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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 polyisoprgieek-poly(2-vinylpyridine) (Plb-P2VP),
palladium acetylacetonate, Pd(aca@nd 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 nanopatrticles 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 Pib-P2VP solutions after T-jump. These results and the information obtained in our previous
communication indicate that Pd(ll) ions before reduction distribute equally well in both the Pl 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 nanopatrticles 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 laboratory dish. By this annealing process, palladium ions, Pd-
(1), were reduced to Pd(0) by benzyl alcohol as a reduction
agent, and benzyl alcohol acting also as a solvent was
simultaneously evaporated; thus, iRR2VP cast film with Pd
metal nanoparticles could be obtained. The solutions before the

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 i dih il taining Pd ricl btained
specific surface area. However, the metal nanopatrticles s.tronglyannea Ing and the cast film containing ~d nanoparticies obtaine
fter the annealing were investigated by small-angle X-ray

tend to aggregate into large clusters; hence, in many cases theﬁ1 ) S .
are stabilized by covering their surface with surfactariter scatttering (SAXS) and transmission electron microscopy (TEM),

polymers?20 Some researchers reported that the metal nano- respectively. The SAXS results indicated that the concentrated

particles can be localized in a specific area of a specimen, i.e. solutions before reduction of Pd(ll) ions had a lamellar

a specific phase of microdomain structures by stabilizin metal’micrgdomaim structure where Pd(ll) ions distributed equally
nar?opartiges with block copolyme#s?® The I)</ey pointsgare well in the P2VP and Pl lamellae. On the other hand, the TEM

that the block copolymers form the micorodomain structures pictures for the cast film showed that Pd nanoparticles distrib-

and the one component of the block copolymers interacts with uted only in P2VP lamellae. Figure 1 schematically presents a

the metal more strongly than the other: the block copolymers summary _Of the reductl_on process of Pq(”) lons and the
act as both stabilizers for metal nanoparticles and templatesre‘jUCt'on"ndw.ed formation of F.)d nanoparticles in the so!vent-
controlling the distribution of them cast process (i.e., the annealing process) employed in our

In our previous communicatioff,we reported the formation pl’eVIOl:IS work. o ) o
of the palladium (Pd) metal nanoparticles in the lamellar In this work, we focus on the kinetics of this reaction-induced
microdomain structure of polyisopretdeckpoly(2-vinylpy- self-assembling process of Pd nanoparticles in the organic
ridine) (PIb-P2VP) block copolymer. In that work, the con- templates to understand how the Pd nanoparticles are created
centrated solution of P-P2VP in benzyl alcohol with palla- ~ @nd grow in the specific field of microphase (P2VP phase) of

dium acetylacetonate, Pd(acgayas annealed at 14T on a block copolymer templates. For this purpose we set up a well-
defined experimental system which allows the reduction at a
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Figure 1. Schematic representaion on summary of our previous #ork.
PI-b-P2VP concentrated solution in benzyl alcohol with molecularly
dissolved Pd(acaghad alternating lamellar microdomains (swollen
with benzyl alcohol); Pd(acag)and benzyl alcohol are uniformly
distributed in the solution because of strong attractions of Pd(acac)
with benzyl alcohol rathar than Pl and P2VP block chains. Heating
the solution at 140C resulted in reduction of Pd(ll) 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 Pl 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

My frave Mu/Mn
Pl-b-P2VP 3.1x 10 0.4 1.04
P2VvP 3.8x 10* 1.0 <1l.1

information for both metal nanoparticles and microdomain
structures. Cohen and his coworkerspresented the SAXS
profiles from the microphase-separated organometalick
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
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Figure 2. Schematic illustration for the T-jump, time-resolved SAXS
experimental method for a fixed and high concentration solution of
P2VPb-PI block copolymer or P2VP homopolymer with benzyl alcohol
as a solvent and reducing agent for Pd(acathe time required for
reaching the target temperatuFeis within 1 min.

Table 2. Summary of the T-Jump Experiments

weight composition in sample

benzyl
PI-b-P2VP  P2VP  Pd(acag) alcohol T (°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

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 temperatuiigswhere the reduction

of Pd(ll) 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 um 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 regulatedTa&s shown in part

c; (3) time-resolved SAXS measurements were started andttime

hardly been investigated so far, and mechanisms and processegwas set zero at the time when the specimen was put into the heater

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(acag) at a fixed polymer concentration, induced by a
temperature jump (T-jump) to 80 and 1%0. The time-resolved
SAXS is well-known as a powerful tool for in-situ observation
of nanostructure formation proce®g2We hope we could make
some contributions to illuminate basic physics underlying this
problem.

2. Experimental Methods
2.1. Sample Preparation.Pl-b-P2VP diblock copolymer and

block atT;. The temperature in the sample reachesTheithin 1

min after T-jump. Here it should be noted that in the previous work
the reduction of Pd(ll) 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(ll) ions. The composition of
the polymer solution with Pd(acacdnd T; are listed in Table 2.

P2VP homopolymer used in this work were synthesized as detailed The scattered intensity was measured with the SAXS ap-

elsewheré324 The number-average molecular weigh,, the
volume fraction,fpoyp, of P2VP in block copolymer, and the
heterogeneity indexyl./M,, of these polymers are listed in Table
1. The concentrated solution of block copolymer or homopolymer
with Pd(acac) was prepared as follows: (1) prescribed amounts
of polymer, benzyl alcohol, and Pd(acaw)ere 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(Il) ions. The composition of
the solution is listed in Table 2.

2.2. SAXS MeasurementsThe time-resolved SAXS measure-

paratus:?> 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 elsewhefe.

3. Experimental Results

Figure 3 gives the time evolution of the SAXS profiles of
the Plb-P2VP solution after T-jump to 80C, obtained with

ments were performed to observe the formation of Pd nanoparticlesthe camera length of 500 mm. The SAXS intensity is plot&ﬁgv



1118 Sakamoto et al.

+ R.T.
T-jump to 80°C
O 5 min
mis5
A 25
v 35
s < 45
M 65
X 125

1(g; ) (¢’/nm’)

CR I R
0.1 !
-1
g (nm )

Figure 3. Time evolution of SAXS profiles of the R3-P2VP solution
after T-jump to 8C°C. The data in the large graph were obtained with

the camera length (distance between the sample and the detector) o

500 mm. The inset shows the profiles focused on the first-order peak
obtained with the camera length of 1800 mm.

as a function of the scattering vectprThe quantityq is defined
by
g = (4x/1) sin(6/2) (1)

wherel and @ 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. ME

The SAXS profile at RT before reduction of Pd(ll) ions shows
the scattering maximum at= 0.18 and 0.36 nm, indicating
that the PIb-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 intensitycat
> 0.25 nntlincreases with time after 15 min; (3) the scattered
intensity almost reaches a steady value at 65 min; (4) the first-
order scattering maximungy, slightly shifts to largeiq 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 largeg-limit in Figure 3 (@ > 2 nnm%). This trend is also
seen in Figure 4 as will be shown later. The increased scattere
intensities agy > 0.25 nn1?! after 15 min should originate from
the Pd nanoparticle created by reduction at the annealing
temperature. The broad peak or shoulder at the lgigait in
Figures 3 and 4 arises from a form factor of Pd nanoparticles.
The SAXS profile,l(qg;t), in Figure 3 is composed df(q;t)
from the microdomain structure formed in BAP2VP solution
andly(q;t) from Pd nanoparticles formed after reduction of Pd-
(1) ions into atoms and their aggregation into nanopartiéles.
To analyze the formation of Pd nanoparticles, we tried to
separatép(qg;t) from I(g;t). Althoughlg(g;t) changes with time
as shown in the inset of Figure 3, the contribution 4f};t) to
I(g;t) atq > 0.25 nnTt is relatively small; hence, we assume
that [p(o;t) is expressed by

I(a;t) = 1(a;t) — 15(a), 14(at) = 1o(a) 2
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Eigure 4. Time evolution of SAXS intensity from Pd nanopatrticles,
alculated on the basis of eq 2 after T-jump of theoFR2VP solution
to 80 °C. Solid lines show the predicted curves best-fitted with the
experimental curvedy(q;t), by using eq 3. The inset preseig);t =
125 min) as a typical profile after formation of Pd nanopatrticles. The
solid line in the inset presents the calculated curve from the isolated
spheres with a monodisperse sphere $es 1.9 nm andsg = 0 nm.
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Figure 5. Time evolution of SAXS profiles after T-jump of the PI-
b-P2VP solution to 100C. Solid lines show the predicted curves best-
fitted with the experimental curvesy(q;t), by using eq 3.

wherelo(q) is the initial SAXS profile at RTIy(q;t) calculated
by eq 2 is plotted as a function @fin Figure 4. The curves

dshown by solid lines will be discussed later in section 4. The

inset of Figure 4 presentg(q;t = 125 min) in order to show
clearly the typical profile after formation of Pd nanopatrticles.
The inset reveals that thg(g;t = 125 min) has a broad peak at

g = 3 nn1'}, arising from a form factor of Pd nanoparticles.
The broad peak can be observed in the othggt) 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 Plb-P2VP solution after T-jump to 100C. The SAXS
intensity is plotted as a function af; the SAXS intensity
increases with time and reaches nearly steady intensity at 15
min after the T-jump. The value af, slightly shifts to larger
g values with time as found in Figure 3. The curves shown by
solid lines will be discussed later in section 4. CDV
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Figure 6. Time evolution of SAXS profiles after T-jump of the P2VP  to 80 and 100°C, respectively, thoughy(g;t) after T-jump to
solution to 8C°C. Solid lines show the predicted curves best-fitted with 190 °C is not presented. Figures 4 and 5 reveal th@gt) can
the experimental curve${g;t), by using eq 6. be well described by egs 3 and 4. TRER)'s thus obtained by

Figure 6 shows the time evolution of the SAXS profiles of fitting for the SAXS profiles after T-jump to 8€C are plotted
the P2VP homopolymer solution after T-jump to 80. The in Figure 7. The funo_:t|0|1P(R) shifts to largeR with time. The
SAXS intensity stays identical to that in the initial state for 10 details about the time dependence Ry, reduced standard
min, begins to increase at 12 min, and reaches almost steadyf€viation, or/Ro, and total volume of Pd nanoparticles,
intensity at 38 or 85 min. Here it should be noted that the SAXS calculated byP(R) andN obtained by the fitting are discussed
profiles after 23 min show the maximum at theear 0.3 nm?, later in Figures 9, 10, and 11, respectively. For the profile at
although the P2VP solution should not have a microdomain 25 min after T-jump to 80C, we performed the fitting based

structure. We shall go into detail discussion about the scattering®n the assumption tha®(R) is given by the zeroth-order
maximum in section 4. logarithmic distribution (ZOLD¥ described by eq 5 below as

well as the SchultzZimm distribution.
4. Analysis and Discussion

4.1. Time Evolution of Pd Nanoparticles in a Templete of P(R) = 1 exn — (InR—1InRy) (5)
Swollen Microdomain Structures. As shown in section 3, the @ARM exp(A?/2) 2A2
SAXS profile, I(g;t), in Figures 3 and 5 is composed of the
scattering from the microdomain structure and that from Pd |n eq 5 Ry and A are closely related tdR, and standard
nanoparticles. If the Pd particles is spherical and the distribution deviation,og, respectively: ifA is sufficiently small,Ry and
of them has no correlation, the latter scatterimgg;t), is A are equal tdRy andog, respectively. Figure 7 shows that the
approximately expressed #y P(R)'s for 25 min after T-jump expressed by ZOLD and
AR ) Schultz-Zimm distribution are almost the same, indicating that
) — o AT both distribution functions can describe equally well the real
o neorf ) CNJ(; P(R)[ 3 <I>(qR)] R (3a) distribution of R for this particular case.
In eq 3, we assume that the Pd nanoparticles have no spatial
(R = 3 3[sin(qR) — (gR) cos@R)] (3b) correlatio_n with each other; i.e., the scattering from t_he Pd
q nanoparticles can be expressed by a sum of the scattering from
) ) ) ) ) isolated spheres. However, because the Pd nanoparticles exist
whereR is a radius of spherical particle,is total number of only in the P2VP phase of microdomain structure, the Pd
particles,P(R) is a normalized distribution function describing  hangparticles should have the correlation corresponding to the
a number of particles having radidg and C is a constant  |ong-range order of mirodomain structure. Nevertheless, we
independent ofj andR. In eq 3 we assume th&(R) has the confirmed that the scattering from the Pd nanoparticles at
Schultz-Zimm distristribution defined by 0.6 nn! can be approximately expressed by eq 3 in our case,
M simply because an oscillation of the lattice factor wjttue to
P(R) = M—MRM—l exp{— MR), f‘”p(R) dR=1 (4) the long-range order is damped to a constant level at0.6
I'MR, Ro 0 nm-L. The general formula of the scattering function from
microdomain templates with nanoparticles and the precise
whereM is a shape factor of the distributioRy is a number- analysis for the scattering obtained in this experiment will be
average oR, andT'(x) is the gamma function. If the value of presented elsewheféln Figure 4 it should be noted that the
M in eq 4 is sufficiently large, the SchultZimm distribution small scattering maximum can be observed at 0.38nom

can be approximated by the Gauss distribution, arMd # 1, the Iy(qg;t)'s at 25, 45, and 125 min, which is nearly equal to
it is equal to the exponential. We note tht N, andP(R) in the position of the second-order scattering maximum from the
egs 3 and 4 are generally a functiontadfter T-jump. microdomain template. It originates from the correlation between

In Figures 4 and 5, the solid lines show the best-fitted curves, Pd nanoparticles in a lamellar template and those in the other,
Ip.theor(0I;t), Obtained by eqgs 3 and 4 witl(q;t) after T-jump i.e., the interlamellar correlation of Pd nanoparticles and h%ﬂSQ/
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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 thevalue nearly equal
to 0.3 nntl, 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 nanopatrticles arises from
entropic repulsions of swollen P2VP chains, which are adsorbed
by the nanopatrticles, in the solution of free P2VP chains. These
adsorbed chains may have loops and/or tail configurations as
proposed by our earlier works 31 and are defined hereafter as
coronal chains (“corona”). The schematic illustration of this (b) i
model is shown in part a of Figure 8, wheRas the radius of o) i Pd ‘ |
Pd nanoparticldronais the layer thickness of adsorbed chains P2VP chains (adsorbed & free)
of P2VP (corona)a is R pluslcorona @andd is the interparticle + solvent
distance. In this model, the Pd particles plus the adsorbed P2VP r
chains, represented by the “spheres” shown by the broken lines (c)
in Figure 8, are assumed to be “hard spheres” in the matrix Pairr) \
solution of free P2VP chains: these “spheres” are assumed not 1
to penetrate each other as schematically shown by the pair
distribution function of the hard spherpai(r), in part c. On 0 o

tl';]e othel; haﬁd’ tf|1e scatt%rlng _malc?_ly E.’ISS?S from_the Pd t;:)ore aS’Figure 8. (a) Schematic illustration for the hard-sphere model with
shown by the electron density distributiop(r), in part b. the core-shell structure having, lcorona @, andd. The P2VP chains
Kinning et al®? and Cohen et &1 applied a similar model adsorbed to Pd nanoparticles and the free ones are shown by bold and
respectively to spherical microdomain structures of bulk block thin lines, respectively. Part (b) indicates the electron density profile
copolymers and to Pt and Pd nanoparticles in the block across th_e cort_eshell structure aI_ong the solid line in (a). The Pd
copolymers, both having liquidlike order. The theoretical particles including adsorbed chains of P2VP, shown by the broken

; h : At circles, are considered as hard spheres having the pair distribution
scattered intensityiys(q), for this hard-sphere model is given function, Ppai(r), as shown in (c).

adsorbed P2ZVP chain
free P2VP chain

> 5

by32.33
24} O 0O ooo s
oo | 4TR 2
ls(@) = CNSaan) [, P(R)[ch(qR)] dR (62) ol |
O
1 20t +
yav = T T A ot~ hAu 6b = +
S92 = o aGRyA (60) E ST 0o
o 1.8 + % 4
G(A) = >(sinA — AcosA) —i—ﬁa[ZAsinA—l— L6k + X |
A A + :
Y 4 1.4 + % ; :;:0011: a: ?gocc
2 A ock af C |4
(2— A cosA—2]+ ;5(—A COSA + y + homo ot 80°C
2 3 . 12—t ol
4[(3A° — 6) cosA + (A° — 6A) sinA + 6]) (6¢) PeTEN T eT0
. 2101 _ \4 t (min.)
=1+ 297 =) (6d) Figure 9. Time changes in the average radiuR, of the Pd
nanoparticles obtained by fitting the theoretical curves obtained by eq
p=—6n(l+ 77/2)2/(1 - 77)4 (6e) 3 or 6 to the experimental curves.
y= %,7(1 + 2741 — n)* (6f) of ais quite large, eq 6 cannot be applied. In our case R

A=2ga (69)

Heren is volume fraction of hard spheres.

=+ lcorona@S shown in Figure 8. The valeestimated by best-
fitting lus(q) with the experimental scattering profile changes
from 7.6 to 8.0 nm with time, while the mean radiig, of Pd
nanoparticles changes from 1.4 to 2.0 nm with time as will be

In Figure 6, the calculated scattered intensity based on eq 6shown later in Figure 9. Hence, tl&ronashould be equal to

with Schultz-Zimm distribution ofR (P(R) in eq 4) is shown

about 6 nm in the whole time region after T-jump. If th&ona

by solid lines. The results reveal that the scattering intensity can be assumed to be constant and equal to 6 nm, the reduced
distributions including the scattering maximum can be well standard deviation cd, expressed bya/a, = 04/(Ro + lcorond
described by the hard sphere model: the maximum originateswhereo, anday are the standard deviation afind mean value
from the excluded-volume effect. The time evolution of the of a, respectively, can be estimated by using the v&yeand

number-average radius of the Pd particRsgvaluated by using
eq 6 will be shown later in Figure 9. The valuespfand a

or/Ro, which will be shown later in Figures 9 and 10,
respectively. The values afiay thus obtained are less than

after T-jump change from 0 to 0.06 and from 7.6 to 8.0 nm, 0.1, which are sufficiently small so that eq 6 may be applied to
respectively. Here it should be noted that eq 6 is derived for the analysis of the SAXS profile after T-jump of P2VP solution

the system in whicla has a monodispersity. If the dispersity

to 80°C. CDV
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Figure 10. Time changes in ther/R, of the Pd nanopatrticles, evaluated £ (min.)
by fitting the theoretical curves obtained eq 3 or 6 to the experimental )
curves. Thesr/Ry is expressed by eq 7 by using the valuévbin the Figure 11. Time changes in the valug, calculated by eq 8V, is the
Schultz-Zimm distristribution (eq 4). total volume of Pd particles after T-jump of the block copolymer

solution to 80 &) and 100°C (). TheN andP(R) in eq 8 are obtained

: . : : by fitting eq 3 to the SAXS profiledy(q;t). 1(g;t) is calculated by eq
4.3. Comparison of Pd Nanoparticle Formation with and 2. Thety,'s defined in the text are also marked here for the P2VP

without the Microdomain Template. Figure 9 gives the time  homopolymer solutiont(; of homo) as well as for the block copolymer
changes in th&, evaluated by fitting the predicted scattering solutions.

curves based on eq 3 or 6 to the experimental curves. In Figure

9, theRy begins to increase after an induction time and reaches Lok -
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 0.8
at a higher temperature. The Pd particles formed in the P2VP
homopolymer solution at 80C are slightly larger and grow g8 0.6
faster than those in the P2\i?PI block copolymer solution at <
80 °C. £ 04k
Figure 10 gives the time-changes in the/R, of Pd X block at 80°C
nanoparticles obtained by fitting the predicted scattering curves 0.2 O block at 100°C |
based on eq 3 or 6 to the experimental curves. The valug of P + homo at 80°C
is expressed as follows in the case of the Schtifimm 00'/: e , .
distribution by using the valuéy, in eq 4. oA s eTss, 2o seTEs

t/t,,

Figure 12. Reduced total volume of Pd particl¥sVy., plotted as a
function of reduced timet/t,, after T-jump of the Pb-P2VP block
UR/RO =M (7b) copolymer solution to 80 X) and 100°C (@) and the P2VP
homopolymer solution to 80C (+). Solid and broken lines show the
predicted curves best-fitted by using eq 10 with the experimental curves
In Figure 10, it should be mentioned that @R, for the PI- of the Plb-P2VP and the P2VP solutions, respectively.

b-P2VP solution as well as for the P2VP solution hardly depends
on reduction temperature and time, implying that size distribu-  Figure 12 presents the reduced total volume of the Pd
tion of Pd nanoparticles approximately changes self-similarly particlesVy/Vpx, plotted as a function of the reduced tintie.

or = [R — Ry)*¥? (7a)

with time. The plot of Vy/Vy, Vs t/tyz is useful to analyze the nucleation
Figure 11 shows the total volum¥p, of Pd particles in the  and growth (NG) process because this plot depends mainly on

P2VPb-PI solution, plotted as a function of time. Thg is the NG mechanism as will be detailed below. Avrami analysis

expressed by is one of the popular method to analyze the NG process of

crystals (Pd particles in our case), where the time evolution of

_ = 4 crystallinity (e.g., volume fraction of crystals¥, is assumed
Vo= NJ(‘) I:)(R)3JTR3 dR ®) to be expressed By
Thety,'s defined as the time whew, reaches the half of the X=1— exp(-Kt") )

final value,Vp., are also shown herg. In I.:igurelll it shoul.d be The parameteK is a constant which depends on density of
noted that the/p's at 80 and 100C sigmoidally increase with 1, ,clei and growth rate of a crystal, ands Avrami number

time and satL_Jrate at the different values: 'Fhe_saturated value Ofwhich is closely related to the NG mechanism. If we apply
Vp at 100°C is larger than that at 8€C. It indicates that the

- Avrami method to our result, and if theis replaced by théy/
total amount of Pd metals produced by reaction depends ony,

X e, then eq 9 can be rewritten by
reduction temperature: Pd metals are created more at@00
than at 8C°C, although the initial amount of Pd(ll) ions is the Vp/pr =1— exp[-(t/t,,)" In 2] (10)
same for the two cases. Thg at a given temperature (8C)
in the homopolymer solution is about the same as that in the Equation 10 means that the difference in the ploVg/,. vs
block copolymer solution. t/ty» arises from the difference of the “apparent” Avrami numE(BV
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n, i.e., the NG mechanism. In our method, the term NG refers 0.20 ———" —————————
to NG of Pd atoms formed after reduction into the nanopatrticles
that can be detected by the SAXS method. Figure 12 shows
that the curves of the RI-P2VP solution obtained after T-jump

to 80 and 100C are completely the same; however, that of the
P2VP solution is different, indicating that the NG mechanism
of the Pd nanoparticles in the 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 with 1.4 and

2.4 in eq 10 for the Pb-P2VP and the P2VP solutions, 0.17 x block at 80°C
respectively, although it is difficult to give a physical interpreta- O block at 100°C
tion for the difference in the number.

Here it should be noted that Pd(ll) 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- 020————1
ously*® and demonstrated in Figure 1. From the previous results b O OQ
and the analyses discussed above, Pd nanoparticles are consid- 0.19- g i
ered to be created in the microdomain structure after T-jump X
as follows: (1) Pd(ll) 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 0.17F 4
exceed the size of critical nuclei, grow by attracting and x block at 80°C
absorbing newly reduced Pd atoms or by diffusianalescence O block at 100°C
of nanoparticles; (4) the particles grown into a large size reduce 0.16—— v . R
their mobility and increase the interaction sites with P2VP. P4 s eTEs SRR TN
Hence they are trapped by P2VP chains and cannot grow into tty,

a larger size anymore via the dlﬁus_ranoalescence process, Figure 13. (a) Time changes in the value gf, reflecting the time
though they may still grow by absorbing Pd(0) atoms. The final eygytion of the microdomain structure accompanied by formation of
size and total volume of Pd nanoparticles created depend onthe nanoparticles after T-jump of the block copolymer solution to 80
the reduction temperature. However, the apparent Avrami (x) and 100°C (O). The solid lines are visual guides. (b) log vs
number obtained in Figure 12 is independent of a temperature!09 Vtvz wheret,, was estimated from Figure 11.

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(ll) ions in solution are considered to be reduced in
both the Pl and P2VP phases because Pd(ll) ions can be reduce
without polymer at 80°C. However, we cannot determine ., se the enlarged size distribution, especially in the early stage
yvhether the reduction occurs un[formly in space or more easily ¢ iha reduction process, as observed in Figure 10.

in the P2VP or PI phase from this study. It should be reserved 4 4 Time Evolution of the Microdomain Structure In-

for future investigations. duced by Nanoparticle Formation. In Figure 13a, thegn's
Those differences in the NG mechanism and the growth rate obtained from Figures 3 and 5 are plotted as a function of time
as described above between the P2VP homopolymer system andfter T-jump of the Pb-P2VP solution to 80 and 10TC. We
the block copolymer system may be interpreted on the basis of note that the magnitude of scattering vector before the reduction
the differences in the cost of elastic free energy of polymer and that immediately after the reduction at 80 and 10Gre
chains caused by the incorporation of the Pd particles in the the same. The increase @f’s implies that the domain spacing
system. In the case of homopolymer solution, P2VP chains existsdecrease with time, although Pd particles are created in P2VP
in free space, though they are subjected to entanglements. Whettamellae. We may offer the following possible conjecture. Pd
the Pd particles are incorporated in the space, we should thinknanoparticles selectively incorporated into P2VP lamellae may
of the cost of elastic free energy due to the loss of conforma- increase an average distance between the chemical junctions
tional entropy of the entangled chains in the matrix and the of P2VP and PI blocks at the interface. This effect tends to
chains adsorbed by growing Pd particles. However, the costdecreases thickness of both Pl and P2VP lamellae (effect i),
can be effectively relaxed by a spatial rearrangement of the but an increased volume of P2VP lamellae due to the Pd
chains via disentanglement processes. On the other hand, P2VRParticles tends to increase thickness of the P2VP lamellae (effect
block chains in lamellar microdomains are confined in the ii). We anticipate effect i outweights effect ii, giving rise to the
lamellar space with their one ends (chemical junctions with Pl net decrease of the lamellar spacing and hence increagg of
block chains) at the interface of P2VP and Pl phases. Thus, thewith increasing amount of Pd nanoparticles. Because the total
cost discussed above cannot be effectively relaxed but rathervolume of Pd particles at 100C is more than that at 8TC as
tend to be stored in the lamellar system as a whole via changesshown in Figure 11, the change in the valuegggfat 100°C is
in the thickness of lamellae and in an average interfacial arealarger than that at 86C.
per a single block chain as will be described below. The  We should note the growth rates of the particles at 80 and
difference in the relaxation of chains in the two systems may 100°C are different (as seen in the differencetin in FigureCDV

g, (M)

0.16

P S S R L s PR R S |
3 4 56789 2 3 4 56789
10 1

t (min.)

0.18F X B

Gy (nm’)

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-

een entanglements in P2VP homopolymer solutions may
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11), so that the change in the lamellar spacinggg, with time puzzling to note that their SAXS results, for Pd(Cp')PA-

is also different at these temperatures. Thus, dh's were block-MTD having lamellar microdomains showed only very
replotted as a function of the reduced titftg,, in Figure 13b. small change in the SAXS profiles before and after the
The results elucidate that the trends at these two temperatureseduction: the large excess scattering due to the Pd particles
become closer to each other on the reduced time scale, revealingvas not observed even after the reduction. Probably we may
that the change in the lamellar spacing with time tends to be need more information about the results in order to clearly
affected by the growth rate of the Pd particles in P2VP lamellae. understand the results.

4.5. Comparison with Earlier SAXS Results.Cohen and

co-worker&1! explored the microdomain structures for the 5. Conclusion

organometallidslockorganic diblock copolymer, Pd(®&pPA- Growth of Pd nanoparticles after T-jump of concentrated PI-
blockMTD or Pt(Cg¥)Mes-blockMTD, where Pd, Pt, Cjj PA, b-P2VP block copolymer and P2VP homopolymer solution in
and MTD are palladium, platinungnde2-(cyclopentadienyl- benzyl alcohol and Pd(acaayas observed by the time-resolved

methyl)norborn-5-ene3-1-phenylallyl, and methyltetracy- SAXS. The SAXS profiles measured were composed of the
clododecene, respectively. They also observed effects of thefollowing two contributions: the scattering from the micro-
reduction reaction on the microdomain structures and on metaldomain structure formed by block copolymers in the solution
nanoparticle formation by SAXS. Instead of the concentrated and that from the Pd nanoparticles created via the reduction
block copolymer solution, however, they used the solution-cast process of Pd(ll) ions after T-jump. The microdomain structures
films; instead of the time-resolved studies, they conducted the formed before reduction were slightly changed during the
SAXS studies only before and after the reduction. The Pd and reduction process as described in section 4.4. By analyzing the
Pt in the block copolymers were reduced with hydrogen at 100 scattering from the Pd nanoparticles with eqs 3 and 6, we could
°C far below theTy (~210 °C) of polyMTD (host) polymer evaluate time evolution of mean radius, reduced standard
matrix. The block copolymer containing Pt was exposed by the deviation of radius, and total volume of Pd nanoparticles in the
UV light before the reduction process described above. Thus, concentrated Pb-P2VP and P2VP solutions after T-jump. These
the reaction condition and the reduction environment employed results and the information obtained in our previous com-
by them are quite different from ours, which makes proper munication!® as schematically demonstrated in Figure 1,
comparisons of the two results very difficult. Nevertheless, we conclude that the formation of Pd nanoparticles after T-jump
tried to address our few remarks below. of PI-b-P2VP solution proceeds as follows: Pd(ll) ions existing

The SAXS profiles for Pt(C}Mes-blockMTD before reduc- uniformly in space are reduced into Pd(0) atoms; Pd(0) atoms
tion exhibited the first-order peak gty = 0.17 nntt and the associate into Pd nanoparticles after an induction period,
second-order peak gk = 0.29 nnT, relevant to the hexagonal followed by a selective incorporation in P2VP lamellar micro-
cylinders in the host hard matrix of polyMTD. After the domains due to selective interactions with P2VP block chains;
reduction the first-order peak slightly shifts to 0.18 Tithe the growth of Pd nanoparticles stops because an increased
second-order peak ajn, completely disappeared and was number of sites adsorbed by P2VP chains effectively hinder
reflected by the large excess scattering with a very broad peaktranslational freedom of the nanoparticles in the polymer matrix.
centered aty, = 0.31 nnTL. They claimed that the cylindrical The final size and total volume of Pd nanoparticles created
feature was maintained even after reduction and that the broaddepend on the reduction temperature, but the NG mechanism

high-intensity peak is due to the “clusteluster spacings” of ~ ©f Pd nanoparticles itself does not change by the reduction
Pt particles primarily formed in the cylinder. temperature. The growth kinetics of Pd nanoparticles in a P2VP

homopolymer solution is different from that in a BAP2VP
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

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 . . i )
> . . . measurement is very useful technique for in-situ observation
scattering theo#/ predicts that the higher order maxima should . .
of metal nanoparticle formation.

be observed as long as the hexagonal lattice is maintained after Although the real-space analysis via TEM observation is also

loading the Pt particles selectively in the cylindrical micro- very helpful, the samples used in this experiment (the concen-
domains, though the higher order peak becomes not only moretrat)elzd soFI)uti(;n in benzpl alcohol) could nofeasil allow the real-
intense, due to the contribution of the form factor of the Pt . y ; Y

space analysis, unfortunately. This work should be deserved for

particles, but also broader, due to the orientation distribution . s : ;
. k future investigations. The TEM studies after evaporation of the
of the lattice. The above difference may therefore result from L ) .
solvent indicated that the Pd nanoparticles are selectively

the defference in the distortion of the long-range order of the incorporated in P2VP lamellar microdomains and that the

micromain structure: the distortion in our case is smaller than lamellae conserve lona-ranae order. as reported elseWhisié
that in their case. The large distortion of the lattice makes the g-rang ’ P )

lattice factor a constant value independenti@t q > Qma2, SO

that the scattering depends only on the local spatial arrangemen

of the particles within the cylinders @t > gmz. Thus, their (1) Toshima, N.; Takahashi, Bull. Chem. Soc. Jpri992 65, 400.

scattering curves that show a very broad peak should reflect @ (B:[]”St’ M.; Walker, M.; Bethell, D.; Schiffrin, D. J.; Whyman, B
. . . em Soc., Chem. Commur®94 801.

the particle-particle spacing as they asserted. The large excess (3) pileni, M. P.Langmuir 1997, 13, 3266.

scattering arising from the metal particles formed in the (4) Antonietti, M.; Faster, S.; Hartmann, J.; OestreichMacromolecules
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