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ABSTRACT: We report a systematic study on preparation and morphology control of macroscopically
homogeneous hybrid films composed of a block copolymer and a metal salt, where one block interacts with a
metal salt by metal-to-ligand coordination. Hybrids were prepared by blending a polystyrene-b-poly-
(4-vinylpyridine) (PS—P4VP, M, =37K, ¢s=0.79) block copolymer and iron(IIl) chloride (FeCls) with
changing the mole fraction of FeCl;. To prevent the rapid cross-linking formation between P4VP and FeCls;,
pyridine as a polar solvent with the coordination ability was used at the solvent-casting stage, which turned
out to be effective to prepare macroscopically homogeneous films with a large amount of FeCls. Transmis-
sion electron microscopy and small-angle X-ray scattering measurements were carried out to observe the
morphology of thermally annealed samples at the nanoscopic scale. It was revealed that simple two-phase
nanostructures were observed due to homogeneously mixing of FeCls; into a P4VP phase up to 0.9 mol equiv
of FeCl; to pyridine units in P4VP. This indicates FeCl; works as a filler in a P4VP phase just as small
homopolymers: domain expansion and morphology transition were observed as the amount of added FeCl;
increases. However, overflow of FeCl; was observed in the hybrid with an amount of 1.0 mol equiv of FeCls.
This is probably due to the saturation of incorporated FeCls, indicating that morphology of the present

system can be controlled by stoichiometric balance between 4-vinylpyridine units and FeCls.

Introduction

Organic—inorganic hybrids are the attractive materials that
would have flexibility and processability of organic materials in
addition to the useful features of inorganic materials.' > Espe-
cially in the case of using metals as inorganic components, the
prominent features of metals such as electronic,” magnetic,” and
optical® properties could be built in those materials.””® There-
fore, these hybrid materials containing metals have been vigor-
ously studied because such hybrids could become high per-
formance and high functional materials with novel distinctions
of their own. If block copolymers'®~'® are used as organic com-
ponents in order to utilize the feature of nanosize regularity on
hybrid preparation, these hybrids could easily provide novel
properties derived from nanosize effects, especially optoelectrical
and microelectrical properties.'’**

In fact, there are many efforts for preparing hybrids of block
copolymers/metallic components to understand the relationships
between the morphology and macroscopic physical properties
of the hybrids.zs_30 Among them, one of the investigations is
to synthesize a block copolymer bearing a block composed of
a monomer sequence containing transition metals, which easily
provides nanophase-separated structures with metals.?' 33 There
are other types of investigations which is common to build
up hybrids by blending a block copolymer and metal nano-
particles.**™* Russell and Emrick et al. prepared spin-coated
films with nanophase-separated structures from blends of
PS—P2VP block copolymers/surfactant-capped nanoparticles.**’
On the other hand, Kramer et al. succeeded in preparation of the
hybrids consisting of block copolymers with polymer-coated
nanoparticles and reported on the distribution of nanoparticles
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in the domain.”'~>* There are other types of studies concerning
hybrids composed of block coyolymers and nanoparticles by
blending metal precursors.”> > Although the common metal
salts cannot provide directly prominent features of metals as they
are, they could be used to prepare block copolymer/metal
hybrids. In the preparation procedure of these hybrids, special
care should be taken about cross-linking of polymers induced at
higher molar amounts of metal salts due to the ability of double
or triple coordination to ligands in a polymer. For example, more
than 0.2 mol equiv of a cadmium chloride per monomer unit
resulted in occurring heterogeneous precipitation according to
the previous works by Lee and Kim et al.®*** Therefore, it is
useful if there is a universal procedure to prepare macroscopically
homogeneous hybrid films with a large amount of metals by
blending a block copolymer and a simple metal salt.

In this article, we propose a useful preparation procedure of
block copolymer/metal salt hybrids via metal-to-ligand coordina-
tion in a polar solvent with the coordination ability, pyridine, to
obtain macroscopically homogeneous hybrid films. Polystyrene-
b-poly(4-vinylpyridine) (PS—P4VP) and iron(III) chloride (FeCls)
as a readily available metal salt were blended, and the morphology
of their solvent-cast films with a different amount of FeCl; was
investigated by transmission electron microscopy (TEM) and
small-angle X-ray scattering (SAXS).

Experimental Section

Materials. 4-Vinylpyridine was purchased from Aldrich,
while the other regents including iron(III) chloride were pur-
chased from Kishida Regents Chemicals. Styrene and 4-vinyl-
pyridine for polymerization were purified by passing through an
aluminum oxide column before use. Pyridine as a casting solvent
was used after removing water with molecular sieves. The others
were used as received.
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Scheme 1. Synthesis of a PS—P4VP Block Copolymer
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Table 1. Codes and Characteristics of Blend Samples of
PS—P4VP/FeCl;

Xpyridine:  WPS-P4vp:  WpS:Wpayp:
code Xrect,” Weecl, Weecl,” morphology" D¢/nm

PS—P4VP 1:0 100:0 77.3:22.7:0 S 243
Fe(0.1) 1:0.1 96.6:3.4 73.1:23.5:34 S 22.9
Fe(0.2) 1:0.2 93.2:6.8 70.5:22.7:6.8 S 22.5
Fe(0.3) 1:0.3 90.2:9.8 68.2:22:9.8 S 24.6
Fe(0.4) 1:0.4 88:12 66:22:12 S 27.2
Fe(0.5) 1:0.5 85:15 64:21:15 C 42.4
Fe(0.6) 1:0.6 82:18 62:20:18 C 43.1
Fe(0.7) 1:0.7 80:20 60:20:20 L 41.9
Fe(0.8) 1:0.8 78:22 59:19:22 L 42.4
Fe(0.9) 1:0.9 76:24 57:19:24 L 45.5
Fe(1.0) 1:1.0 73:27 56:17:27 M(C, L)

“Mole ratio of FeCl; to pyridine units. ® Weight ratio of PS—P4VP:
FeCl;. “ Weight ratio of PS:P4VP:FeCls, calculated from the mole frac-
tions of PS—=P4VP and a weight ratio of PS—P4VP:FeCl; in this table.
9L: lamellar structure; C: cylindrical structure; S: spherical structure;
M: macrophase separation. ¢ Distance between domains for each
morphology at room temperature estimated from Figure 6.

Synthesis and Characterization of a Parent Polymer. A poly-
styrene-b-poly(4-vinylpyridine) (PS—P4VP) block copolymer
was synthesized via reversible addition—fragmentation chain
transfer (RAFT) polymerization®~®® by using the monofunc-
tional chain transfer agent, S-1-dodecyl-S’-(o, o’ -dimethyl-o’-
acetic acid)trithiocarbonate (Scheme 1, see also Supporting
Information).®” Details in similar synthesis about RAFT lpoly-
merization were described in the previous literatures.””’" The
polymer was purified by a reprecipitation procedure with
hexane as a nonsolvent and dried in vacuo. The polydispersity
indices (PDIs) of polymers were determined by using three
TSKgel G4000Hyr columns (Tosoh Corp.) combined with
an HPLC pump and an UV detector using the wavelength of
220 nm. The eluent was dimethylformamide (DMF), and the
flow rate was 1 mL/min. The number-average molecular weight
of the polymer was determined with "H NMR (Varian) by end-
group analysis.”*> The volume fraction of the PS block (¢) in the
PS—P4VP block copolymer was also determined by '"H NMR.
Molecular characteristics of PS—P4VP, i.e., M, PDI, and ¢,
were determined to be 37000, 1.17, and 0.79, respectively.

Preparation of Hybrid Samples. Block copolymer/metal salt
hybrids were prepared by a solvent-casting method. Iron(III)
chloride (FeCls) was used as a readily available metal salt.
Chloroform and pyridine, both of which are good solvents for
PS, P4VP, and FeCls, were used as solvents at the first trial of
blend experiments to compare solvent effects. After checking
solvent effects, pyridine was chosen and used for all the other
blend experiments. In fact, the following procedure was used: a
4 wt % PS—P4VP solution in pyridine and a 2 wt % FeCl;
solution were prepared separately, and then these were blended
together in a Teflon Petri dish. The solvent was evaporated
slowly on a hot plate at 50 °C for 24 h, and solvent-cast films
were thermally annealed at 165 °C for 60 h in vacuo. To
investigate the dependence on mole ratios of FeCls:pyridine in
PS—P4VP, the mole ratio of FeCl; to pyridine units in
PS—P4VP was varied as X:1 (X = 0.1—1.0) in the blends, and
these hybrids were coded as Fe(X) in Table 1.

Morphology Observation. Thermally annealed films were cut
into ultrathin sections with a thickness of ca. 50 nm by using a micro-
tome, Reica Ultracut FCS, in a dry atmosphere. A transmission
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Figure 1. Optical images and schematic illustrations of hybrids after
evaporating solvents: chloroform (a) and pyridine (b). A proposed
mechanism for a solvent-casting process from pyridine solutions was
also illustrated in (c). FeCl; was drawn as a silver sphere, while a pyridine
molecule was also drawn as an orange sphere but with a smaller size. The
second step in the scheme represents the solution in pyridine at a dilute
condition, where pyridine-coordinated FeCl; and PS—P4VP dissolve
homogeneously. The third step illustrates the final stage of solvent-
casting, where most of free pyridine molecules and some of pyridine
molecules coordinating to FeCls at the second step have already gone and
FeCly is located on P4VP blocks because of the coordination interaction.
After thermal annealing and complete removal of pyridine molecules, a
simple two-phase nanostructure comprised of organic (PS) and hybrid
(P4VP/FeCly) phases is attained as shown at the fourth step.

electron microscope (TEM) of H-800 (Hitachi) was used under an
acceleration voltage of 100 or 150 kV to observe the morphology in
ultrathin sections of the hybrid films. An energy dispersive X-ray
spectrometer (EDX) installed in the TEM was also used to detect the
characteristic X-rays of metal elements in hybrids generated by the
electron beams. Small-angle X-ray scattering (SAXS) measure-
ments were carried out at the beamline 15 A in the Photon Factory,
Tsukuba, Japan. The wavelength of the incident X-rays was
0.150 nm, the camera length was 2.38 m, and imaging plates were
used as detectors. Samples were exposed to the incident beam from
the direction parallel to the film surface.

Results

Solvent Casting with Chloroform and Pyridine. Figure 1
compares optical images of hybrids at the mole ratio of 0.5:1
for FeCl;:pyridine units in a PS—P4VP/FeCl; complex after
solvent casting. When chloroform was used as a solvent,
heterogeneous aggregates or precipitates appeared in the
solution just after blending the solution of PS—P4VP and
that of FeCl; (Figure 1a). It is well-known that pyridine units
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Figure 2. A TEM image (a) and a SAXS profile (b) of PS—P4VP. Note
the sample for TEM observation was stained with an iodine vapor so
that the darker phase represents P4VP. A scale bar is 100 nm.

in PS—P4VP interact strongly with metal salts such as FeCl;
by metal-to-ligand coordination. In addition, metal salts are
also known to induce cross-linking of polymers easily®>¢*
because the coordination number of metal salts is usually
larger than two or three for the case of FeCl;. To avoid cross-
linking of P4VP blocks, a much more polar solvent, pyridine,
was used in the solvent-casting step. Pyridine actually plays a
roll of an inhibitor because it forms a complex with FeCl; via
coordination and hence prevents polymers from cross-link-
ing by FeCls. No precipitates were seen in the solution during
solvent-casting when pyridine was used as a solvent, and
therefore a macroscopically homogeneous film was prepared
after evaporating the solvent as shown in Figure 1b. The
homogeneous films with a large mount of a metal salt such as
0.5 mol equiv of pyridine units in PS—P4VP had not been
easily obtained so far®** because cross-linking of polymers
is easily induced by the addition of a metal salt, which also
causes poorly ordered nanostructures.”* A proposed solvent-
casting mechanism is schematically shown in Figure lc. Note
casting speed was so slow at RT because pyridine molecules
interact with FeCls, so that a higher temperature than RT,
50 °C, was used during casting to make casting speed faster.
The other hybrids were also prepared by solvent-casting
from pyridine solutions.

Morphology Observation of a PS—P4VP Parent Copolymer.
Figure 2 displays a bright-field TEM image with a SAXS
profile for a PS—P4VP parent copolymer. A bulk film of
PS—P4VP shows a spherical nanophase-separated structure
with a PS matrix (Figure 2a), where brighter and darker
phases represent PS and P4VP phases, respectively, since the
specimen was stained with an iodine (I,) vapor. Figure 2b
shows a SAXS profile of the same block copolymer.

Noro et al.

The vertical axis represents an arbitrary intensity in a log-
arithmic scale, and the horizontal axis is a scattering vector,
q (= 4msin 6/1), where 1 and 20 are the wavelength of X-rays
and scattering angle, respectively. The Broﬁle shows peaks at
the relative ¢ position of 1, 2'/2, 3! 41/2 52 and 6'7?
referring to the first-order peak at 0.25nm ™', indicating bee
packing of s Bheres Although the intensities of some peaks
such asat 2% and 3"/ are weak, this could be understood by
the contributions from the particle scattering of isolated
spheres and the composition ratio of spherical domains
and a matrix, according to the detailed morphology stud7y
by SAXS about block copolymer/homopolymer blends.
This SAXS result and analysis are consistent with those of
TEM in Figure 2a.

Morphology Observation of PS—P4VP/FeCl; Hybrids
(Fe(X)). Figure 3 compares TEM images of nine hybrids.
While the thin section of a PS—P4VP parent copolymer was
stained with an I, vapor to give a good contrast between
different phases, these TEM images show nanophase-
separated structures with sufficient electron density contrasts
between brighter and darker phases, regardless of no staining at
all. Therefore, the electron-rich (or darker) phase is assumed to
be a P4VP phase which should contain an iron element due to
preparation conditions. Morphology transition was evidently
observed for these hybrids according to the weight fraction
of FeCls: spherical structures with PS matrices for Fe(0.1),
Fe(0.2), Fe(0.3), and Fe(0.4); cylindrical structures with PS
matrices for Fe(0.5) and Fe(0.6); alternating lamellar structures
for Fe(0.7), Fe(0.8), and Fe(0.9). At Fe(1.0), however, an excess
amount of FeCl; was overflowed from nanophase-separated
regions of the hybrid, as can be seen in Figure 4a. In addition,
both cylindrical and lamellar structures were clearly recognized
as shown in Figure 4b,c.

To further confirm whether the darker phase contains
metal components or not, EDX was measured during TEM
observation. Figure 5 shows an EDX spectrum, a bright-field
image, and the corresponding elemental-mapping (Fe-mapping)
image to the bright-field image for Fe(0.8). Fe(0.8) was
chosen because the morphology was an simple alternating
lamellar structure as shown in Figure 3h, and the sample
contains a comparatively large amount of FeCl;. Before
obtaining a mapping image, the X-ray spectrum was mea-
sured. There are two peaks at 6.4 and 7.0 keV on the
EDX spectrum in Figure Sa, indicating the existence of an
iron element in the observed area. There is also a peak at
2.7keV, indicating the coexistence of a chlorine element. For
acquiring a mapping image, characteristic X-ray at 6.4 keV
from an iron element was collected in the observed area of
Figure 5b. The brighter phase at the Fe-mapping image in
Figure 5c mostly overlaps with the darker phase at the
bright-field image in Figure 5b. These results indicate that
Fe-containing phase corresponds to electron-rich (or darker)
phase in the bright-field image.

Figure 6 compares SAXS profiles of all Fe(X) hybrids. The
profiles in Figure 6a,b are displayed in the order of mole
ratios from bottom to top: Fe(0.1), Fe(0.2), Fe(0.3), Fe(0.4),
with Fe(0.5) in Figure 6a; Fe(X) (X = 0.6—1.0) in Figure 6b.
Profiles of Fe(0.1), Fe(0. 2) Fe(0.3), and Fe(0.4) in Figure 6a
have peaks at relative ¢ values of 1, 2%, 312, 412 512 and
6'2, suggesting bee spherlcdl structures The weak 1ntens1t1es
of some peaks such as at 22 and 3" are attributed to the
contributions from the partlcle scattermg and the com-
position of spherical structures.”* By using the equation of
dioo = 27/q, where d o is the edge distance of the bec lattice,
the intersphere domain distance, D (= (3/4)1 2dyo0), Was
estimated as shown in Table 1. By comparing Figures 2b
and 6a, we notice the peak positions on the profiles shift to
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Figure 3. TEM images of Fe(X) (X = 0.1-0.9): (a) Fe(0.1), (b) Fe(0.2), (c) Fe(0.3), (d) Fe(0.4), (e) Fe(0.5), (f) Fe(0.6), (g) Fe(0.7), (h) Fe(0.8), and
(1) Fe(0.9). A scale bar represents 100 nm. Note the samples were not stained at all with any vapors but have good contrasts of the electron density
between two phases due to the incorporation of FeCl; into a darker phase.

a) a)
Cu
4
?:
o
—_— Fe &
cl 4 Fe =
+ [N B
0 S 5 ) 1°[keV]

c)

Figure 5. EDX spectrum of Fe(0.8) (a), a bright-field image (b), and an
elemental-mappingimage (c). Red dots at a brighter phase in (c) express
X-rays from an iron element. A scale bar represents 100 nm. Note there
is a resolution limit of EDX mapping measurements and that the
thickness of each phase cannot be completely the same between
Figure 4. TEM images of Fe(1.0): (a) overflow of FeCls; (b) a lamellar mapping and bright-field images. The peaks at 8.0 and 8.9 keV in
structure in a nanophase-separated region; (c) a cylindrical structure in (a) indicate the existence of a copper element, which agrees with the use
a nanophase-separated region. Both scale bars are 100 nm. of a copper grid.
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Figure 6. SAXS profiles of Fe(X): (a) Fe(X) (X = 0.1-0.5); (b) Fe(X) (X = 0.6—1.0).

higher ¢ regions than those of a neat block copolymer by
addition of FeCl; at alower amount such as X = 0.1 and 0.2,
and the peak positions tend to be located at lower ¢ regions
if X is larger than 0.3. This suggests that D decreases by
addition of a small amount of FeCl; and then turns to
increase with a larger amount of FeCls. As for Fe(0.5) and
Fe(0.6), there are characteristic peaks at the relative ¢ of 1,
312,412 and 7', suggesting cylindrical structures. These
results are consistent with the TEM results. Note the profile
of Fe(0.4) shows a quite broad peak with the ¢ position
around 0.2 nm ™', which might consist of two peaks with the
first peak of a spherical structure (0.23 nm ™~ ") and that of a
cylindrical structure (0.19 nm "), supporting that Fe(0.4)
possesses the intermediate composition in a morphological
phase diagram for the hybrid. There are simple and multiple
integer order peaks on the profiles of Fe(0.7), F(0.8), and
Fe(0.9), indicating lamellar structures, the results being
consistent with TEM images.

On the other hand, the profile of Fe(1.0) has multiple
peaks which cannot be assigned to a single nanophase-
separated structure. This could be understood if Fe(1.0)
forms two types of nanophase-separated structures: lamellae
and cylinders, with the overflow of FeCls. Peaksat 0.14,0.29.
0.44, and 0.59 nm ™' could be assigned to the integer order
peaks from lamellae, while a shoulder at 0.17 nm~ ' and the
following peaks at 0.29, 0.35, and 0.45 nm™~' could be
regarded as peaks from a cylindrical structure: 1, 3'/2, 4/,
and 7' at relative ¢ values if the shoulder at 0.17 nm ™" is
regarded as the (100) reflection for a cylindrical structure.
This assumption that 0.17 nm ™" is the position of the first
peak of a cylinder structure might be reasonable because the

first peaks appear at around this ¢ region on the profiles of
cylinder-forming hybrids such as Fe(0.5) and Fe(0.6). The
result and analysis are quite consistent with the TEM results
in Figure 4, i.e., macrophase separation between nanophase-
separated regions of the hybrid. The reasons of such macro-
phase separation will be discussed in the Discussion section.

Discussion

FeCl; as a Filler with Noncovalent Bonding Interactions.
Even though the added FeCl; is an inorganic component
with totally different chemical and physical properties from a
block copolymer as an organic component, it can be homo-
geneously mixed with a PAVP phase up to 0.9 mol equiv of
FeCl; to pyridine units in PS—P4VP. In fact, most of the
Fe(X) hybrids showed comparatively clear and single nano-
phase-separated structures. In addition, morphology transi-
tion from spherical structures to alternating lamellae by way
of cylinders has occurred as the amount of FeCl; increases,
accompanying the phenomenon of domain expansion. Ac-
cording to the simulation about the blend of a block copo-
lymer and metal nanoparticles,*® phase separation at the
macroscopic scale due to the overflow of nanoparticles did
not occur if the size of nanoparticles is smaller than the radius
of gyration for the block. Our experimental results are
consistent with this simulation if a metal salt used in this
study is regarded as a very small particle.

As for the morphology transition, some systematic works
were already known. They were reporting on morpho-
logy transition with domain expansion phenomenon by the
addition of homopolymers.”*”7® Taking account of these
systematic works, the added FeCl; could be regarded just as
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a filler in P4VP phase as a small homopolymer in block
copolymer/homopolymer blends, which could change the
curvature of domain boundary between PS and P4VP
phases, leading the morphology transition. This speculation
is applicable to our results for Fe(X) (X > 0.2). The domain
size decreases from that of a neat PS—P4VP when the
amount of FeCls is smaller than 0.3 mol equiv to pyridine
units in PS—P4VP, the results being reasonable if we refer to
the similar works on block copolymer/metal chloride blends
with intermolecular coordination.®*® This phenomenon
might be explained by decrease in the average number of
pyridine units coordinating to one FeCls, i.e., the degree of cross-
linking induced by one FeCl;. When the amount of FeCl; is less
than 0.33, the degree of cross-linking induced by FeCl; is three,
and the domain spacing tends to shrink due to the larger effect of
cross-linking. However, as the amount of FeCl; becomes larger
than 0.33, the degree of cross-linking should be less than three,
which makes the effect of a filler larger, leading the increase in
D-spacing. In any event, the addition of 0.9 mol equiv of FeCls
produces comparatively homogeneous nanophase-separated
structures in each hybrid film if a solvent with coordination
ability such as pyridine was used.

Overflow of FeCl; from Nanophase-Separated Domains in
the Sample with a Large Amount of FeClz. Most Fe(X) hybrid
samples showed homogeneous morphology, i.e., single
nanophase-separated structures. On the other hand, the
overflow of FeCl; from the ordered nanostructure was
evidently observed for Fe(1.0) by both TEM and SAXS.

To understand this phenomenon, it should be mentioned
that FeCl; starts to coordinate with pyridine units in P4VP
blocks at the final stage of solvent-casting as shown in
Figure 1c, which helps the stable formation of hybrids between
inorganic FeCl; and organic PS—P4VP. Note pyridine used as
a solvent is useful as an inhibitor for rapid cross-linking of
P4VP blocks at the initial stage of blending. Normally, each
FeCl; can form a complex with three molar ligands via metal-
to-ligand coordination. Therefore, FeCl; can hold three pyri-
dine molecules as ligands at the initial stage of solvent-casting;
however, FeCl; might replace a pyridine molecule as a ligand
with a pyridine unit in P4VP one-by-one at the final stage of
solvent-casting or at the stage of thermal annealing. This
suggests that there could be a saturation limit for incorporation
of FeCl; around the mole ratio of 1.0. In other words,
stoichiometry is the dominant factor to control the morphology
of the present hybrids.

Summary

In conclusion, we have carried out a systematic study on
preparation and morphology control of macroscopically homoge-
neous hybrid films composed of a block copolymer and a metal salt,
where one block interacts with a metal salt by metal-to-ligand
coordination. PS—P4VP was used as a block copolymer and iron-
(TIT) chloride (FeCls) was used as a metal salt in this study, and they
were blended by changing the mole fraction of FeCl;. To prevent the
rapid cross-linking formation between P4VP and FeCl; during
solvent casting, pyridine as a polar solvent with the coordination
ability was used at the solvent-casting stage, which serves as an
effective agent to prepare macroscopically homogeneous films with
a large amount of FeCls. Morphology at the nanoscopic scale of all
samples was observed by both TEM and SAXS. It was revealed that
FeCl; can be homogeneously mixed with P4VP, which results in
forming simple ordered nanostructures up to 0.9 mol equiv to
pyridine units in PS—P4VP, where FeCl; works as a filler in a P4AVP
phase just as small homopolymers. The domain expansion and
morphology transition were observed as the amount of added FeCl;
increases. However, isolation of a FeCl; phase was also recognized
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in the hybrid sample with the amount of 1.0 mol equiv of FeCls,
which might be owing to the saturation of incorporated FeCls. All
of these results will provide the useful guide to design the hybrids
consisting of block copolymers and metal salts.
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