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a b s t r a c t

Nanocomposites composed of palladium (Pd) nanoparticles, (Pd)n, and a symmetric diblock copolymer
(dibcp) of poly(styrene)-block-poly(isoprene) (PS-b-PI) were prepared via thermal reduction of palladium
acetylacetonate, Pd(acac)2, by isothermal heat treatments of the as-cast dibcp films containing Pd(acac)2

by 1 wt%, at temperatures below and above the order–disorder transition temperature (TODT) of the
dibcp. Effects of the reaction field on the thermal reduction process of Pd(acac)2 were studied by setting
the field either in the disordered state or the ordered state of the dibcp. The reduction process was
studied in situ and at real time by time-resolved small-angle X-ray scattering. In the as-cast films, a larger
fraction of Pd(acac)2 is preferentially incorporated in PS lamellar microdomains, seemingly due to
stronger interactions of Pd(acac)2 with PS than with PI. The spatial concentration fluctuations of (Pd)n in
the final stage of the reduction reflect the memory of the concentration fluctuations of the dibcp before
the reduction, either in the disordered state or in the ordered state. We found that the scaled scattering
form factor of (Pd)n is universal with time and temperature of the reduction. This reveals that the
reduction mechanism of Pd(acac)2 and the growth mechanism of (Pd)n do not depend on temperature;
they are same below and above TODT. However, the reduction rate and the growth rate as well as the
concentration of (Pd)n in the final stage depend on temperature: the higher the temperature is, the larger
are the rate and the concentration.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

In the past decades, the block copolymers (bcps) based materials
have attracted much attention from both industrial and academic
view points, because they developed well-ordered multiphase
structures with nano-scale periodicity and can be used to create
nano-patterned materials [1–3]. Most of the early studies focused on
pure organic polymers in terms of their phase behavior and their
dynamics [4–6]. Recently, bcps with solid fillers have been widely
used to produce high-performance materials, as they offer very
unique mechanical and physical properties, i.e., high strength, high
modulus, high heat distortion temperatures, and etc. [7–9]. Another
exciting example is that the self-assembling bcps with metal nano-
particles could hold characteristic electronic, magnetic, and photonic
properties [10–15], which may lead to a new generation of materials.
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Various methods have been reported to obtain the metal nano-
particles selectively incorporated within one of the microdomains
of bcps. The synthetic approach involves the reduction of the
organometallic bcps, which have metal-complexes chemically
linked to one of block chains, to yield metal nanoparticles in one of
the microdomains of bcps [16–19]. The incorporation approach
involves a selective loading of metal-complexes in one of the
microdomains by using selective physical interactions of them with
block chains and a subsequent chemical or thermal reduction of the
metal-complexes [20–23]. For example, Saito et al. introduced silver
colloids into the cross-linked poly(2-vinylpyridine) (P2VP) domains
of polystyrene (PS)-block-poly(2-vinylpyridine) (PS-b-P2VP) by
soaking the bcp films in the AgNO3/water/1,4-dioxane solution and
by subsequent chemical reduction [20]. Horiuchi et al. presented
a dry process involving sublimation of palladium acetylacetonate,
Pd(acac)2, vapor onto the bcp films at high temperatures for
a certain time, which caused the thermal reduction to Pd(0) atoms
followed by an aggregation into Pd nanoparticles, defined hereafter
(Pd)n, inside the polymer films [21]. In our previous communication,
we introduced a combination of small-angle X-ray scattering (SAXS)

mailto:hashi2@pearl.ocn.ne.jp
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer


Y. Zhao et al. / Polymer 50 (2009) 2696–2705 2697
and transmission electron microscope (TEM) methods to demon-
strate (Pd)n formed selectively in poly(2-vinylpyridine) (P2VP)
domains of polyisoprene(PI)-block-poly(2-vinylpyridine) (PI-b-
P2VP) by reducing Pd(acac)2 in the lamellar microdomain space
developed in the concentrated polymer solution with benzyl
alcohol, where benzyl alcohol worked as a solvent and a reducing
agent [22]. Lately, Sakamoto et al. [23] reported time-resolved SAXS
measurements to study the kinetics of this reaction-induced self-
assembling process of (Pd)n in the swollen lamellar microdomain
space, and they pointed out that the final size and total volume of
(Pd)n grown in the microdomain space depend on the reduction
temperature.

The observations of metal nanoparticles created by the reduction
of metal-complexes or ions have been conducted mainly by TEM
[19–22,24–26], wide-angle X-ray scattering (WAXS) [19,27] and
SAXS [19,22,23,28,29]. However, the TEM analysis is not suitable for
in situ observation of formation processes of metal particles. By
WAXS, we cannot detect the real-size of metal nanoparticles, if they
consist of polycrystals.

Up to now, except for the studies of Sakamoto et al. [23], the SAXS
measurements were performed only before and after the reduction,
where the measurements during the reduction process were
missing. Thus the kinetics of the nanoparticle formation process and
mechanisms in the bcp matrices are still not completely understood.
The time-resolved SAXS method introduced by Sakamoto et al. [23]
shed light on in situ observation of nanoparticle formation process.
In this work also, we shall focus on the kinetics of the reduction-
reaction-induced self-assembling process of (Pd)n in polystyrene-
block-polyisoprene (PS-b-PI) bcp matrix by time-resolved SAXS.
Comparing with the work by Sakamoto et al., the merits of this study
are as follows: i) The reduction is performed in the polymer melt by
a heat treatment, so that no extra reducing agent is introduced in the
system; ii) The order–disorder transition (ODT) temperature (TODT)
window of the PS-b-PI bcp used in this study is between 159 �C and
161 �C. Therefore, it is easy to manipulate the reduction reaction
both in the ordered state below TODT of the bcp and in the disordered
state above TODT, so that we can study effects of the reduction field
(the disordered state or ordered state) on the reduction reaction of
Pd(acac)2 into palladium atoms, Pd(0), and the aggregation process
of Pd(0) into (Pd)n; iii) After the completion of the reduction, the
TODT window of the nanocomposites is still measurable, if it exists,
enabling us to study effects of (Pd)n on ODT of the nanocomposites.

2. Experimental section

2.1. Sample preparations

PS-b-PI (Mn¼ 2.15�104, Mw/Mn¼ 1.02, and the volume fraction of
PS, fPS¼ 0.55) was synthesized by living anionic polymerization with
sec-butyl-lithium as an initiator and cyclohexane as a solvent. Neat
bcp films and films containing Pd(acac)2 by 1 wt% were prepared by
first dissolving a prescribed amount of PS-b-PI (4.95 wt%) without or
with Pd(acac)2 (0.05 wt%) in benzene and then slowly evaporating the
solvent. The evaporation was carried out at room temperature in air
for one week and then in a vacuum oven for three days.

2.2. SAXS measurements

The SAXS profiles were measured in situ with the SAXS appa-
ratus described elsewhere [30]. The profiles were corrected for
absorption, air scattering, background scattering arising from
thermal diffuse scattering (TDS), and slit-height and slit-width
smearing. To reduce the possible thermal degradation, the sample
chamber was filled with nitrogen gas, and the temperature was
controlled with an accuracy of �0.003 �C.
The ODT measurements for the neat PS-b-PI film started from
180 �C. A well-designed cooling–heating cycle was implemented,
and the SAXS measurements were done at 1� temperature incre-
ments or decrements across TODT. At a given temperature the
sample was held for about 30 min before the SAXS measurement
with a measuring time of 30 min; Then the measuring temperature
is shifted up or down to the next temperature where the SAXS
measurement was repeated in the same way as described above.
The Pd(acac)2 incorporated in the bcp films was thermally reduced
at reduction temperatures, Trs. Tr was set at 180 �C for the reduction
in the disordered bcp melts or at 142 �C for the reduction in the bcp
microdomains. Time-resolved SAXS measurements were performed
continuously at the respective temperatures with a measuring time
of 5 min to explore the effects of the bcp matrices as the reaction
fields on the reduction of Pd(acac)2 and formation of (Pd)n.

3. Results

3.1. Determination of TODT for neat bcp

TODT for the neat PS-b-PI bcp can be determined from the
discontinuous change of the first-order SAXS peak with tempera-
ture T, in terms of its maximum intensity (Im), and half width at half
maximum (HWHM, sq). Conventionally, in the study of ODT, the
plot of Im

�1 or sq
2 vs T �1 shows a discontinuous change at a particular

temperature, designated TODT [31–36], as a consequence of thermal
fluctuation induced first-order transition [37].

Fig.1 shows Im
�1 and sq

2 plotted as a function of T �1 for the neat PS-
b-PI film, in both the cooling and heating cycles. As we expect, both
Im
�1 and sq

2 have a similar temperature dependence. A sharp discon-
tinuity appears in a narrow temperature range between 158 �C and
160 �C in the cooling process and between 159 �C and 161 �C in the
heating process. The ordered state coexists with the disordered state
in the very narrow temperature range around TODT, presumably due
to thermal fluctuation effects [38]. The variation of Im

�1 and sq
2 with

T �1 in the heating and cooling processes reveals that the hysteresis
phenomenon is small under the given thermal protocol. This must
also imply the fact that the thermal degradation of the bcp could
hardly occur during the heating and cooling processes.

3.2. Microdomain structures of as-cast films with and without
Pd(acac)2

Fig. 2 shows the typical SAXS profiles for as-cast films of the bcp
with and without Pd(acac)2, measured from the edge direction
(incident beam parallel to the surfaces of stacked films). The profiles
were corrected for thermal diffuse scattering (TDS) due to the
acoustic phonons propagating in the specimens by using the
method as will be detailed below in conjunction with Fig. 3. Scat-
tering intensity I is plotted in logarithmic scale against the magni-
tude of the scattering vector, q, where q is defined by q¼ (4p/l)
sin(q/2) with l¼ 0.154 nm and q¼ scattering angle, respectively.
The second- and third-order Bragg peaks are observed at q¼ 2qm

and 3qm, respectively, where qm is the q value at the first-order
scattering maximum, indicating the ordered lamellar microdomain
structures were formed for both cases. Though the maximum
intensity, Im, from the Pd(acac)2 containing film (curve 1) is signif-
icantly larger than that from the neat bcp film (curve 2), the qm

remained almost the same: qm w 0.367 nm�1, corresponding to
a characteristic length D (defined by D¼ 2p/qm) w 17 nm. There-
fore, the films with and without Pd(acac)2 have the alternating
lamellar microdomains rich-in PS blocks and PI blocks, with an
almost identical repeat distance.

The fact that the scattering intensity of the Pd(acac)2 containing
film is higher than that of the Pd(acac)2 free film reveals that
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Pd(acac)2 complexes are preferentially incorporated into PS
lamellae, hence enhancing the electron density (rel) difference
(Drel) between PS and PI lamellae. Note that: rel for PS is higher
than rel for PI; hence the preferential incorporation of Pd(acac)2

having the highest rel further increases Drel and thereby the scat-
tering intensity. Thus the enhanced intensity provides a firm
evidence for the preferential incorporation of Pd(acac)2. The pref-
erential incorporation will be further confirmed later in Section 4.1
in conjunction with the note in Ref. [42]. The smaller peak width
(full width at half maximum, FWHM, being 0.012 nm and 0.018 nm
for the bcp film containing Pd(acac)2 and the neat bcp films,
respectively) or the higher regularity of the lamellae for the Pd
(acac)2 containing film may infer a larger effective segregation
power between PS and PI domains, which in turn may imply that
the TODT of Pd(acac)2 containing film may be higher than that of the
neat PS-b-PI bcp. However, systematic ODT measurements of
Pd(acac)2 containing film are impossible, because the reduction of
Pd(II) occurs fast at T� 60 �C, which would affect TODT during the
SAXS measurements as a function of T.

As for SAXS profiles obtained with the through-direction (with
incident beam normal to the film surface, though not shown here),
multiple-order peaks were much broader, and the intensities of the
first-order peaks were weaker, though the peak positions were
similar for both films. It indicates that lamellae in the as-cast films
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Fig. 2. SAXS profiles for as-cast films of the bcp with and without Pd(acac)2, measured
from the edge direction.
were preferentially oriented with their interfaces parallel to the film
surfaces (parallel lamellae) and the lamellae with their interfaces
oriented perpendicular to the film surfaces were less ordered than
the parallel lamellae, the trend of which is well known [39]. Time-
resolved SAXS measurements during the reduction process of
Pd(acac)2 were performed with the through-direction.
3.3. Reduction of Pd(acac)2 in the disordered bcp

Fig. 3 shows the SAXS profiles taken in situ at 180 �C where the
reduction takes place in the disordered bcp matrix. The profiles 1
and 3 were measured after 5 min and 180 min reduction, respec-
tively. The profiles 2 and 4 were corrected for TDS from the original
profiles 1 and 3, respectively. The inset figure describes a way to
estimate the TDS. In principle, the TDS was assumed to be a constant
(b) independent of q in the q region covered in this work, while the
scattering from internal structures of the specimens at the high q
region is given by the Porod law [40], I(q) f q�4. Note here that the
scattering is dominated by (Pd)n with a smooth interface and a sharp
interface boundary in the q range of the observation. Consequently,
the net scattering, Inet(q), is given by Inet(q)¼ aq�4þ b, where a is
a proportionality constant. Therefore TDS was determined from the
slope of Iq4 vs q4 plot at the high q region, as shown in the inset. After
the TDS correction, the intensity kept being dropped with q in the
high q range (q> 0.9 nm�1), as shown by the profiles 2 and 4. The
TDS correction is important for quantitative estimations of the size
and its distribution of (Pd)n, as will be discussed later.

Fig. 4 presents the changes in the SAXS profiles corrected for
TDS (shown by symbols) with time, taken in situ at 180 �C, during
the whole reduction process together with the scattering from the
neat bcp film in the disordered state (solid line) taken also at 180 �C
as a reference. It is interesting to note that the maximum scattering
intensity Im for the films subjected to the reduction for a short time
(e.g. curve 1 for 5 min) is weaker than that for the neat as-cast film.
This will be discussed later in Section 4.2.1.

The part a shows the scattering profiles obtained at 7 represen-
tative heat-treatment times from 5 to 180 min, some of which are
overlapping one another. The profiles in part b were vertically shifted
deliberately to avoid overlapping of the profiles in order to illuminate
the details of each profile. In part a, a broad peak marked by an arrow
is observed at q w 0.37 nm�1 for all the profiles, suggesting the bcp
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matrix stays in the disordered state during the whole reduction
process. The scattering intensity increases fast within the first
30 min throughout the whole q range, revealing that the reduction of
Pd(acac)2 and the formation of the (Pd)n are fast at 180 �C. Intensities
at three representative q values were plotted against time in the
inset. The reduction was completed within 120 min, since no further
change of the intensities could be found with time.
3.4. Reduction of Pd(acac)2 in the ordered bcp

Fig. 5 shows the change in SAXS profiles with time during the
reduction at 142 �C (shown by symbols) together with the profile
from the neat bcp film at 142 �C (shown by solid line) as a reference.
Similarly to Fig. 4, original and vertically shifted profiles were
shown in Fig. 5a and b, respectively. The intensities at the three
representative q values were plotted against time in the inset of
Fig. 5a. A continuous increase of the intensity with time was
observed at each q, indicating the Pd particles were forming
gradually over the time scale covered in this experiment. A peak
appears always at qm¼ 0.34 nm�1, corresponding to the first-order
peak from the lamellar microdomains having spacing of 18.5 nm. Its
intensity Im and its position qm remain almost a constant with time
t at t> 10 min. After 420 min, the profile does not change, and the
particle scattering dominates the net scattering which comprises
the particle scattering and the scattering from the lamellar micro-
domains. It is interesting to note here again that Im for the reduced
films is lower than that for the neat bcp film at the same temper-
ature, which will be discussed later in Section 4.2.2.

After the completion of the reduction (180 min at 180 �C and
420 min at 142 �C), SAXS measurements were carried out in
a cooling–heating cycle, in order to measure their TODTs. The results
indicated that TODT is lowered down to 148–144 �C and 158–154 �C
for the specimens after the complete reduction at 180 �C and 142 �C,
respectively, as will be reported in detail by a companion paper [41].
4. Discussion

4.1. Interactions of Pd(acac)2 with PS and PI block chains

Pd(acac)2 was preferentially incorporated in PS lamellar micro-
domains, as clarified in Section 3.2 in conjunction with Fig. 2. The
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scattering maximum for the films containing Pd(acac)2 is about 4 times
stronger than that for the complex free film, partly because Pd(acac)2

containing film is much ordered and partly because Pd(acac)2 is pref-
erentially incorporated in PS lamellae, so that the effective electron
density difference between the two lamellar microdomains becomes
larger. This is probably because Pd(acac)2 may have a stronger coor-
dinationwith benzene rings in PSthanwith double bonds in PI after the
evaporation of the casting solvent. This result is consistent with
another experiment performed in parallel [42].

4.2. Reduction of Pd(acac)2 in PS-b-PI matrix

4.2.1. Reduction in disordered state
All the profiles in Fig. 4 taken at 180 �C show the broad peak at

qm w 0.37 nm�1 even after the reduction for 180 min at 180 �C,
indicating that the bcp specimens are in the disordered state from
the very beginning to the end of the reduction process at this
temperature. The peak intensity, Im, and the scattering intensity
around the peak decrease in the first 5 min in comparison with that
of the neat bcp at the same temperature, possibly due to
a suppression of the thermal concentration fluctuations of the bcp
caused by the reduction and formation of (Pd)n and possibly due to
a preferential reduction in the regions rich-in PI blocks compared
with the regions rich-in PS blocks as described below.

As we discussed in Section 4.1, Pd(acac)2 has stronger attractions
or coordinations with PS blocks than with PI blocks, which results in
the reduction of Pd(acac)2 in PS-rich regions being harder and slower
than that in the PI-rich regions. Consequently Pd(0) atoms are
formed more easily and faster in the PI-rich regions than in the PS-
rich regions, because a lower energy barrier is required for the
reduction of Pd(acac)2 in PI-rich regions. Moreover, Pd(0) atoms may
grow faster into (Pd)n particles in PI-rich regions than in PS-rich
regions. This faster consumption of Pd(acac)2 and Pd(0) atoms in the
PI-rich regions may offer a driving force for Pd(acac)2 and Pd(0)
atoms in the PS-rich region to diffuse into the PI-rich regions [43].
These effects decrease the net electron density difference, Drfluct,
between PI- and PS-rich regions in the disordered state, which may
offer a part of the reason for the suppression of Im in the early stage of
the reduction relative to Im for the neat bcp at the same temperature
(180 �C). The following two factors, (i) (Pd)n created after the
reduction is more or less neutral to both PS and PI blocks and (ii) the
reduction of Pd(acac)2 preferentially interacting with PS blocks to
Pd(0)s decreases net repulsive interactions between PI blocks and PS
blocks, together may offer another reason for the suppression of Im.
However, the intensity in the low q region (at q< 0.32 nm�1) and
that in the high q region (at q> 0.45 nm�1) increase even in the early
stage at t¼ 5 min, due to a greater contribution of the scattering from
(Pd)n than the contribution of the scattering from the microdomain
structure itself in these q ranges.

After 5 min, the scattered intensity increases in the whole q
range as clearly shown in Fig. 4a and its inset. This is due to the fact
that the number of nanoparticles increases with the reduction time
and that the scattering from the nanoparticles dominates over that
from the bcps themselves. Nevertheless, the scattering maximum at
qm is conserved till the end of the reduction process, implying that
the spatial concentration fluctuations of the nanoparticles replicate
the thermal concentration fluctuations in the disordered bcp melts.

4.2.2. Reduction in ordered state
All the profiles from the specimens after the reduction in Fig. 5

show a peak at the same qm as the peak for the neat bcp, indicating
that the specimens are in the ordered state from the very beginning
to the end of the reduction process at 142 �C. This result is also
confirmed by the fact that the nanocomposite (i.e., the bcp con-
taining nanoparticles) itself exhibited ODT as revealed by
a discontinuous change of Im
�1 and sq

2 with T�1 as will be elucidated
by a companion paper [41].

The peak intensity, Im, decreases in comparison with that of the
neat bcp at the same temperature, which should be due to
a suppression of the net electron density difference between the
two domains due to the following reasons. Similarly to what we
discussed above in Section 4.2.1, although the reduction of Pd(acac)2

occurs both in PS lamellae and in PI lamellae, the reduction in PS
lamellae is harder and slower than that in the PI lamellae. Moreover,
Pd(0) atoms grow faster into (Pd)n particles in the PI lamellae than in
the PS lamellae. The faster consumption of Pd(acac)2 and Pd(0)
atoms in the PI lamellae may offer a driving force for Pd(acac)2 and
Pd(0) atoms in the PS microdomains to diffuse into the PI micro-
domains [43]. These effects as described above will increase rel for PI
lamellae relative to that for PS lamellae and hence decrease the net
electron density difference, Drdomain, between the PI and PS
lamellae, which accounts for the observed decrease in Im. The
formation of (Pd)n may distort the order in the lamellar micro-
domains, which may also account for the decrease of Im. Although
the scattered intensity around qm (0.32 nm�1< q< 0.37 nm�1)
decreases, the intensity in the low q range (at q< 0.32 nm�1) and
that in the high q range (at q> 0.37 nm�1) increase, due to the
contribution of the scattering from (Pd)n being greater than that
from the lamellar microdomains.

The scattered intensity at t> 10 min increases with t in the
whole q range as clearly shown in Fig. 5a and its inset. This can be
attributed to the fact that the number of nanoparticles increases
with the reduction time and that the scattering from the nano-
particles dominates that from the bcp microdomains themselves.
The peak position qm is effectively unaltered with time throughout
the reduction process. This is because the increased number of
(Pd)n expands the microdomains in the directions parallel and
perpendicular to the interfaces, i.e., the lateral and longitudinal
expansions, respectively. On one hand, the longitudinal expansion
tends to increase D, and hence decrease qm; on the other hand, the
lateral expansion tends to increase the average distance between
the neighbouring junction points of the bcps along the interface
and hence to decrease D or increase qm. The counterbalance of
these two contributions may result in the unchanged qm with time
or with the number of (Pd)n.

At 180 �C, most of the Pd(acac)2 was reduced and transformed to
(Pd)n after 50 min. Therefore, no further change was observed later
on. However, at a relatively lower temperature, i.e., 142 �C, the
visible reduction period was extended up to 420 min.

4.2.3. Scattering from (Pd)n

Because the scattering from (Pd)n is much stronger than that
from concentration fluctuations of bcp themselves in disordered
state at 180 �C and that from bcp microdomain structure themselves
in the ordered state at 142 �C, and because the inter-nanoparticles
interference seems to be negligible at q> 0.4 nm�1, we can employ
the independent scattering theory from the nanoparticles to
describe our system in the q range of our interest. To investigate the
formation of the (Pd)n during the heat-treatment, the scattering
form factor from the solid spheres, F(q), with a Gaussian size
distribution is applied to fit the SAXS profiles at q> 0.4 nm�1 shown
in Figs. 4 and 5.

The scattering intensity, Isph(q), from a single sphere is given by [44]:

IsphðqÞ ¼ r2
0v2FðqÞ; FðqÞ ¼ 9ðsin qR� qRcos qRÞ2

ðqRÞ6
(1)

where F(q) is the form factor of a sphere having radius R,r0 is the
electron density difference between the sphere and the surrounding
medium, and v is the volume of the sphere, v¼ (4/3)pR3. The average
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scattering intensity, IsphðqÞ, from a single sphere with a Gaussian size
distribution is given by

IsphðqÞ ¼
ZN
0

Isphðq;RÞPðRÞ dRhr2
0v2FðqÞ (2)

PðRÞ ¼ ð2pÞ�1=2s�1
R exp

"
�ðR� RnÞ2�

2s2
R

�
#

(3)

where P(R) is the normalized size distribution function, Rn¼ Rn(t, T)
is the number-average particle radius, which depends on reduction
time t and temperature T, and sR¼ sR(t, T) is the standard deviation
of R from Rn. Based on Eqs. (2) and (3), we fit the measured scat-
tering profiles at 0.4 nm�1< q< 2 nm�1 with the theoretical scat-
tering function numerically calculated from Eqs. (2) and (3). The
inset of Fig. 6 demonstrates a representative fitting result for the
reduction at 180 �C for 180 min: both the measured scattering
profile (symbols) and the best-fitted theoretical profile (red solid
line) are shown together with P(R). We determine the steady-state
values of Rn and sR/Rn from the best fitting: Rn w 2.7 nm, and sR/
Rn w 0.26 at 180 �C for 180 min.

The characteristic parameters Rn and sR/Rn thus evaluated are
plotted as a function of time in Fig. 6. Rn and sR/Rn rapidly increases
and decreases, respectively, with time for the first 30 min and then
both of them gradually approaches the steady values. It indicates
that on one hand, (Pd)n is formed and grows into a larger size in the
polymer matrix according to the mechanisms suggested by the
previous report [45]; on the other hand, the particle size distribu-
tion narrows.

The same analysis was carried out for the scattering profiles
shown in Fig. 5 (at 142 �C). The time dependence of thus deter-
mined Rn and that of sR/Rn are plotted in Fig. 7. It shows that at
142 �C, both Rn and sR/Rn change gradually with time toward steady
values at t R 350 min. The inset shows both the measured scat-
tering profile (shown by symbols) and the best-fitted theoretical
profile (shown by red solid line) for the specimen after the reduc-
tion at 142 �C for 420 min as a typical example of the fitting result.
One can read the steady values of Rn w 2.7 nm and sR/Rn w 0.27 at
142 �C for 420 min. Note that the particle size and size distribution
at the final reduction state are very similar at both Trs, which
indicates the final size and size distribution of the (Pd)n are T-
independent, they are intrinsically controlled by the nature of the
bcp matrix. Here it should be noted that at a given time in the
reduction process the particle size and the population of (Pd)n in
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the PS and PI lamellae are not the same because the kinetics of the
reduction and that of the growth of (Pd)n are different in the two
lamellae. However, these effects do not affect our analysis of (Pd)n

particles at all, because our analysis based on the independent
scattering theory includes the particles in the both lamellae.

We plotted Rn vs time for both samples on a double-logarithmic
scale in Fig. 8a and b, respectively. In addition to Rn, the weight-
averaged radius of (Pd)n defined by

Rw ¼

ZN
0

RPðRÞR3 dR

ZN
0

PðRÞR3 dR

(4)

was plotted in the same figures. Both Rn and Rw are approximated
by the power law functions against time, though the relevant time
span is not sufficiently long. In both cases, Rn w tn, where n is close
to 1/3, indicating the trend for the growth of (Pd)n via the diffusion
and coalescence of (Pd)n clusters in the polymer matrix [46]. While
Rw w tm, where m is close to 0.15 and is much smaller than 1/3,
indicating that large particles grow slower than small particles,
since the contribution of large particles to Rw outweighs that of the
small particles. The power law exponents at 180 �C are almost the
same as those at 142 �C, implying a similar growth mechanism at
different reduction temperatures, hence only the growth rate being
different at these two temperatures.

If we define tend as the time in which the reduction will be
effectively finished, we have tend,180 w 30 min and tend,142 w 350 min
for the reduction at 180 �C and 142 �C, respectively. Thus, the
characteristic shift factor at a given temperature T relative to 142 �C,
aT, is defined by aT¼ tend,142/tend,T; a180¼ tend,142/tend,180¼11.7 at
180 �C and a142¼ tend,142/tend,142¼1 at 142 �C, respectively. Both Rn

and Rw at the two temperatures are plotted against the reduced
time, taT, in Fig. 9a. The two curves superpose each other, indicating
that although the reduction process at 180 �C is too fast to be
accurately followed, the reduction details could be deduced from
the reduction at lower temperatures (e.g., 142 �C) because of the
same growth mechanism. Since both Rn and Rw are scaled with taT,
sR/Rn is expected to be also scaled naturally with taT. The plot of sR/
Rn as a function of taT in Fig. 9b shows a master curve independent
of Tr, verifying this expectation.

It is interesting to note that there is a critical particle size, Rn,c or
Rw,c, above which the particle growth is pinned (Rn,c y 3 nm) and
that this critical size is independent of Tr. We believe that this is due
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to the suppressed Brownian motion of (Pd)n particles in the
viscoelastic polymer matrix: As Rn or Rw of (Pd)n increases toward
the radius of gyration Rg of the bcp (Rg y 4.3 nm), the particles will
encounter increasing viscoelastic drags in the bcp matrix and be
eventually trapped in the bcp matrix, which will pin down the
growth of the particles mediated by the particle–particle coales-
cence and the welding into a larger particle. A further growth of the
particles may occur via absorption of reduced atoms, if there are
sufficient Pd(acac)2 remaining. However, the fractional growth rate
(1/Rn)dRn/dt will be very small when Rn is w3 nm. The decrease of
the fractional growth rate with t as well as the existence of the
critical size may explain themselves the decrease of sR/Rn.

If inter-sphere interference of scattering waves from (Pd)n is
negligible (i.e., in the independent scattering criterion), the scat-
tered intensity per unit volume of the systems composed of (Pd)n

spheres is given by:

IðqÞ ¼
NpIsphðqÞ

Vt
¼ r2

0

 
Npv2

w
Vt

!�
v2FðqÞ

v2
w

�
¼ r2

0fpvw

�
v2FðqÞ

v2
w

�

(5)

where Np is the total particle number, vw is the weight-averaged
volume of the spheres, Vt is the total irradiated volume of the
system, and fp is the volume concentration of the spheres, defined
by fPhNPvw=Vt, Therefore,

IðqÞv�1
w ¼ KfP

�
v2FðqÞ

v2
w

�
hKfpFðqÞ (6)

where K ðhr2
0Þ is the proportionality constant and

FðqÞh½v2FðqÞ=v2
w�.

Fig. 10a and b shows the reduced scattering intensity I(qRw)Rw
�3 vs

the magnitude of reduced scattering vector qRw with t at 180 �C and
142 �C, respectively, obtained from the time evolution of the scat-
tering profiles shown in Figs. 4 and 5, respectively. The reduced
intensity increases with increasing time for both cases. Moreover,
a series of the reduced profiles obtained at different times have the
same qRw dependence at qRw> 1.2, where the independent scat-
tering approximation is valid. Hence they are superposable each
other upon a vertical shift only. If this is the case, one can obtain the
reduced scattering profile, FðqRwÞ, universal with the reduction time,

FðqRwÞ ¼ IðqRwÞ
R�3

w
KfPðtÞ

(7)

as will be demonstrated later by Figs. 12 and 13. The amount of the
vertical shift depends on the time evolution of the particle
concentration fP(t).

In Fig. 11, we plot the relative concentration as determined from
the vertical shift described above, KfP(t), vs time. Obviously, the
rate of the ‘‘relative’’ concentration increase of (Pd)n depends on
temperature. At 180 �C, the concentration of the (Pd)n at a given
time is higher than that at 142 �C. By reducing KfP(t) further with
the value at the final stage, KfP,N, we calculated the kinetics of the
particle concentration:

fPðtÞ
fP;N

¼

�
IR�3

w

�
t�

IR�3
w

�
N

(8)

The data on fP(t)/fP,N at the two Trs (shown by symbols) can be well
fitted by the simple equation given below (solid lines in Fig. 11)

fPðtÞ ¼ fP;N½1� expð � ktÞ� (9)
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where k is the temperature-dependent rate constant, k¼ 0.068 min�1

and 0.0115 min�1 at T¼ 180 �C and 142 �C, respectively, for the first-
order reaction, as will be shown below.

Here an essential part of the thermal reduction reaction of
Pd(acac)2 may be given by

Pd
�
II
�
þ 2e�/Pd

�
0
�

(10)

and the formation of (Pd)n composed of number of Pd(0) atoms
defined by n is given by

nPd
�
0
�
/ðPdÞn (11)

with the assumption of the concentration fP(t) of (Pd)n at a given
time t being proportional to the concentration of the total reduced
Pd(0) atoms, [Pd(0)]t, up to the reduction time t. Note that

fPðtÞ
fP;N

¼ ½Pdð0Þ�t
½Pdð0Þ�N

¼
�
½PdðIIÞ�0�½PdðIIÞ�t

	
½PdðIIÞ�0

(12)

and that from Eq. (10),

� d
dt
½PdðIIÞ� ¼ k½PdðIIÞ� (13a)

so that

½PdðIIÞ�t¼ ½PdðIIÞ�0 exp
�
� kt

�
(13b)
From Eqs. (12) and (13b), we obtain Eq. (9). Here [Pd(II)]t is the
concentration of Pd(II) ions at time t, while [Pd(0)]N is the total
concentration of Pd(0) atoms reduced during the whole reduction
process. [Pd(II)]0 is the initial concentration of Pd(II) ions. We assume
that all the Pd(II) ions can be reduced to Pd(0) atoms at 180 �C. Thus
the reducible Pd(II) ions at 142 �C are w70%, which is estimated from
the saturation level of fP,N shown in Fig. 11. We note that Eq. (13) is
derived on the basis of the first-order reaction in Eq. (10).

If we define the characteristic time, s, as s¼ 1/k, and plot fP(t)/
fP,N against the reduced time t*¼ t/s, a master curve universal with
the reduction temperature was obtained as shown in the inset of
Fig. 11, revealing that the reduction mechanism is independent of T
and hence of the segregation states of PS and PI segments in the
reaction matrix.
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Fig. 12 shows a reduced plot of IRw
�3/fP vs qRw. All the reduced

intensity profiles obtained at varying times at a given temperature
were superposed one another at qRw R 1.2, indicating validity of
the following relationship,

IðqRw; tÞR�3
w ¼ KfPðtÞFðqRwÞ (14)

for qRw R 1.2, where the criterion for the independent scattering of
(Pd)n is valid. Thus FðqRwÞ at qRw R 1.2 represents the scaled form
factor of (Pd)n formed at the given temperature, either at 180 �C or
142 �C, which is universal with the reduction time [47]. The
universal scaled form factor of (Pd)n at the given temperature is
found to be obtained by reducing the scattered intensity with the
time- and temperature-dependent averaged particle volume Rw(t,
T)3 and particle concentration fP(t, T) and by reducing q with Rw(t,
T)�1. The arrow at qRw w 5.7 corresponds with the first-order peak
or shoulder of the form factor of spheres. The non-universality
found in FðqRwÞ at qRw� 1.2 is due to a break down of the criterion
for the independent scattering approximation. In this q region the
scattering depends on interparticle interference of scattering waves
from the particles and hence on a time-dependent spatial distri-
bution of the particles. Hence the scattering cannot be scaled with
the parameters Rw(t, T) and fP(t, T) characterizing the individual
particles only.

The scaled form factors FðqRwÞ at qRw R 1.2 obtained at 180 �C
and 142 �C turned out to be identical within the experimental
accuracy as demonstrated in Fig. 13. The figure verifies that the
FðqRwÞs are superposed each other when they are plotted on the
same reduced intensity scale and the reduced q scale. Conse-
quently, we can elucidate that the scaled form factor is universal
with temperature also [48]. Thus we can conclude that the reduc-
tion temperature does not affect the reduction mechanism of
Pd(acac)2 and the growth mechanism of (Pd)n and that it changes
only the kinetics via k(T) or fP(t, T) in Eq. (9) or Rw(t, T) in Eq. (14). In
other words, the thermal reduction of Pd(acac)2 and growth of the
(Pd)n in the disordered state and ordered state follow the same
mechanisms.
5. Conclusion

We have succeeded in developing a nanocomposite composed of
PS-b-PI symmetric block copolymer and the palladium nano-
particles, (Pd)n, both in the ordered state and the disordered state
where (Pd)n was created via thermal reduction of Pd(acac)2,
introduced in the as-cast PS-b-PI films, below and above the order–
disorder transition temperature (for example at 142 and 180 �C,
respectively). The reduction process of (Pd)n was studied in situ by
the time-resolved SAXS measurements. Our results indicate that the
reduction reaction from Pd(acac)2 to Pd(0) atoms obeys the first-
order kinetics in both the disordered and ordered PS-b-PI matrix.
Pd(acac)2 was first preferentially incorporated in PS lamellar
microdomains in the as-cast film, indicating a stronger attraction
between Pd(acac)2 and PS blocks than that between Pd(acac)2 and PI
blocks. When the reduction starts to occur, the (Pd)n is created more
rapidly in PI-rich regions than in the PS-rich regions for the reduc-
tion in the disordered state or in PI lamellar microdomains than in
PS lamellar microdomains for the reduction in the ordered state. The
higher reduction temperature (Tr¼ 180 �C) results in the larger
reduction rate of Pd(acac)2 and growth rate of (Pd)n than those at
Tr¼ 142 �C, but the reduction and growth mechanism themselves
are identical at these two temperatures and hence are independent
of the reduction field (the ordered lamellar or disordered field).
Moreover, these nanoparticles undergo ODT at different tempera-
tures as will be reported in a companion paper [41].
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