been determined from UV-vis absorption
spectra, and a comparison of PL of CdS in DMF
and in PEO domains of PSEO block copolymers
has been discussed in detail.

The authors appreciate the financial support of the
National Science Council through project NSC 92-
2120-M-009-009.
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