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ABSTRACT: We successfully developed a method to control the introduction of Pd nanoparticles selectively
into the poly(2-vinylpyridine) (P2VP) microdomains of polyisoprene-block-poly(2-vinylpyridine) (PI-b-P2VP)
diblock copolymer. The technique consists of three steps: (i) cross-linking of P2VP microdomains with diiodobutane
(DIB), (ii) immersion of the cross-linked film in the mixture of palladium diacetate (Pd(acac),), benzyl alcohol,
and toluene, and (iii) annealing the immersed and dried film at 230 °C for 30 min. With this method, we could
generate Pd nanoparticles with considerably uniform size (5.5 nm) by in situ reduction of the Pd ions solely
within the P2VP microdomains without disturbing the regular microdomain structure of PI-b-P2VP diblock
copolymer. We employed 3D electron tomography to analyze the location and the size of the Pd nanoparticles
and demonstrated its capability in the analysis of nanoparticle/block copolymer systems.

1. Introduction

In the recent decade there has been a great deal of interest in
creating functional structures in nanometer scale using block
copolymer microdomain structures. When the conventional
block copolymers are used to prepare functional materials, it is
necessary to introduce some functional materials, which can
add some useful functionalities to the block copolymers when
they themselves do not have desirable functionalities.

Metal nanoparticles of less than ten nanometers in diameter
have different properties and functionalities from their bulk due
to the quantum size effect.' > Therefore, metal nanoparticles
are good candidates to be added to the block copolymer.
However, metal nanoparticles are not stable by themselves and
strongly tend to aggregate into large clusters. To create advanced
functional materials having superior optic, electronic, magnetic,
thermal, or catalytic properties with metal nanoparticles, their
surfaces should be protected with some ligands or polymers
against aggregation.*”® Furthermore, it is important to align the
metal nanoparticles in a regular array with a template to enhance
their featuring properties.””

It is well-known that diblock copolymers form ordered
nanometer-scale microdomain structures such as bcc spheres,
hexagonally packed cylinders, bicontinuous double-networks,
and lamellae. Morphology and domain sizes of diblock copoly-
mers can be readily controlled by changing their compositions
and molecular weights.lo_15 Besides, since their domain sizes
are in the range of 10—100 nm, block copolymers are suitable
for a template to align or a supporting material of the metal
nanoparticles.

Many works on introduction of nanoparticles into block
copolymers have been reported so far.'®*® There are basically
two different techniques. One is mixing surface-modified metal
nanoparticles with block copolymers by solution blending. The
other is generating metal nanoparticles in situ in block copoly-
mers. To give an example of the former case, Bockstaller et
al.** achieved a highly selective introduction of the surface-
modified Au and SiO, nanoparticles with different core sizes
into different locations of the micorodomains of polystyrene-
block-poly(ethylene-co-propylene) diblock copolymer (PS-b-
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PEP) by blending the block copolymer with the nanoparticles.
They blended two different nanoparticles, Au and SiO,, having
two distinct diameters at once with the block copolymer in
solution and demonstrated that they could control the locations
of the nanoparticles by adjusting the particle core sizes. The
particles with the smaller core size (Au) were found predomi-
nantly near the interfaces of the lamellar domains, and the others
with the larger core size (SiO,) were localized near the center
of the PEP domains. The limitation of this technique is that the
amount of nanoparticles introduced in the microdomains is
limited relatively low because blending an excess amount of
nanoparticles results in precipitation of the nanoparticles and/
or destruction of the regular microdomain structures of the block
copolymers.

As for an example of the latter case, Hashimoto et a
reported selective introduction of Pd nanoparticles into P2VP
domains of polyisoprene-block-poly(2-vinylpyridine) diblock
copolymer (PI-b-P2VP). They first prepared the film sample
by casting PI-b-P2VP from solution in a mixture of toluene,
palladium diacetate (Pd(acac),) and benzyl alcohol, and then
annealed the film. The Pd ion (Pd(II)) and the alcohol, which
is less volatile (bp = 204.7 °C), remained in the film even after
the evaporation of toluene. The Pd ion was reduced by benzyl
alcohol to generate Pd nanoparticles on subsequent annealing
at 140 °C. They found the Pd nanoparticles predominantly in
the P2VP domains of the PI-b-P2VP film. The adavantage of
this technique is that a large quantity of Pd nanoparticles can
be introduced into the P2VP domains of the PI-b-P2VP though
the selectivity reduces with increasing the amount of nanopar-
ticles. The excess introduction of Pd nanoparticles often results
in loss of microdomain regularity. Another limitation of this
technique is that the addition of benzyl alcohol might change
the microdomain morphology because it is not a neutral solvent
for PI and P2VP.

Adachi et al.> investigated in situ reduction of Pd(acac), and
introduction of Pd nanoparticles into a P2VP network texture.
They first cross-linked the P2VP microdomains of a PI-b-P2VP
film having gyroid morphology with 1,4-diiodobutane (DIB),
removed the PI microdomains selectively by ozonolysis, and
generated Pd nanoparticles in situ in the film by placing it in a
1-propanol/toluene/Pd(acac), bath at 85 °C. They found the Pd
nanoparticles introduced into the P2VP networks. They observed
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that the size of the Pd nanoparticles increased with the reduction
time ¢ following the power law of £ "¢ in agreement with a
diffusion and coalescence model without hydrodynamic interac-
tions. Jnnai et al.*’ investigated the location of the Pd nano-
particles in the P2VP network texture prepared by the same
technique in 3D using electron tomography. They found that
the Pd nanoparticles only at the surfaces of the P2VP networks.
Therefore, the location of the introduced Pd nanoparticles could
depend on the preparation conditions. Another disadvantage of
this technique is that the reduction of Pd ion occurs also in the
solution resulting in the waste of Pd ion.

In the case of block copolymer thin films having 2D nano-
patterns, uniform introduction of metal nanoparticles into
particular microdomains is not so complicated because it is less
important to consider the particle distribution along the thickness
direction of the thin films. However, in the case of thick films,
uniform introduction of metal nanoparticles along the thickness
direction is not so easy. Nonuniform biased distribution of
nanoparticles in the thickness direction of the films is often
resulted.*®* Therefore, it is necessary to develop a technique
to control uniform distribution of nanoparticles in the thickness
direction of the films.

In this paper, we report an excellent technique for selective
introduction of metal nanoparticles into a thick block copolymer
film. We could achieve (i) extremely high selectivity in
introduction of nanoparticles into the microdomains of a
particular component of a block copolymer, (ii) uniform particle
size, (iii) control of the amount of nanoparticles introduced in
the microdomains, (iv) uniform distribution of nanoparticles
within the thickness of the film, (v) no destruction of original
regular microdomain structure, and (vi) no waste of precursor
material for metal nanoparticles at the same time.

Diblock copolymers having P2VP as one component are
especially interesting because of the strong interaction of P2VP
with metal nanoparticles. We chose PI-b-P2VP as the block
copolymer and Pd as the metal nanoparticles and employed in
situ reduction of Pd ion. In the process to achieve such control,
we clarified the factors responsible for each process. We also
employed a novel technique, 3D electron tomography,*’-°~>?
to evaluate the distributions in size and locations of Pd
nanoparticles in the PI-b-P2VP microdomains. Consequently,
we could demonstrate the importance of particle analysis in
three-dimensional real space.

2. Experimental Section

2.1. Film Preparation. We used PI-b-P2VP diblock copolymer
with the number-average molecular weight M,, = 40.7 kg/mol, the
polydispersity index M/M, = 1.03 and the composition PI/P2VP
= 49.6/50.4 (wt %/wt %) (Polymer Source, Inc.). We prepared a
0.5 mm thick PI-b-P2VP film by casting from 5 wt % solution in
toluene by slow evaporation of solvent for 1 week at room
temperature.

2.2. Cross-Linking. We used DIB to selectively cross-link the
P2VP domains. The as-cast film was exposed to DIB vapor at 85
°C for 24 h resulting in the insoluble film in toluene. After cross-
linking, the P2VP domains have a dark contrast in TEM observation
due to the iodine atoms of the DIB cross-linking the P2VP chains.

2.3. Reduction Methods of Metal Nanoparticles. We tried three
methods for introduction of nanoparticles into the microdomain
structure of PI-b-P2VP.

2.3.1. Method 1. In method 1, the polymer films after cross-
linking were immersed in a mixture of 150 mg of Pd(acac),
(Aldrich), 5 mL of benzyl alcohol, and 30 mL of toluene at 85 °C
for 1 day. Subsequently, the films were dried in the ambient
atmosphere for 1 day, and then annealed at 230 °C for 30 min
under vacuum.

2.3.2. Method 2. In method 2, the polymer films after cross-
linking were immersed in a mixture of 150 mg of Pd(acac), and
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30 mL of toluene at 30 or 85 °C for 1 day. Subsequently, the films
were dried in the ambient atmosphere for 1 day, and then annealed
at 230 °C for 30 min under vacuum.

2.3.3. Method 3. In method 3, the polymer films after cross-
linking were immersed in a mixture of 150 mg of Pd(acac),, S mL
of benzyl alcohol and 30 mL of toluene at 30 °C for 1, 2, 3, or 7
days. Subsequently, the films were dried at room temperature for
1 day, and then annealed at 230 °C for 30 min under vacuum.

2.4. TEM Observation. The microdomain structures and the
Pd nanoparticles in the annealed films were observed under a JEOL
JEM-2000FX transmission electron microscope (TEM) operated
at 200 kV for the ultrathin sections on the 100 mesh copper grids
with formval supporting film. The ultrathin sections were prepared
with a Leica EM FCS ultramicrotome equipped with a cryogenic
sectioning kit at —75 °C and their thickness was about 70 nm. The
ultrathin specimens of all the films before and after the reduction
process were subjected to the TEM observation. All the TEM
images were collected with a Bioscan CCD camera with 1k x 1k
resolution.

2.5. 3D Electron Tomography. The ultrathin specimen after
the reduction by immersing for 7 days and annealing in method 3
was subjected to single-axis electron tomography*’>°~3? to obtain
the accurate sizes and the location of the nanoparticles in 3D space.
The ultrathin specimen on the grid was tilted from —60° to +60°
in 2° step in the TEM, and 61 images were obtained. For these
images, we used the fiducial maker method using the reduced Pd
nanoparticles as the markers to determine the tilt axis and to align
the image positions. After the alignment we used the filtered back
projection (FBP) method for 3D reconstruction.

2.6. Particle Analysis. 2.6.1. 2D Analysis. We estimated the
number and size of the particles in the TEM images by simply
applying the image analyzing program for 2D images, using a
freeware, Imagel (http://rsb.info.nih.gov/ij/).

2.6.2. 3D Analysis. For the reconstructed 3D image obtained by
3D electron tomography, we measured the number and size of the
particles directly from the 3D data set using Analyze 7.0 (visualiza-
tion and analysis software: http://www.analyzedirect.com/). We
measured the size of nanoparticles with the cross-section images
of the 3D reconstruction instead of calculating directly from the
particle volumes assuming a spherical shape of the nanoparticles
because the 3D image of the nanoparticles are not perfectly spherical
but more or less ellipsoidal due to the missing wedge effect. To
avoid this problem, we extracted the largest value of the cross-
sectional area of the nanoparticles images for each nanoparticle
from a series of horizontal cross-sections of the 3D images.

2.7. SAXS Measurements. Small-angle X-ray scattering (SAXS)
measurements were performed at room temperature to determine
the morphology and the spacing of the nanostructures in the films
of as-cast, after cross-linking with DIB, after immersion in the
mixture solution for 3 days and after annealing at 230 °C using a
SAXS instrument (RIGAKU, NANO-viewer) with an imaging plate
(RIGAKU, R-AXISIV*") as a detector. The SAXS profiles
(intensity versus ¢, ¢: magnitude of wave vector) were obtained
after correction for transmission and air scattering and circular
averaging.

3. Results and Discussion

To control the location and the distribution of metal nano-
particles, it is necessary to modify their surface with protecting
materials because the surfaces of the metal nanoparticles have
high chemical potential and they easily aggregate together. In
this work, we used PI-b6-P2VP diblock copolymer because P2VP
component helps the reduction of the Pd ion into Pd metal
nanoparticles, and protects the Pd nanoparticles against their
aggregation,* ® and the periodic microdomain structure of the
block copolymer sustains these nanoparticles regularly and
exclusively in the P2VP domains.

Figure 1 shows a TEM image of the thin section of PI-b-
P2VP block copolymer film after cross-linking by DIB. The
dark parts are P2VP domains with the contrast given by the
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Figure 1. TEM image of the PI-b-P2VP film after cross-linking with
DIB.

iodine atoms in the DIB cross-linking the P2VP chains, and
bright parts are the PI domains. This TEM image shows that
PI-b-P2VP maintains a lamellar morphology with a highly
regular domain spacing of ca. 30 nm. This cross-linking
treatment of P2VP domains is necessary to keep the lamellar
microdomain structure during the subsequent immersion process.
Without the cross-linking, the copolymer films are readily
dissolved in the mixture solution. The cross-linked lamellar
P2VP microdomains keep the entire film from dissolution
because the lamellar microdomains are interconnected each other
via Scherk’s surfaces at the grain boundaries.”*

3.1. Method 1. Figure 2a shows a TEM image of a thin
section of the cross-linked PI-b6-P2VP after immersing in the
mixture solution of Pd(acac),, benzyl alcohol and toluene at 85
°C for 1 day. This treatment is similar to that employed by
Adachi et al.*® though we used benzyl alcohol instead of
1-propanol. In fact, we also tried exactly the same technique as
theirs using 1-propanol but we found no Pd nanoparticles
introduced in the bulk PI-b-P2VP film. Since 1-propanol is a
poor solvent for PI and P2VP, we changed it to benzyl alcohol,
which dissolves both PI and P2VP. In Figure 2a, some Pd
nanoparticles have been generated sparsely both in PI and P2VP
microdomains. It suggests that some Pd(acac), and benzyl
alcohol must have penetrated into the copolymer film during
the immersion process and benzyl alcohol reduced Pd(acac),.
At 85 °C benzyl alcohol works as a reduction agent for
Pd(acac),, which can be deduced from the fact that after the
immersing treatment, the color of the solution also turned into
black due to the aggregated Pd nanoparticles. The reduction
power of benzyl alcohol for Pd(acac), is strong enough in
solution at 85 °C. However, Figure 2a suggests either that not
much Pd(acac), and benzyl alcohol penetrated into the copoly-
mer film or that not much reduction by benzyl alcohol proceeded
in the copolymer film.

A breakthrough was made when we annealed the immersed
films. Figure 2b shows a TEM image of a thin section of the
PI-b-P2VP film after the solution-immersion treatment and
subsequent annealing at 230 °C for 30 min in vacuum. The
number of Pd nanoparticles increased dramatically after the
annealing suggesting that immersion treatment introduced a large
amount of Pd(acac), into the copolymer film. The reduction of
Pd(acac), in the copolymer film must have proceeded in two
steps, first by benzyl alcohol at 85 °C during the immersion
treatment, and second by remaining benzyl alcohol in the dried
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film and/or P2VP itself when the film was subsequently annealed
at 230 °C. By the reduction of Pd(acac), during the immersion
treatment, Pd nanoparticles were generated both in PI and P2VP
domains although most of the Pd nanoparticles were generated
predominantly in the P2VP microdomains during the annealing
process. Therefore, the selectivity of the introduction of Pd
nanoparticles into the P2VP domains in method 1 is good to
some extent but not perfect. To achieve a higher selectivity we
need to avoid the generation of Pd nanoparticles during the
immersion process in the mixture solution.

3.2. Method 2. The reduction of Pd(acac), in the annealing
process at 230 °C is considered to be promoted predominantly
by P2VP within the P2VP domains but not by benzyl alcohol.
Therefore, to achieve a higher selectivity it is necessary to avoid
the generation of Pd nanoparticles in the PI domains during
the immersing process in the mixture solution. If the role of
benzyl alcohol is just to reduce the Pd ion and P2VP can reduce
the Pd ion better than benzyl alcohol at 230 °C, benzyl alcohol
is not necessary. We immersed the PI-56-P2VP film cross-linked
with DIB into the mixture solution without benzyl alcohol at
two different temperatures, 30 and 85 °C. The yellowish color
of the mixture solution was unchanged even after the immersion
treatments at both temperatures, suggesting that no reduction
of Pd(acac), took place in the mixture solution. We confirmed
no generation of Pd nanoparticles in the polymer films at this
step as well by TEM observation. Subsequently, the films were
annealed at 230 °C for 30 min under vacuum. Figure 3 shows
the TEM images of the specimens annealed after immersion at
30 °C (Figure 3a) and 85 °C (Figure 3b). In Figure 3b we can
find only one Pd nanoparticle in the PI microdomains as pointed
by an arrow. The selectivity in the generation of Pd nanoparticles
in the P2VP microdomains in method 2 is much higher than
method 1. However, the number of Pd nanoparticles generated
after the annealing in method 2 is much less than method 1.
This could be attributed to the absence of benzyl alcohol in the
mixture solution, which is the only difference between method
1 and method 2 in case of immersion temperature of 85 °C.
We suspect that benzyl alcohol must have promoted the
penetration of Pd ion into the P2VP domains. Since toluene is
a relatively poor solvent for P2VP and, moreover, since the
P2VP domains were cross-linked by DIB, the mixture solution
and, therefore, the Pd ion scarcely penetrate into the P2VP
domains without the assistance of benzyl alcohol as observed
in method 2. As the result, only a very small amount of Pd ion
was introduced into the P2VP domains during the immersion
process in the mixture solution in method 2, and a very small
number of Pd nanoparticles were generated during annealing
at 230 °C. The significant difference in the amount of the
introduced Pd nanoparticles between method 1 and method 2
indicates that benzyl alcohol is necessary to increase the amount
of Pd nanoparticles introduced in the P2VP domains. Thus,
benzyl alcohol is necessary ingredient to introduce Pd ion into
the P2VP domains by selectively swelling them since benzyl
alcohol is a good solvent for both P2VP and Pd(acac),.

3.3. Method 3. Instead of removing benzyl alcohol as we
did in method 2, we chose a different approach in method 3.
To avoid the reduction of the Pd(acac), by benzyl alcohol in
the mixture solution as well as in the cross-linked film during
the immersion process, we immersed the cross-linked polymer
films in the mixture solution at 30 °C for different periods of
time, dried them in the ambient atmosphere, and then annealed
at 230 °C for 30 min in vacuum. At 30 °C the yellowish color
of the mixture solution was unchanged after the immersion
process and Pd(acac), in the solution was not reduced by benzyl
alcohol.

We confirmed by TEM observation that no Pd nanoparticle
was generated in the polymer films after the immersion process
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Figure 2. TEM images of the PI-b-P2VP films (a) after immersion in the mixture solution containing benzyl alcohol for 1 day at 85 °C, and (b)

after subsequent annealing at 230 °C for 30 min (method 1).
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Figure 3. TEM images of the PI-b-P2VP films after immersion in the mixture solution without benzyl alcohol for 1 day at (a) 30 °C and (b) 85

°C, and subsequently annealed at 230 °C for 30 min (method 2).

and that the lamellar structure was not disturbed by the
immersion process in the mixture solution in method 3. This
suggests that the immersing treatment at a temperature as low
as 30 °C does not alter the original lamellar morphology in the
cross-linked film nor generate Pd nanoparticles even though the
mixture solution contains benzyl alcohol. After the immersion
for 1—7 days, the polymer films were dried and annealed at
230 °C for 30 min in vacuum. Figure 4 shows the TEM images
after annealing for the immersion time of (a) 1 day, (b) 2 days,
(c) 3 days, and (d) 7 days. All TEM images in Figure 4 exhibit
the high selectivity in the introduction of Pd nanoparticles into
the P2VP microdomains. Comparing all the TEM images in
Figure 4, we noticed that the number of Pd nanoparticles
increased with the immersion time while the dark contrast of
the P2VP domains decreased. Though the contrast in the TEM
images is always relative and absolute concentration of DIB
cannot be judged by the darkness alone in the TEM images,
the reduction of darkness in the P2VP microdomains with the
immersion time exceeds the level of darkness change with
contrast manipulation taking the Pd nanoparticle image as the
standard. Then, it suggests that the P2VP chains cross-linked
by DIB must have released a portion of the DIB when annealed
at 230 °C and this release must be related to the reduction
mechanism of the Pd ion penetrated into the P2VP domains.
As the result, Pd nanoparticles were generated only in the P2VP
domains in the reduction process. In addition, because the
sublimation temperature of Pd(acac), is 170 °C, which is lower

than the annealing temperature, 230 °C, the remaining intact
Pd(acac), in the P2VP microdomains as well as those in the PI
microdomains, which did not make the complex with the P2VP
chains, sublimed during the annealing process under the reduced
pressure. The released DIB must have been removed from the
film at the same time. It should be noted, however, that the
copolymer films with the Pd nanoparticles after the annealing
could not be dissolved in toluene due to either the cross-links
between the remaining DIB and the P2VP chains or the adhesion
between the Pd nanoparticles and the P2VP chains. Thus, we
could establish the technique of in situ introduction of Pd
nanoparticles selectively into the P2VP microdomains of PI-b-
P2VP diblock copolymer. Cross-linking with DIB helped not
only keeping the microdomain structure unchanged during the
immersion and annealing processes, but also avoiding the
dissolution of the film in the mixture solution, and achieving
the highly selective introduction of Pd nanoparticles into the
P2VP domains, which will be demonstrated by 3D electron
tomography below.

3.4. Particle Analysis. The number of Pd nanoparticles per
unit area and their average size were measured as a function of
immersion time in the mixture solution for method 3 using the
TEM images of the films after annealing with the aid of an
image processing software ImageJ. The results are plotted in
Figure 5. It shows the tendency of the average size of the Pd
nanoparticles increasing with the immersion time. But the
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Figure 4. TEM images of the cross-linked PI-b-P2VP films after immersion in the mixture solution with benzyl alcohol at 30 °C for (a) 1 day, (b)
2 days, (c) 3 days, and (d) 7 days, and subsequently annealed at 230 °C for 30 min. (method 3).
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Figure 5. Result of the 2D analysis of the TEM images of the PI-b-
P2VP films by method 3 with Imagel. The number of the Pd
nanoparticles per unit area (um2) and their average size are plotted
against the immersion time.

increase in the number of Pd nanoparticles per unit area is not
straightforward with time. We suspected that this irregularity
is resulted from the error in identifying individual particles in
the TEM images using the image analysis procedure of the
software. Since TEM images are the 2D projections of the 3D
objects, it is impossible to separate individual particles from
each other if the images of more than two particles overlapped
in the thickness direction of the thin sections, resulting in
measuring the size of the “aggregate” of more than two particles
as that of a single particle. Then, what we can get are the wrong

number and size of the particles. To avoid this problem, we
applied the 3D electron tomography technique to the particle
analysis in 3D space.

Figure 6 shows the 3D reconstructed image obtained from
the same area as shown in Figure 4d for the film immersed for
7 days. The volume size of the 3D reconstructed image is 400
nm X 400 nm x 100 nm. The Pd nanoparticles belonging to
different P2VP lamellar domains are shown in different colors.
All the Pd nanoparticles seem to be located within each P2VP
domain. By observing the 3D image rotating around the vertical
axis, we found that the distribution of the Pd nanoparticles with
respect to the lamellar center was much sharper than it appeared
in Figure 6. All the individual Pd nanoparticles can be separated
in this measurement and thus it involved no error due to the
overlapping of the Pd nanoparticles. This also shows that the
generation of the Pd nanoparticles was limited within the P2VP
microdomains. We measured the number and the size of the
Pd nanoparticles from the 3D reconstructed image. The number
of the Pd nanoparticles turned out to be 779 in the volume of
1.6 x 10° nm® and their average size was 5.5 nm. In the 2D
particle analysis for the same area, the number of the Pd
nanoparticles was 207 and their average size was 9.2 nm. This
suggests clearly that the number of the Pd nanoparticles was
underestimated due to their overlapping in the projected TEM
image. Therefore, 2D particle analysis is not an accurate method
to measure the number and the size of nanoparticles excepting
the case where all the particles are sparsely distributed. We
applied 3D electron tomography to each of the four samples
observed in Figure 4, and measured the number and the size of
the Pd nanoparticles. Figure 7 shows the average size and the
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Figure 6. 3D electron tomography image reconstructed for the same
area as shown in Figure 5d for the PI-»-P2VP film immersed for 7
days in the mixture solution with benzyl alcohol in method 3. Pd
nanoparticles in each P2VP lamellar domain are distinguished by
different colors (volume size: 400 nm x 400 nm x 100 nm).
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Figure 7. Result of the 3D analysis of the TEM images of the PI-b-
P2VP films by method 3 with Analyze7.0. The number of the Pd
nanoparticles per unit volume («m~>) and their average size are plotted
against the immersion time.

number of the Pd nanoparticles vs immersion time in the mixture
solution. It shows that the average size of the Pd nanoparticles
is almost independent of immersion time in contrast to the
increasing tendency for the 2D analysis in Figure 5. Therefore,
we can conclude that the size of the Pd nanoparticles does not
depend on the immersion time. However, the number of the Pd
nanoparicles increased almost linearly with the immersion time
as shown by the solid line in Figure 7.

Figure 8 shows the size distribution of the nanoparticles
obtained by each method. The data with annotation “3D”
represent the distribution obtained by the 3D particle analysis,
and the others by the 2D particle analysis. Here C, and C
represent the count of the Pd nanoparticles having a particular
size and the total count of the Pd nanoparticles in the image,
respectively. The distribution curves obtained by the 2D particle
analysis for method 1, method 2 at 30 °C and method 2 at 85
°C are considerably sharp and their average sizes are 4.5, 3.6,
and 5.2 nm, respectively. However, the selectivity of introduc-
tion for method 1 is not so good, and the total count of the Pd
nanoparticles for method 2 is very small. When we compare
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Figure 8. Size distribution of the Pd nanoparticles obtained by each
method. C; and Cy represent the count of the Pd nanoparticles having
a particular size and the total count of Pd nanoparticles, respectively.

the distribution curves obtained by the 3D particle analysis with
that of the 2D particle analysis for method 3, we notice that the
curves obtained by the 2D particle analysis for the immersion
of 3 and 7 days have a significant count of larger nanoparticles
due to the overlapping of the several Pd nanoparticles in the
projected TEM images. The distribution curves obtained by the
3D image analysis are more accurate because all Pd nanopar-
ticles in the 3D reconstructed image are distinguishable from
each other and counted or measured. Overlapping of Pd
nanoparticles in the projected TEM image in the 2D analysis
leads to an incorrect result both in their count and their sizes.
This tendency increases with an increase in the number density
of Pd nanoparticles. In contrast, the particle analysis for the
TEM images with smaller number density of Pd nanoparticles
and hence with isolated Pd nanoparticles does not have such a
problem.

Since we attempted to introduce the Pd nanoparticles uni-
formly into the bulk film, we needed to examine the distribution
of the Pd nanoparticle concentration across the film thickness.
Nonuniform introduction of nanoparticles across the film
thickness is unfavorable for a practical application in many
cases. Therefore, we applied electron tomography to several
different areas as a function of the depth from the surface for
the PI-b-P2VP film prepared by method 3 with the immersion
time of 7 days. Figure 9 shows the low magnification TEM
image of the same specimen as observed for Figure 4d. The
TEM image in Figure 9 shows the area from the surface to the
interior of the bulk film specimen after the introduction of
the Pd nanoparticles. The black line on the TEM image indi-
cates the location of the surface of the bulk film. The areas where
the electron tomography was performed are designated by the
dots marked with a—d. The electron tomography of the area
near the center of the bulk film (250 #m from the surface) was
performed with a different thin section. Figure 10 shows the
average size (open circles) and the number (open triangles) of
the Pd nanoparticles as a function of the distance from the
surface of the bulk film. The average size of the Pd nanoparticles
is kept almost constant independent of the depth from the film
surface, and so is the number of the Pd nanoparticles per unit
volume except for the area very close to the surface of the bulk
film where the concentration of the Pd nanoparticle is 2—3 times
higher than that in the interior. Probably a higher concentration
of Pd ion near the film surface gave rise to the higher
concentration of Pd nanoparticles near the film surface. Thus
we could achieve a fairly uniform introduction of Pd nanopar-
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Figure 9. Low magnification TEM image of the ultrathin section of
the PI-b-P2VP film immersed for 7 days and annealed exposing the
cross-section including the film surface. The dark areas correspond to
the grid bars and the solid line indicates the location of film surface.
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Figure 10. Result of the 3D analysis of the TEM images of the PI-b-
P2VP films by method 3 with Analyze7.0. The number of the Pd
nanoparticles per unit volume (um™>) and their average size are plotted
against the distance from the surface of the bulk film.

ticles across the film thickness except for the very narrow region
from the surface. Immersion of the cross-linked PI-b-P2VP in
the mixture solution for 7 days in method 3 seems to be long
enough to achieve uniform distribution of Pd ion in the bulk
film specimen.

3.5. SAXS Analysis. The domain spacing of the micro-
domain structure for each step of the processing of the
copolymer film immersed for 3 days in method 3 were
measured by SAXS experiments, and the average size of the
Pd nanoparticles produced in the final step was also
calculated. Figure 11 shows the SAXS profiles of the films of
as-cast (open circles), after cross-linking with DIB (crosses),
after immersion for 3 days (open squares), and after annealing
at 230 °C (open triangles), respectively. Here, ¢ and I(q)
represent magnitude of scattering vector and scattering intensity
at ¢, respectively. All the SAXS profiles suggest lamellar
structure because the higher-order peaks appear at the ¢ positions
of integer multiples of the ¢ value at each first-order peak. The
film after cross-linking exhibits up to the 10th-order peak
suggesting a highly regular spacing of the lamellae. The domain
spacing and the thickness of each microdomain were evalu-
ated from the SAXS profiles by their self-correlation function
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Figure 11. SAXS profile from the film as cast, after cross-linking with
DIB, after immersion for 3 days, and after annealing at 230 °C. All
the profiles indicate lamellae morphology.
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Figure 12. Self-correlation function K(z) vs distance z plot for the SAXS
profile of the film after cross-linking with DIB in method 3 (immersion
time: 3 days). The distances marked by a and b correspond to the
thickness of the P2VP microdomain and the domain spacing, respec-
tively.

described by eq 1. Here K(z) and z represent self-correlation
function and distance, respectively.

f 4nq21(q) cos gz dg
K(z)= ; ey
S 4nq’l(q) dg

In Figure 12, K(z) is plotted against z for the SAXS profile
of the cross-linked film. The points a and b correspond to the
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Table 1. Domain Spacing, and the Thicknesses of P2VP and PI
Domains Determined from K(z) and z Obtained from the SAXS
Profiles

b (domain a (thickness of b — a (thickness of
spacing) P2VP microdomain)  PI microdomain)
(nm) (nm) (nm)
as cast 333 13.2 20.1
after cross-linking 38.5 15.7 22.8
after immersion 32.8 13.3 19.5
after annealing 38.5 154 23.1

thickness of the P2VP microdomain and the domain spacing,
respectively, so the thickness of the PI microdomain is given
by (b — a). Similarly, the domain spacing and the thicknesses
of the PI and P2VP microdomains of the other three films were
obtained and listed in Table 1. The domain spacings of the films
after cross-linking with DIB and after annealing at 230 °C are
the same and larger than the others. Table 1 also shows that
the thicknesses of both PI and P2VP microdomains of the films
after cross-linking and after annealing at 230 °C are thicker than
the others. This suggests that the increase in the thickness of
each microdomain after annealing at 230 °C or after cross-
linking by exposing to DIB vapor at 85 °C could be the result
of thermal equilibration by heating, but was not caused by the
addition of the DIB, Pd ion or Pd nanoparticles into the
microdomains. On the other hand, the as-cast film and the film
after immersion in the mixture solution have smaller domain
spacings and thicknesses of the PI and P2VP microdomains than
the others because of the nonequilibrium states frozen-in after
the evaporation of solvents at room temperature. The thermal
treatment above the glass transition temperature of P2VP or
solvent annealing with DIB at 85 °C promoted the molecular
motion to attain the equilibrium states and brought an increase
in the thickness of each microdomain. Consequently, we could
confirm that the lamellar microdomain structure of PI-6-P2VP
was not disturbed at all by each processing step in method 3.

The SAXS profile after annealing at 230 °C as shown in
Figure 11 is composed of the scattering from the microdomain
structure (sharp peaks) and that from the Pd nanoparticles (broad
shoulder). Assuming that the Pd nanoparticles are spherical and
their distribution has no correlation, the scattering intensity 1,(q)
is approximately expressed by

o 3 2
L@=CN P(R)[“”TRﬂD(qR)] dR @
D(gR) = ——[sin(gR) — (¢R) cos(qR)] 3)
(gR)

Here R is the radius of spherical particles, N is the total number
of particles, P(R) is a distribution function describing the num-
ber of particles having a radius R, and C is a constant
independent of ¢ and R. In Figure 13, the solid line shows the
best-fitted curve of [,(g) obtained by eq 2 when P(R) is
approximated by the Gaussian distribution and R = 2.9 nm,
and the dashed line shows the best-fitted curve when there is
no distribution in R and R = 2.9 nm to the SAXS profile of
after annealing at 230 °C shown by open circles. The diameter
of Pd nanoparticles obtained by SAXS experiment, 5.8 nm is
in good agreement with that obtained by 3D electron tomog-
raphy, 6.1 nm, within the experimental error.

4. Conclusion

We successfully developed the technique to control the
introduction of Pd nanoparticles with an extremely high
selectivity into the P2VP domains of the PI-6-P2VP diblock
copolymer, as well as to control the number of introduced Pd
nanoparticles. The technique consists of three steps: (i) cross-
linking of P2VP domains of PI-6-P2VP film with DIB, (ii)
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Figure 13. The curve-fitting results using eqs 2 and 3 with the SAXS
profile of the film obtained by method 3 (immersion time: 3 days).
The dashed and solid curves are the best-fitted curves for the spherical
particles with 5.8 nm diameter without size distribution and with
Gaussian distribution, respectively.

immersion of the cross-linked film in the mixture of Pd(acac),,
benzyl alcohol and toluene at 30 °C, and (iii) annealing the
immersed film at 230 °C for 30 min. The new issue of this
study is the introduction of Pd ions and the generation of Pd
nanoparticles in situ in the P2VP domains fixed by cross-linking
of P2VP with DIB, which prevents the dissolution of polymer
films in the mixture solutions, so that there is no significant
change of the microdomain structure even after the introduction
of Pd nanoparticles. Pd nanoparticles with a relatively uniform
size can be uniformly introduced in the bulk film of 0.5 mm
thick.

We also applied 3D electron tomography to analyze the
location and the size of the Pd nanoparticles in 3D real space.
Consequently, we could show the significant difference between
the 2D and the 3D analyses. The electron tomography is a
powerful tool to analyze the nanoparticle/block copolymer
systems in real space. Furthermore, we examined the thickness
of the lamellar microdomains and the size of the Pd nanopar-
ticles by SAXS. As the result, we could prove that the lamellar
microdomain structure of PI-b-P2VP did not undergo a signifi-
cant change throughout the treatment processes. A good
agreement was confirmed between the size measurements of
the Pd nanoparticles by electron tomography and SAXS.
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