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ABSTRACT: Time-resolved small-angle X-ray scattering (SAXS) measurements were performed to study in-
situ formation of palladium (Pd) nanoparticles in block copolymer microdomains. The nanoparticles were reduced
in a reaction medium containing a fixed composition of polyisoprene-block-poly(2-vinylpyridine) (PI-b-P2VP),
palladium acetylacetonate, Pd(acac)2, and benzyl alcohol as a solvent and a reducing agent. The polymer
concentration is high enough so that it forms swollen ordered lamellae before reduction. The reduction was
induced by a rapid temperature jump, and the polymer concentration was kept constant in a sealed sample cell.
It was clearly elucidated that the formation of Pd nanoparticles occurred in the templates of the swollen lamellar
microdomains. By fitting the theoretical scattered intensity for spherical particles to the observed SAXS profiles,
we analyzed time evolution of mean radius, standard deviation of radius, and total volume of Pd nanoparticles
in concentrated PI-b-P2VP solutions after T-jump. These results and the information obtained in our previous
communication indicate that Pd(II) ions before reduction distribute equally well in both the PI and P2VP lamellae;
after T-jump Pd nanoparticles form and grow only in the P2VP lamellae after an induction period, and the growth
stops when the size reaches a steady value; the final size and total volume of Pd nanoparticles created depend on
the reduction temperature. The formation of Pd nanoparticles in a P2VP homopolymer solution was also investigated
by the same method as that employed for the block copolymer solution in order to compare the two results with
and without the template and hence to explore roles of the template on the nanoparticle formation.

1. Introduction

In the recent decade metal nanoparticles having a diameter
of the order of nanometers have been vigorously investigated.
They are expected as innovative optoelectronic devices and
catalyst because of their small size effect and extremely large
specific surface area. However, the metal nanoparticles strongly
tend to aggregate into large clusters; hence, in many cases they
are stabilized by covering their surface with surfactants1-3 or
polymers.4-20 Some researchers reported that the metal nano-
particles can be localized in a specific area of a specimen, i.e.,
a specific phase of microdomain structures by stabilizing metal
nanoparticles with block copolymers.8-20 The key points are
that the block copolymers form the micorodomain structures
and the one component of the block copolymers interacts with
the metal more strongly than the other: the block copolymers
act as both stabilizers for metal nanoparticles and templates
controlling the distribution of them.

In our previous communication,18 we reported the formation
of the palladium (Pd) metal nanoparticles in the lamellar
microdomain structure of polyisoprene-block-poly(2-vinylpy-
ridine) (PI-b-P2VP) block copolymer. In that work, the con-
centrated solution of PI-b-P2VP in benzyl alcohol with palla-
dium acetylacetonate, Pd(acac)2, was annealed at 140°C on a

laboratory dish. By this annealing process, palladium ions, Pd-
(II), were reduced to Pd(0) by benzyl alcohol as a reduction
agent, and benzyl alcohol acting also as a solvent was
simultaneously evaporated; thus, PI-b-P2VP cast film with Pd
metal nanoparticles could be obtained. The solutions before the
annealing and the cast film containing Pd nanoparticles obtained
after the annealing were investigated by small-angle X-ray
scattering (SAXS) and transmission electron microscopy (TEM),
respectively. The SAXS results indicated that the concentrated
solutions before reduction of Pd(II) ions had a lamellar
microdomaim structure where Pd(II) ions distributed equally
well in the P2VP and PI lamellae. On the other hand, the TEM
pictures for the cast film showed that Pd nanoparticles distrib-
uted only in P2VP lamellae. Figure 1 schematically presents a
summary of the reduction process of Pd(II) ions and the
reduction-induced formation of Pd nanoparticles in the solvent-
cast process (i.e., the annealing process) employed in our
previous work.

In this work, we focus on the kinetics of this reaction-induced
self-assembling process of Pd nanoparticles in the organic
templates to understand how the Pd nanoparticles are created
and grow in the specific field of microphase (P2VP phase) of
block copolymer templates. For this purpose we set up a well-
defined experimental system which allows the reduction at a
fixed polymer concentration and at a fixed temperature.

The observation of metal nanoparticle created by reduction
of metal ions has been performed mainly by TEM,1-20 wide-
angle X-ray scattering (WAXS),5,9 and SAXS.9,11,18The peak
width analysis for the scattering from metal by WAXS allows
us to obtain the size of metal crystals. However, we cannot
detect the real size of metal nanoparticles if they consist of
polycrystals. TEM analysis is not suitable for in situ observation
of formation of metal nanoparticles. SAXS analysis may give
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information for both metal nanoparticles and microdomain
structures. Cohen and his coworkers9,11 presented the SAXS
profiles from the microphase-separated organometallic-block-
organic block copolymer before and after reduction of metal
complex. The SAXS profile before reduction showed the
scattering only from the microdomain structure, while that after
reduction showed the scattering from both the microdomain
structure and metal nanoparticles. Moreover, the scattering
analysis gave information on the size of metal nanoparticles.

However, those SAXS measurements were performed only
before reduction and after completion of reduction process.
Hence, kinetics of nanoparticle formation in the templates have
hardly been investigated so far, and mechanisms and processes
of the hybrid formation remain essentially unclarified. We thus
performed time-resolved SAXS measurements during the reduc-
tion reaction process of concentrated polymer solutions contain-
ing Pd(acac)2 at a fixed polymer concentration, induced by a
temperature jump (T-jump) to 80 and 100°C. The time-resolved
SAXS is well-known as a powerful tool for in-situ observation
of nanostructure formation process.21,22We hope we could make
some contributions to illuminate basic physics underlying this
problem.

2. Experimental Methods

2.1. Sample Preparation.PI-b-P2VP diblock copolymer and
P2VP homopolymer used in this work were synthesized as detailed
elsewhere.23,24 The number-average molecular weight,Mn, the
volume fraction, fP2VP, of P2VP in block copolymer, and the
heterogeneity index,Mw/Mn, of these polymers are listed in Table
1. The concentrated solution of block copolymer or homopolymer
with Pd(acac)2 was prepared as follows: (1) prescribed amounts
of polymer, benzyl alcohol, and Pd(acac)2 were dissolved into an
excess amount of chroloform to obtain a dilute homogeneous
solution; (2) chloroform was completely evaporated at room
temperature (RT). The solution thus obtained was a clear brown
solution without any reduction of Pd(II) ions. The composition of
the solution is listed in Table 2.

2.2. SAXS Measurements.The time-resolved SAXS measure-
ments were performed to observe the formation of Pd nanoparticles

in the concentrated polymer solution. Figure 2 presents a schematic
illustration of time-resolved SAXS measurements after T-jump of
the solution prepared at RT to temperatures,Tf, where the reduction
of Pd(II) ions takes place in the solution with the fixed composition
of the components. The T-jump process was done as follows: (1)
the specimen was placed in the sample cell shown in part a of Figure
2, where the solution was placed in the Teflon spacer with the both
sides of the window sealed by poly(ethylene terephthalate) (PET)
films of 14 µm thickness as shown in part b; (2) the sample cell
was put manually into the heater block which was set on the optical
path of incident X-ray beam and regulated atTf as shown in part
c; (3) time-resolved SAXS measurements were started and timet
was set zero at the time when the specimen was put into the heater
block atTf. The temperature in the sample reaches theTf within 1
min after T-jump. Here it should be noted that in the previous work
the reduction of Pd(II) ions and the evaporation of extra amounts
of benzyl alcohol were done by a single annealing process at 140
°C. This process has an advantage to obtain a film in which Pd
nanoparticles are incorporated selectively in P2VP lamellae by a
single step process. However, this single step process is complicated
for analyzing the self-assembling mechanism. To simplify the
system, the samples were annealed in a sealed cell at a constant
composition, as shown in Figure 2, in this study. Thus, we could
avoid the evaporation of the solvent and observe the change
involved only by the reduction of Pd(II) ions. The composition of
the polymer solution with Pd(acac)2 andTf are listed in Table 2.

The scattered intensity was measured with the SAXS ap-
paratus21,25 which consists of an 18 kW rotating-anode X-ray
generator (Bruker AXS K.K., Ibaraki, Japan), a graphite crystal
for incident-beam monochromatization, and a one-dimensional
position-sensitive proportional counter (PSPC). The SAXS profiles
were obtained with a camera length of 1800 or 500 mm. The
profiles obtained were corrected for absorption and air scattering
as described elsewhere.25

3. Experimental Results

Figure 3 gives the time evolution of the SAXS profiles of
the PI-b-P2VP solution after T-jump to 80°C, obtained with
the camera length of 500 mm. The SAXS intensity is plotted

Figure 1. Schematic representaion on summary of our previous work.18

PI-b-P2VP concentrated solution in benzyl alcohol with molecularly
dissolved Pd(acac)2 had alternating lamellar microdomains (swollen
with benzyl alcohol); Pd(acac)2 and benzyl alcohol are uniformly
distributed in the solution because of strong attractions of Pd(acac)2

with benzyl alcohol rathar than PI and P2VP block chains. Heating
the solution at 140°C resulted in reduction of Pd(II) ions to Pd(0)
atoms, and Pd nanoparticles were selectively incorporated in P2VP
phase, owing to their stronger attractive interactions with P2VP block
chains rather than PI block chains. The heating simultaneously
evaporated benzyl alcohol, yielding polymer films containing Pd
nanoparticles with a unique spatial distribution.

Table 1. Characterization of Polymers Used in This Work

Mn fP2VP Mw/Mn

PI-b-P2VP 3.1× 104 0.4 1.04
P2VP 3.8× 104 1.0 <1.1

Figure 2. Schematic illustration for the T-jump, time-resolved SAXS
experimental method for a fixed and high concentration solution of
P2VP-b-PI block copolymer or P2VP homopolymer with benzyl alcohol
as a solvent and reducing agent for Pd(acac)2. The time required for
reaching the target temperatureTf is within 1 min.

Table 2. Summary of the T-Jump Experiments

weight composition in sample

PI-b-P2VP P2VP Pd(acac)2

benzyl
alcohol Tf (°C) results

0.29 0 0.12 0.59 80 Figures 3, 4
0.29 0 0.12 0.59 100 Figure 5
0 0.29 0.12 0.59 80 Figure 6
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as a function of the scattering vectorq. The quantityq is defined
by

whereλ andθ are the wavelength and scattering angle in the
medium, respectively. In Figure 3 the SAXS profile at RT is
also plotted as a reference for the solution without reduction.
The SAXS profile at RT before reduction of Pd(II) ions shows
the scattering maximum atq ) 0.18 and 0.36 nm-1, indicating
that the PI-b-P2VP solution has lamellar structure with lamellar
spacing of 35 nm. The inset shows the profiles focused on the
first-order peak obtained with the camera length of 1800 mm
in order to observe the time changes in the lamellar microdomain
structure. In Figure 3, the following observations are worth
noting: (1) the SAXS profiles for the solution annealed for less
than 5 min (open circles) are essentially same as the initial
profile, reflecting an induction period for the Pd particle
formation as will be clarified later; (2) the SAXS intensity atq
> 0.25 nm-1 increases with time after 15 min; (3) the scattered
intensity almost reaches a steady value at 65 min; (4) the first-
order scattering maximum,qm, slightly shifts to largerq with
time (see the inset); (5) the second-order peak from lamellae
still exists even after the reduction; (6) the excess scattering
emerging after T-jump tends to show a broad peak or shoulder
at the largeq-limit in Figure 3 (q > 2 nm-1). This trend is also
seen in Figure 4 as will be shown later. The increased scattered
intensities atq > 0.25 nm-1 after 15 min should originate from
the Pd nanoparticle created by reduction at the annealing
temperature. The broad peak or shoulder at the largeq limit in
Figures 3 and 4 arises from a form factor of Pd nanoparticles.
The SAXS profile,I(q;t), in Figure 3 is composed ofId(q;t)
from the microdomain structure formed in PI-b-P2VP solution
andIp(q;t) from Pd nanoparticles formed after reduction of Pd-
(II) ions into atoms and their aggregation into nanoparticles.27

To analyze the formation of Pd nanoparticles, we tried to
separateIp(q;t) from I(q;t). Although Id(q;t) changes with time
as shown in the inset of Figure 3, the contribution ofId(q;t) to
I(q;t) at q > 0.25 nm-1 is relatively small; hence, we assume
that Ip(q;t) is expressed by

whereI0(q) is the initial SAXS profile at RT.Ip(q;t) calculated
by eq 2 is plotted as a function ofq in Figure 4. The curves
shown by solid lines will be discussed later in section 4. The
inset of Figure 4 presentsIp(q;t ) 125 min) in order to show
clearly the typical profile after formation of Pd nanoparticles.
The inset reveals that theIp(q;t ) 125 min) has a broad peak at
q ) 3 nm-1, arising from a form factor of Pd nanoparticles.
The broad peak can be observed in the otherIp(q;t) also, except
for that at 15 min. The form factor peak may become clear when
it is compared with that from isolated spheres with a monodis-
perse sphere size, as shown by the solid line in the inset of
Figure 4.

Figure 5 presents the time evolution of the SAXS profiles of
the PI-b-P2VP solution after T-jump to 100°C. The SAXS
intensity is plotted as a function ofq; the SAXS intensity
increases with time and reaches nearly steady intensity at 15
min after the T-jump. The value ofqm slightly shifts to larger
q values with time as found in Figure 3. The curves shown by
solid lines will be discussed later in section 4.

Figure 3. Time evolution of SAXS profiles of the PI-b-P2VP solution
after T-jump to 80°C. The data in the large graph were obtained with
the camera length (distance between the sample and the detector) of
500 mm. The inset shows the profiles focused on the first-order peak
obtained with the camera length of 1800 mm.

Figure 4. Time evolution of SAXS intensity from Pd nanoparticles,
calculated on the basis of eq 2 after T-jump of the PI-b-P2VP solution
to 80 °C. Solid lines show the predicted curves best-fitted with the
experimental curves,Ip(q;t), by using eq 3. The inset presentsIp(q;t )
125 min) as a typical profile after formation of Pd nanoparticles. The
solid line in the inset presents the calculated curve from the isolated
spheres with a monodisperse sphere size,R0 ) 1.9 nm andσR ) 0 nm.

Figure 5. Time evolution of SAXS profiles after T-jump of the PI-
b-P2VP solution to 100°C. Solid lines show the predicted curves best-
fitted with the experimental curves,Ip(q;t), by using eq 3.

q ) (4π/λ) sin(θ/2) (1)

Ip(q;t) ) I(q;t) - I0(q), Id(q;t) = I0(q) (2)
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Figure 6 shows the time evolution of the SAXS profiles of
the P2VP homopolymer solution after T-jump to 80°C. The
SAXS intensity stays identical to that in the initial state for 10
min, begins to increase at 12 min, and reaches almost steady
intensity at 38 or 85 min. Here it should be noted that the SAXS
profiles after 23 min show the maximum at theq near 0.3 nm-1,
although the P2VP solution should not have a microdomain
structure. We shall go into detail discussion about the scattering
maximum in section 4.

4. Analysis and Discussion

4.1. Time Evolution of Pd Nanoparticles in a Templete of
Swollen Microdomain Structures.As shown in section 3, the
SAXS profile, I(q;t), in Figures 3 and 5 is composed of the
scattering from the microdomain structure and that from Pd
nanoparticles. If the Pd particles is spherical and the distribution
of them has no correlation, the latter scattering,Ip(q;t), is
approximately expressed by26

whereR is a radius of spherical particles,N is total number of
particles,P(R) is a normalized distribution function describing
a number of particles having radiusR, and C is a constant
independent ofq andR. In eq 3 we assume thatP(R) has the
Schultz-Zimm distristribution defined by

whereM is a shape factor of the distribution,R0 is a number-
average ofR, andΓ(x) is the gamma function. If the value of
M in eq 4 is sufficiently large, the Schultz-Zimm distribution
can be approximated by the Gauss distribution, and ifM ) 1,
it is equal to the exponential. We note thatR0, N, andP(R) in
eqs 3 and 4 are generally a function oft after T-jump.

In Figures 4 and 5, the solid lines show the best-fitted curves,
Ip,theory(q;t), obtained by eqs 3 and 4 withIp(q;t) after T-jump

to 80 and 100°C, respectively, thoughIp(q;t) after T-jump to
100 °C is not presented. Figures 4 and 5 reveal thatIp(q;t) can
be well described by eqs 3 and 4. TheP(R)’s thus obtained by
fitting for the SAXS profiles after T-jump to 80°C are plotted
in Figure 7. The functionP(R) shifts to largerR with time. The
details about the time dependence ofR0, reduced standard
deviation, σR/R0, and total volume of Pd nanoparticles,Vp,
calculated byP(R) andN obtained by the fitting are discussed
later in Figures 9, 10, and 11, respectively. For the profile at
25 min after T-jump to 80°C, we performed the fitting based
on the assumption thatP(R) is given by the zeroth-order
logarithmic distribution (ZOLD)28 described by eq 5 below as
well as the Schultz-Zimm distribution.

In eq 5 RM and ∆ are closely related toR0 and standard
deviation,σR, respectively: if∆ is sufficiently small,RM and
∆ are equal toR0 andσR, respectively. Figure 7 shows that the
P(R)’s for 25 min after T-jump expressed by ZOLD and
Schultz-Zimm distribution are almost the same, indicating that
both distribution functions can describe equally well the real
distribution ofR for this particular case.

In eq 3, we assume that the Pd nanoparticles have no spatial
correlation with each other; i.e., the scattering from the Pd
nanoparticles can be expressed by a sum of the scattering from
isolated spheres. However, because the Pd nanoparticles exist
only in the P2VP phase of microdomain structure, the Pd
nanoparticles should have the correlation corresponding to the
long-range order of mirodomain structure. Nevertheless, we
confirmed that the scattering from the Pd nanoparticles atq >
0.6 nm-1 can be approximately expressed by eq 3 in our case,
simply because an oscillation of the lattice factor withq due to
the long-range order is damped to a constant level atq > 0.6
nm-1. The general formula of the scattering function from
microdomain templates with nanoparticles and the precise
analysis for the scattering obtained in this experiment will be
presented elsewhere.27 In Figure 4 it should be noted that the
small scattering maximum can be observed at 0.38 nm-1 on
the Ip(q;t)’s at 25, 45, and 125 min, which is nearly equal to
the position of the second-order scattering maximum from the
microdomain template. It originates from the correlation between
Pd nanoparticles in a lamellar template and those in the other,
i.e., the interlamellar correlation of Pd nanoparticles and hence

Figure 6. Time evolution of SAXS profiles after T-jump of the P2VP
solution to 80°C. Solid lines show the predicted curves best-fitted with
the experimental curves,I(q;t), by using eq 6.

Ip,theory(q;t) ) CN∫0

∞
P(R)[4πR3

3
Φ(qR)]2

dR (3a)

Φ(qR) ) 3

(qR)3
[sin(qR) - (qR) cos(qR)] (3b)

P(R) ) MM

Γ(M)R0
M

RM-1 exp(- M
R0

R), ∫0

∞
P(R) dR ) 1 (4)

Figure 7. Time changes in the distribution ofR, P(R), after T-jump
of the PI-b-P2VP solution to 80°C, calculated by fitting eq 3 to the
experimental curves. TheP(R)’s at 25 min were obtained with the
zeroth-order logarithmic distribution (ZOLD) described by eq 5 as well
as the Schultz-Zimm distribution described by eq 4.

P(R) ) 1

x2π∆RM exp(∆2/2)
exp[-

(ln R - ln RM)2

2∆2 ] (5)
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a maximum in the lattice factor for the spatial distribution of
the microdomains.

4.2. Time Evolution of Pd Nanoparticles in P2VP Ho-
mopolymer Solutions.In Figure 6, the SAXS profiles after 23
min show the scattering maximum at theq value nearly equal
to 0.3 nm-1, although the P2VP solution do not have the
microdomain structure. It means that some local liquidlike orders
are developed for a spatial distribution of Pd nanoparticls. We
assume that the liquidlike order of the nanoparticles arises from
entropic repulsions of swollen P2VP chains, which are adsorbed
by the nanoparticles, in the solution of free P2VP chains. These
adsorbed chains may have loops and/or tail configurations as
proposed by our earlier works29-31 and are defined hereafter as
coronal chains (“corona”). The schematic illustration of this
model is shown in part a of Figure 8, whereR is the radius of
Pd nanoparticle,lcoronais the layer thickness of adsorbed chains
of P2VP (corona),a is R plus lcorona, andd is the interparticle
distance. In this model, the Pd particles plus the adsorbed P2VP
chains, represented by the “spheres” shown by the broken lines
in Figure 8, are assumed to be “hard spheres” in the matrix
solution of free P2VP chains: these “spheres” are assumed not
to penetrate each other as schematically shown by the pair
distribution function of the hard sphere,Ppair(r), in part c. On
the other hand, the scattering mainly arises from the Pd core as
shown by the electron density distribution,F(r), in part b.
Kinning et al.32 and Cohen et al.9,11 applied a similar model
respectively to spherical microdomain structures of bulk block
copolymers and to Pt and Pd nanoparticles in the block
copolymers, both having liquidlike order. The theoretical
scattered intensity,IHS(q), for this hard-sphere model is given
by32,33

Hereη is volume fraction of hard spheres.
In Figure 6, the calculated scattered intensity based on eq 6

with Schultz-Zimm distribution ofR (P(R) in eq 4) is shown
by solid lines. The results reveal that the scattering intensity
distributions including the scattering maximum can be well
described by the hard sphere model: the maximum originates
from the excluded-volume effect. The time evolution of the
number-average radius of the Pd particles,R0, evaluated by using
eq 6 will be shown later in Figure 9. The values ofη and a
after T-jump change from 0 to 0.06 and from 7.6 to 8.0 nm,
respectively. Here it should be noted that eq 6 is derived for
the system in whicha has a monodispersity. If the dispersity

of a is quite large, eq 6 cannot be applied. In our case,a ≡ R
+ lcoronaas shown in Figure 8. The valuea estimated by best-
fitting IHS(q) with the experimental scattering profile changes
from 7.6 to 8.0 nm with time, while the mean radius,R0, of Pd
nanoparticles changes from 1.4 to 2.0 nm with time as will be
shown later in Figure 9. Hence, thelcorona should be equal to
about 6 nm in the whole time region after T-jump. If thelcorona

can be assumed to be constant and equal to 6 nm, the reduced
standard deviation ofa, expressed byσa/a0 ) σa/(R0 + lcorona)
whereσa anda0 are the standard deviation ofa and mean value
of a, respectively, can be estimated by using the valueR0 and
σR/R0, which will be shown later in Figures 9 and 10,
respectively. The values ofσa/a0 thus obtained are less than
0.1, which are sufficiently small so that eq 6 may be applied to
the analysis of the SAXS profile after T-jump of P2VP solution
to 80 °C.

IHS(q) ) CNS(q,a,η)∫0

∞
P(R)[4πR3

3
Φ(qR)]2

dR (6a)

S(q,a,η) ) 1
1 + 24η[G(A)/A]

(6b)

G(A) ) R
A2

(sinA - A cosA) + â
A3

[2A sinA +

(2 - A2) cosA - 2] + γ
A5

(-A4 cosA +

4[(3A2 - 6) cosA + (A3 - 6A) sinA + 6]) (6c)

R ) (1 + 2η)2/(1 - η)4 (6d)

â ) -6η(1 + η/2)2/(1 - η)4 (6e)

γ ) 1
2
η(1 + 2η)2/(1 - η)4 (6f)

A ) 2qa (6g)

Figure 8. (a) Schematic illustration for the hard-sphere model with
the core-shell structure havingR, lcorona, a, andd. The P2VP chains
adsorbed to Pd nanoparticles and the free ones are shown by bold and
thin lines, respectively. Part (b) indicates the electron density profile
across the core-shell structure along the solid line in (a). The Pd
particles including adsorbed chains of P2VP, shown by the broken
circles, are considered as hard spheres having the pair distribution
function,Ppair(r), as shown in (c).

Figure 9. Time changes in the average radius,R0, of the Pd
nanoparticles obtained by fitting the theoretical curves obtained by eq
3 or 6 to the experimental curves.
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4.3. Comparison of Pd Nanoparticle Formation with and
without the Microdomain Template. Figure 9 gives the time
changes in theR0 evaluated by fitting the predicted scattering
curves based on eq 3 or 6 to the experimental curves. In Figure
9, theR0 begins to increase after an induction time and reaches
a steady value. The final size of Pd nanoparticles as well as the
growth rate depends on the temperature: the size and the growth
rate of Pd nanoparticles are larger when the reduction takes place
at a higher temperature. The Pd particles formed in the P2VP
homopolymer solution at 80°C are slightly larger and grow
faster than those in the P2VP-b-PI block copolymer solution at
80 °C.

Figure 10 gives the time-changes in theσR/R0 of Pd
nanoparticles obtained by fitting the predicted scattering curves
based on eq 3 or 6 to the experimental curves. The value ofσR

is expressed as follows in the case of the Schultz-Zimm
distribution by using the value,M, in eq 4.

In Figure 10, it should be mentioned that theσR/R0 for the PI-
b-P2VP solution as well as for the P2VP solution hardly depends
on reduction temperature and time, implying that size distribu-
tion of Pd nanoparticles approximately changes self-similarly
with time.

Figure 11 shows the total volume,Vp, of Pd particles in the
P2VP-b-PI solution, plotted as a function of time. TheVp is
expressed by

The t1/2’s defined as the time whenVp reaches the half of the
final value,Vp∞, are also shown here. In Figure 11 it should be
noted that theVp’s at 80 and 100°C sigmoidally increase with
time and saturate at the different values: the saturated value of
Vp at 100°C is larger than that at 80°C. It indicates that the
total amount of Pd metals produced by reaction depends on
reduction temperature: Pd metals are created more at 100°C
than at 80°C, although the initial amount of Pd(II) ions is the
same for the two cases. Thet1/2 at a given temperature (80°C)
in the homopolymer solution is about the same as that in the
block copolymer solution.

Figure 12 presents the reduced total volume of the Pd
particles,Vp/Vp∞, plotted as a function of the reduced time,t/t1/2.
The plot ofVp/Vp∞ vs t/t1/2 is useful to analyze the nucleation
and growth (NG) process because this plot depends mainly on
the NG mechanism as will be detailed below. Avrami analysis
is one of the popular method to analyze the NG process of
crystals (Pd particles in our case), where the time evolution of
crystallinity (e.g., volume fraction of crystals),X, is assumed
to be expressed by34

The parameterK is a constant which depends on density of
nuclei and growth rate of a crystal, andn is Avrami number
which is closely related to the NG mechanism. If we apply
Avrami method to our result, and if theX is replaced by theVp/
Vp∞, then eq 9 can be rewritten by

Equation 10 means that the difference in the plot ofVp/Vp∞ vs
t/t1/2 arises from the difference of the “apparent” Avrami number

Figure 10. Time changes in theσR/R0 of the Pd nanoparticles, evaluated
by fitting the theoretical curves obtained eq 3 or 6 to the experimental
curves. TheσR/R0 is expressed by eq 7 by using the value ofM in the
Schultz-Zimm distristribution (eq 4).

σR ) 〈(R - R0)
2〉1/2 (7a)

σR/R0 ) M-0.5 (7b)

Vp ) N∫0

∞
P(R)

4
3
πR3 dR (8)

Figure 11. Time changes in the valueVp calculated by eq 8:Vp is the
total volume of Pd particles after T-jump of the block copolymer
solution to 80 (×) and 100°C (0). TheN andP(R) in eq 8 are obtained
by fitting eq 3 to the SAXS profiles,Ip(q;t). Ip(q;t) is calculated by eq
2. The t1/2’s defined in the text are also marked here for the P2VP
homopolymer solution (t1/2 of homo) as well as for the block copolymer
solutions.

Figure 12. Reduced total volume of Pd particles,Vp/Vp∞, plotted as a
function of reduced time,t/t1/2, after T-jump of the PI-b-P2VP block
copolymer solution to 80 (×) and 100 °C (0) and the P2VP
homopolymer solution to 80°C (+). Solid and broken lines show the
predicted curves best-fitted by using eq 10 with the experimental curves
of the PI-b-P2VP and the P2VP solutions, respectively.

X ) 1 - exp(-Ktn) (9)

Vp/Vp∞ ) 1 - exp[-(t/t1/2)
n ln 2] (10)
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n, i.e., the NG mechanism. In our method, the term NG refers
to NG of Pd atoms formed after reduction into the nanoparticles
that can be detected by the SAXS method. Figure 12 shows
that the curves of the PI-b-P2VP solution obtained after T-jump
to 80 and 100°C are completely the same; however, that of the
P2VP solution is different, indicating that the NG mechanism
of the Pd nanoparticles in the PI-b-P2VP solution at 80 and
100°C is identical but that in the P2VP solution is different. In
Figure 12, the predicted curves are obtained withn ) 1.4 and
2.4 in eq 10 for the PI-b-P2VP and the P2VP solutions,
respectively, although it is difficult to give a physical interpreta-
tion for the difference in the numbern.

Here it should be noted that Pd(II) ions before reduction exists
uniformly in the P2VP and PI lamellae in the concentrated block
copolymer solution, but Pd nanoparticles after reduction are
selectively incorporated in a P2VP lamellae as clarified previ-
ously18 and demonstrated in Figure 1. From the previous results
and the analyses discussed above, Pd nanoparticles are consid-
ered to be created in the microdomain structure after T-jump
as follows: (1) Pd(II) ions existing uniformly in space are
reduced into Pd(0) atoms; (2) the reduced Pd atoms diffuse and
coalesce into nanoparticles which are localized in a P2VP phase
because Pd particles may have a larger affinity to P2VP chains
than to PI chains and the solvent; (3) Pd nanoparticles, which
exceed the size of critical nuclei, grow by attracting and
absorbing newly reduced Pd atoms or by diffusion-coalescence
of nanoparticles; (4) the particles grown into a large size reduce
their mobility and increase the interaction sites with P2VP.
Hence they are trapped by P2VP chains and cannot grow into
a larger size anymore via the diffusion-coalescence process,
though they may still grow by absorbing Pd(0) atoms. The final
size and total volume of Pd nanoparticles created depend on
the reduction temperature. However, the apparent Avrami
number obtained in Figure 12 is independent of a temperature
for PI-b-P2VP, meaning that the NG mechanism does not
change with a reduction temperature if a templates of a
microdomain structure is identical. In the process (1) shown
above, Pd(II) ions in solution are considered to be reduced in
both the PI and P2VP phases because Pd(II) ions can be reduced
without polymer at 80°C. However, we cannot determine
whether the reduction occurs uniformly in space or more easily
in the P2VP or PI phase from this study. It should be reserved
for future investigations.

Those differences in the NG mechanism and the growth rate
as described above between the P2VP homopolymer system and
the block copolymer system may be interpreted on the basis of
the differences in the cost of elastic free energy of polymer
chains caused by the incorporation of the Pd particles in the
system. In the case of homopolymer solution, P2VP chains exists
in free space, though they are subjected to entanglements. When
the Pd particles are incorporated in the space, we should think
of the cost of elastic free energy due to the loss of conforma-
tional entropy of the entangled chains in the matrix and the
chains adsorbed by growing Pd particles. However, the cost
can be effectively relaxed by a spatial rearrangement of the
chains via disentanglement processes. On the other hand, P2VP
block chains in lamellar microdomains are confined in the
lamellar space with their one ends (chemical junctions with PI
block chains) at the interface of P2VP and PI phases. Thus, the
cost discussed above cannot be effectively relaxed but rather
tend to be stored in the lamellar system as a whole via changes
in the thickness of lamellae and in an average interfacial area
per a single block chain as will be described below. The
difference in the relaxation of chains in the two systems may

affect the diffusion-coalescence of Pd particles and hence
results in the difference in the NG mechanism and its growth
rate. Thermal concentration fluctuations and fluctuations be-
tween entanglements in P2VP homopolymer solutions may
cause the enlarged size distribution, especially in the early stage
of the reduction process, as observed in Figure 10.

4.4. Time Evolution of the Microdomain Structure In-
duced by Nanoparticle Formation. In Figure 13a, theqm’s
obtained from Figures 3 and 5 are plotted as a function of time
after T-jump of the PI-b-P2VP solution to 80 and 100°C. We
note that the magnitude of scattering vector before the reduction
and that immediately after the reduction at 80 and 100°C are
the same. The increase ofqm’s implies that the domain spacing
decrease with time, although Pd particles are created in P2VP
lamellae. We may offer the following possible conjecture. Pd
nanoparticles selectively incorporated into P2VP lamellae may
increase an average distance between the chemical junctions
of P2VP and PI blocks at the interface. This effect tends to
decreases thickness of both PI and P2VP lamellae (effect i),
but an increased volume of P2VP lamellae due to the Pd
particles tends to increase thickness of the P2VP lamellae (effect
ii). We anticipate effect i outweights effect ii, giving rise to the
net decrease of the lamellar spacing and hence increase ofqm

with increasing amount of Pd nanoparticles. Because the total
volume of Pd particles at 100°C is more than that at 80°C as
shown in Figure 11, the change in the value ofqm at 100°C is
larger than that at 80°C.

We should note the growth rates of the particles at 80 and
100 °C are different (as seen in the difference int1/2 in Figure

Figure 13. (a) Time changes in the value ofqm reflecting the time
evolution of the microdomain structure accompanied by formation of
the nanoparticles after T-jump of the block copolymer solution to 80
(×) and 100°C (0). The solid lines are visual guides. (b) logqm vs
log t/t1/2 wheret1/2 was estimated from Figure 11.
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11), so that the change in the lamellar spacing, 2π/qm, with time
is also different at these temperatures. Thus, theqm’s were
replotted as a function of the reduced timet/t1/2 in Figure 13b.
The results elucidate that the trends at these two temperatures
become closer to each other on the reduced time scale, revealing
that the change in the lamellar spacing with time tends to be
affected by the growth rate of the Pd particles in P2VP lamellae.

4.5. Comparison with Earlier SAXS Results.Cohen and
co-workers9,11 explored the microdomain structures for the
organometallic-block-organic diblock copolymer, Pd(CpN)PA-
block-MTD or Pt(CpN)Me3-block-MTD, where Pd, Pt, CpN, PA,
and MTD are palladium, platinum,endo-2-(cyclopentadienyl-
methyl)norborn-5-ene,η3-1-phenylallyl, and methyltetracy-
clododecene, respectively. They also observed effects of the
reduction reaction on the microdomain structures and on metal
nanoparticle formation by SAXS. Instead of the concentrated
block copolymer solution, however, they used the solution-cast
films; instead of the time-resolved studies, they conducted the
SAXS studies only before and after the reduction. The Pd and
Pt in the block copolymers were reduced with hydrogen at 100
°C far below theTg (∼210 °C) of polyMTD (host) polymer
matrix. The block copolymer containing Pt was exposed by the
UV light before the reduction process described above. Thus,
the reaction condition and the reduction environment employed
by them are quite different from ours, which makes proper
comparisons of the two results very difficult. Nevertheless, we
tried to address our few remarks below.

The SAXS profiles for Pt(CpN)Me3-block-MTD before reduc-
tion exhibited the first-order peak atqm1 = 0.17 nm-1 and the
second-order peak atqm2 = 0.29 nm-1, relevant to the hexagonal
cylinders in the host hard matrix of polyMTD. After the
reduction the first-order peak slightly shifts to 0.18 nm-1; the
second-order peak atqm2 completely disappeared and was
reflected by the large excess scattering with a very broad peak
centered atqm = 0.31 nm-1. They claimed that the cylindrical
feature was maintained even after reduction and that the broad
high-intensity peak is due to the “cluster-cluster spacings” of
Pt particles primarily formed in the cylinder.

We can find the difference between their and our results as
follows. The second-order scattering maximum for the speci-
mens after reduction of metal ions could be observed in our
case (see Figures 3 and 5), while it could not in their case. The
scattering theory27 predicts that the higher order maxima should
be observed as long as the hexagonal lattice is maintained after
loading the Pt particles selectively in the cylindrical micro-
domains, though the higher order peak becomes not only more
intense, due to the contribution of the form factor of the Pt
particles, but also broader, due to the orientation distribution
of the lattice. The above difference may therefore result from
the defference in the distortion of the long-range order of the
micromain structure: the distortion in our case is smaller than
that in their case. The large distortion of the lattice makes the
lattice factor a constant value independent ofq at q > qm2, so
that the scattering depends only on the local spatial arrangement
of the particles within the cylinders atq > qm2. Thus, their
scattering curves that show a very broad peak should reflect
the particle-particle spacing as they asserted. The large excess
scattering arising from the metal particles formed in the
microdomains was discerned in our systems also atq > 0.25
nm-1 (see Figures 3 and 5). However, in our systems we could
not clearly discern the broad peak due to the particle-particle
spacing.

Judging from our results in Figures 3 and 5 for the system
composed of the Pd particles in the lamellar system, it is

puzzling to note that their SAXS results,L, for Pd(CpN)PA-
block-MTD having lamellar microdomains showed only very
small change in the SAXS profiles before and after the
reduction: the large excess scattering due to the Pd particles
was not observed even after the reduction. Probably we may
need more information about the results in order to clearly
understand the results.

5. Conclusion

Growth of Pd nanoparticles after T-jump of concentrated PI-
b-P2VP block copolymer and P2VP homopolymer solution in
benzyl alcohol and Pd(acac)2 was observed by the time-resolved
SAXS. The SAXS profiles measured were composed of the
following two contributions: the scattering from the micro-
domain structure formed by block copolymers in the solution
and that from the Pd nanoparticles created via the reduction
process of Pd(II) ions after T-jump. The microdomain structures
formed before reduction were slightly changed during the
reduction process as described in section 4.4. By analyzing the
scattering from the Pd nanoparticles with eqs 3 and 6, we could
evaluate time evolution of mean radius, reduced standard
deviation of radius, and total volume of Pd nanoparticles in the
concentrated PI-b-P2VP and P2VP solutions after T-jump. These
results and the information obtained in our previous com-
munication,18 as schematically demonstrated in Figure 1,
conclude that the formation of Pd nanoparticles after T-jump
of PI-b-P2VP solution proceeds as follows: Pd(II) ions existing
uniformly in space are reduced into Pd(0) atoms; Pd(0) atoms
associate into Pd nanoparticles after an induction period,
followed by a selective incorporation in P2VP lamellar micro-
domains due to selective interactions with P2VP block chains;
the growth of Pd nanoparticles stops because an increased
number of sites adsorbed by P2VP chains effectively hinder
translational freedom of the nanoparticles in the polymer matrix.
The final size and total volume of Pd nanoparticles created
depend on the reduction temperature, but the NG mechanism
of Pd nanoparticles itself does not change by the reduction
temperature. The growth kinetics of Pd nanoparticles in a P2VP
homopolymer solution is different from that in a PI-b-P2VP
block copolymer solution with a microdomain structure, imply-
ing that the NG mechanism may depend on the space confine-
ment of P2VP chains. We found that time-resolved SAXS
measurement is very useful technique for in-situ observation
of metal nanoparticle formation.

Although the real-space analysis via TEM observation is also
very helpful, the samples used in this experiment (the concen-
trated solution in benzyl alcohol) could not easily allow the real-
space analysis, unfortunately. This work should be deserved for
future investigations. The TEM studies after evaporation of the
solvent indicated that the Pd nanoparticles are selectively
incorporated in P2VP lamellar microdomains and that the
lamellae conserve long-range order, as reported elsewhere.17,18,31
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