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In this communication we report the in-situ creation
of metal nanoparticles in the microdomain space formed
in block copolymers. The method involves reduction of
palladium metal ions [Pd(I1)] in a microdomain space
formed in a concentrated solution of polyisoprene-block-
poly(2-vinylpyridine) (P1-b-P2VP) in benzyl alcohol con-
taining Pd(I1) at 140 °C for 8 h. During the reduction
process, benzyl alcohol acting as both a reduction agent
for Pd(Il) and a solvent for PI-b-P2VP is evaporated to
result in a thin film. Before the reduction, Pd(Il) will
be shown to be uniformly distributed in the micro-
domain space. However, after the reduction, the Pd
atoms are aggregated into nanoparticles and are selec-
tively incorporated in microdomains comprised of poly-
(2-vinylpyridine) block chains (P2VP).

It is well established that block copolymers form
various ordered nanodomain structures, whose mor-
phology and characteristic length scale can be “tailored”
by their molecular weight and composition.! =2 Orienta-
tion of the ordered nanodomains can be also controlled
by imposing applied fields such as shear,* electric field,>
moving temperature gradient,® etc. Thus, we may come
to a stage to explore principles and methods for “nano-
processing” of block copolymer systems based on these
nanodomains with an aim of developing some useful
devices. For example, we can think of creating holes
(“nanochannels™) by using one of the nanodomains (such
as cylinders, gyroid networks, etc.) in the matrix of
others and plating of the surfaces of the nanochannels
with metals.” We can also think of incorporating organic,
inorganic, or metalic nanoparticles®=13 in the micro-
domain space to create a “nanohybrid”.

As for the selective inclusion of metal nanoparticles,
there may be at least two ways. One involves first
preparations of stabilized metal nanoparticles, and the
stabilized particles are then incorporated or included
in one of the nanodomains in block copolymers.8-10
Another involves a reduction of the metal ions in one of
the nanodomains.11~13 In this work we will report our
studies along the latter method.
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Now among various reports along the latter method,
the method employed by Schrock and co-workers!!
requires the synthesis of special block copolymers. The
method employed by Ishizu and co-workers!? does not
require it, which may be an advantage of their method.
However, this method by Ishizu and co-workers involves
a number of steps such as a film formation, cross-linking
of the films, quarternization and swelling of the cross-
linked films with solvents, inclusions of metal ions into
the quarternized and swollen films, reduction of the
metal ions, and evaporation of solvents. In contrast, our
method to be presented here is essentially one step: a
reduction of concentrated polymer solutions containing
Pd(I1) at an elevated temperature (e.g., 140 °C) to obtain
a film specimen in which metal nanoparticles are
selectively included in one of the nanodomains. The new
method is based on the experimental finding that
ordered microdomains are formed above critical con-
centrations of block copolymers.14-18

Pl-b-P2VP used in this work was synthesized as
detailed elsewhere.”1° The PI block has a number-
average molecular weight, My, of 1.8 x 10% and the
P2VP block has M, = 1.26 x 10* The heterogeneity
index of the block copolymer, My/M, is 1.04.

Nanodomain structures formed in the concentrated
solutions or in the solid films were characterized by a
small-angle X-ray scattering apparatus consisting of a
18 kW rotating-anode X-ray generator (M18XHF-SRA,
MAC Science Co. Ltd., Yokohama, Japan), a graphite
monochromator, a collimator, and a vacuum chamber
for the incident-beam path and scattered-beam path and
a position-sensitive detector. The SAXS profiles mea-
sured were corrected for absorption of X-ray beam, air
scattering, and smearing effects.’® The morphology of
the thin films were investigated by a transmission
electron microscope (TEM) (JEM-2000FXZ, JEOL, To-
kyo, Japan) operated at 200 kV on the ultrathin sections
obtained with a Reichert-Nissei Ultracut-S ultramicro-
tome. The sections were either unstained or stained
with OsO4 vapor or 1,4-diiodobutane.

A concentrated solution of P1-b-P2VP containing Pd-
(11) was first prepared using benzyl alcohol as a solvent
and a reduction agent. For this purpose we dissolved a
prescribed amount of PI-b-P2VP, benzyl alcohol, and Pd-
(acac), into an excess amount of chloroform to obtain a
dilute homogeneous block copolymer solution. After
completely evaporating chloroform at room temperature,
we measured again the weight of the solution to
estimate the concentration of PI-b-P2VP.2° The concen-
trated solution thus obtained was a clear brown solution
without any reduction of Pd(ll). The solution thus
obtained was then subjected to the reduction of Pd(11)2*
at 140 °C, which simultaneously evaporated benzyl
alcohol and resulted in formation of a dark thin film.

In this communication, we will present SAXS results
for the following two solutions, designated system 1s
and system 2s. System 1s is comprised of PI-b-P2VP/
Pd(acac),/benzyl alcohol with a composition of the
respective components given by 29.3/12.2/58.5 (wt %)
(Whep = 0.334 and wpqqiy = 0.293). The weight fractions
Whep and wpqqy Will be defined later. System 2s is a
solution corresponding to system 1s but free from Pd-
(acac)z: Pl-b-P2VP/benzyl alcohol (wyep = 0.334). We will
present SAXS results for the corresponding two films
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Figure 1. SAXS profiles from system 1s (PI-b-P2VVP/Pd(acac)./
benzyl alcohol = 29.3/12.2/58.5 (wt %) (Wnep = 0.334 and Wpqqn)
= 0.293)) and system 2s (P1-b-P2VP/benzyl alcohol = 33.4/66.6
wt %). Part a compares the two systems with and without Pd-
(acac),, while parts b and c show each system separately by
shifting one of the two profiles vertically by 1 decade to avoid
an overlap of the two profiles. The profile shown with +
markers in part a and that in part ¢ represent the profile from
the solution free from Pd(acac),, while the profile shown with
open circles in part a and that in part b represent the profile
from the solution containing Pd(acac), by 29.3 wt %. Here the
s after 1s and 2s refers to the solution.

as well, designated system 1f and system 2f, obtained
after the solvent evaporation at room temperature for
about 1 week without any reduction of Pd(Il). System
1f, PI-b-P2VP/Pd(acac), (Wpqqiy = 0.293), was obtained
after the solvent evaporation of system 1s. System 2f,
PI-b-P2VP, was obtained after the solvent evaporation
of system 2s. We shall present TEM results as well for
the film specimens obtained after the reduction of the
solution (denoted hereafter system 3s) having a com-
position of Pl-b-P2VP/Pd(acac),/benzyl alcohol being
32.5/2.6/64.9 (wt %) (Wbcp = 0.334 and Wpd(11) = 0.074).
Here wpep and wepqqyy are defined wye, = (weight of
PlI-b-P2VP)/[(weight of PI-b-P2VP) + (weight of benzyl
alcohol)] and wpqqiy = (weight of Pd(acac),)/[(weight of
Pd(acac),) + (weight of PI-b-P2VP)], respectively, which
are the fraction of PI-b-P2VP relative to the solvent and
that of Pd(I1) relative to PI-b-P2VP, respectively, in
either the ternary or the corresponding binary systems.
Note that system 3s has a smaller value of wpq( 1y than
system 1s. The system with a smaller fraction of Pd(lI)
was chosen for TEM observation, simply because a
localization of Pd nanoparticles in the P2VP micro-
domains can be more clearly seen for the system with a
small fraction of Pd(I1) than for the system with a large
fraction of Pd(Il), as will be detailed elsewhere.?2
Figure 1 shows typical SAXS profiles plotted on a
semilogarithmic scale for system 1s (the profile shown
with open circles in part a and the profile in part b) and
for system 2s (the profile shown with + markers in part
a and the profile in part c). The two profiles in parts b
and c showed a multiple-order scattering maxima at qm,
2gm, and 4qm, where gm is magnitude of the scattering
vector q [q = (4x/4) sin(6/2)] at the first-order scattering
maximum.23 Here A and 0 are wavelength of the incident
X-ray beam (0.1542 nm) and scattering angle, respec-
tively. Thus, the two concentrated solutions with and
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Figure 2. SAXS profiles from the film specimens cast from
benzyl alcohol. Curve 1 shown with open circles represents
the profile from system 1f (for the film containing Pd(acac),
by 29.3 wt % but without reduction), and curve 2 shown with
+ markers represents the profile from system 2f (for the film
containing no Pd(acac),). Here the f after 1f and 2f refers to
the film, and 1f denotes the film obtained from solution 1s.

10

without Pd(Il) had the alternating lamellar micro-
domains rich in P2VP blocks and PI blocks. The two
solutions have an almost identical repeat distance (37.6
and 39.0 nm for the solution with and without Pd(l1),
respectively). The two profiles in part a are seen to
essentially overlap each other, revealing that they have
almost identical alternating lamellar microdomain struc-
tures in terms of both the volume fractions of each phase
and the electron density difference between the two
phases. Since they have almost identical intensity, we
can conclude that the Pd(acac); are distributed equally
well in the P2VP and PI lamellae.

The equal partition of the Pd(acac), in both lamellae
as inferred above may result from attractive interactions
between ions and solvents being stronger than those
between ions and polymers. This conjecture can be
proven by comparing the SAXS profiles for systems 1f
and 2f which were obtained respectively after a complete
solvent evaporation from systems 1s and 2s. Figure 2
clearly shows that the ion containing dried film, i.e.,
system 1f (curve 1 drawn with open circles), has a
stronger intensity than the ion free dried film, i.e.,
system 2f (curve 2 drawn with + markers), revealing
that Pd(acac), selectively coordinated in one of the
nanodomains after the solvent evaporation, presumably
in the P2VP phases (as will be proven later in Figure
4). This result implies that Pd(ll)s have stronger at-
tractions with the P2VP blocks than with the PI blocks
in the absence of the solvent. The two film specimens
show the profiles typical of the lamellar nanodomains
with spacing of 44 nm, consistent with TEM observa-
tions shown later in Figure 3b,c.

Figure 3 shows the typical TEM images obtained after
the reduction of system 3s (part a) together with those
obtained for the following two reference systems: part
b for the systems with Pd(acac), but without the
reduction (also obtained from system 3s) and part c for
the neat block copolymer free from Pd(acac), and Pd
nanoparticles. In parts a and b the system contains Pd
nanoparticles and Pd(acac),, respectively, by 7.4 wt %.
In all the cases the systems show lamellar nanodomains
(parts a—c). In part a Pd nanoparticles of diameter ca.
4 nm are more or less uniformly aligned along linear
arrays, seemingly parallel to lamellar interfaces as
expected from parts b and c, and the arrays of the Pd
nanoparticles are arranged periodically with a spacing
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Figure 3. TEM images for the specimens obtained after the reduction of system 3s (PIl-b-P2VP/Pd(acac)./benzyl alcohol = 32.5/
2.6/64.9 (wt %) (Whep = 0.334 and wpqiy = 0.074)) (a) for those obtained after solvent evaporation of system 3s without the reduction
(b) and for the specimen free from Pd(acac). (c). Images b and ¢ were obtained with the ultrathin sections stained with OsO,
vapor, while image a was obtained with unstained ultrathin sections. In image a, the dark dots are Pd nanoparticles which are
aligned parallel to the interface between the P2VP lamellae and PI lamellae. In images b and c, the dark and bright phases are

stained Pl lamellae and unstained P2VP lamellae, respectively.

of ca. 30 nm.2* The results shown in Figure 3 together
with those in Figures 1 and 2 reveal the following two
features in the particular conditions employed in this
study: (1) The lamellar microdomains are maintained
during the reduction and the solvent evaporation pro-
cess.?5 (2) Pd(I1) and the Pd nanoparticles incorporated
in the P2VP phase do not perturb the lamellar micro-
domain structure (especially true for the case of Wpqq
= 0.074), though the concentration of Pd(l1) in Figures
1 and 2 is different from that in Figure 3. In fact, the
system containing Pd(acac), by 29.3 wt % showed a
morphology similar to Figure 3a except for a larger
concentration of Pd nanoparticles after the reduction.??

Figure 4 shows the TEM images obtained on the film
specimens after the reduction and further stained with
OsOq4 (a) and 1,4-diiodobutane (b). Note that OsO,4 and
1,4-diiodobutane selectively stain the Pl and P2VP
phases, respectively. The results clearly reveal that the
Pd nanoparticles are localized around the center of the
P2VP phase. Before the reduction, Pd(ll) ions are
strongly solvated so that they are neutral to the Pl and
P2VP block chains and hence are distributed in both
Pl and P2VP lamellae with equal number densities, as
pointed out earlier in this paper. However after the re-
duction, Pd atoms or clusters of Pd atoms will be coordi-
nated only by P2VP block chains to result in localization
around the center of P2VP lamellae. This point was
clarified by an in-situ observation of SAXS profiles dur-
ing the reduction process.?® The distribution of metal
ions in microdomain space before the reduction and the
distribution of metal nanoparticles after the reduction
depend generally on solvents and metals used in the
system as well as working temperatures. The details
about the morphology as a function of concentration of
Pd(acac),, block copolymer compositions, reduction tem-
perature, etc.,?? as well as those about the in-situ analy-
sis of the reduction process?® will be reported elsewhere.

In summary we developed a new method of a selective
incorporation of metal nanoparticles into block copoly-
mer nanodomains by means of a one-step, in-situ,
reduction of metal ions in ordered nanophases in
concentrated block copolymer solutions.

Figure 4. TEM images for the specimens obtained after the
reduction of system 3s and further stained by OsO, vapor (a)
and stained by 1,4-diiodobutane (b). In image a, the dark and
bright phases are Pl lamellae stained by OsO, and unstained
P2VP lamellae, and dark dots are the Pd nanoparticles in
P2VP phase. In image b, the dark and bright phases are P2VP
lamellae stained by 1,4-diiodobutane and unstained Pl lamel-
lae, and the dark dots are Pd nanoparticles in P2VP lamellae.
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