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ABSTRACT: Palladium nanoparticles have been successfully incorporated into a porous diblock copolymer
template using a novel technique. An ordered bicontinuous double gyroid phase was created from poly(isoprene)-
block-poly(2-vinylpyridine). The poly(isoprene) matrix of this structure was subsequently removed by ozonolysis,
creating a high specific surface area material composed of a poly(2-vinylpyridine) double gyroid network texture.
Palladium ions were then adsorbed and reduced within the material. Large loadings of the nanoparticles were
possible. It was also possible to kinetically control the dimensions (∼5-10 nm) and number density of the
nanoparticles. Because of the high porosity and specific surface area of the template, this technique is very promising
for high-performance catalysts and other applications.

Introduction

There has been a lot of recent interest in the preparation of
metal nanoparticles incorporated within a polymer matrix. And
for good reason since such materials hold great potential in
several existing technologies and sciences. Ciebien et al. provide
a good review of some of these uses.1 A more recent review by
Ulbricht looks specifically at a subset of applications in
membrane and catalyst technology.2 For example, the catalytic
activity of palladium (Pd) and platinum particles in heteroge-
neous hydrogenation reactions is strongly dependent upon their
total specific surface area, particle dimension, and the nature
of the interaction between the matrix components.3,4 As another
example, Pd is theorized to have ferromagnetic properties when
the particles sizes are small enough for quantum size effects to
be relevant and when the dimensions of the particles are strongly
asymmetric.5-8 The polymer matrix, on the other hand, can have
a range of properties, e.g., hydrophobicity and heat and chemical
resistance; moreover, they are typically cheap and easily
processable.

Polymer/Pd particle composites, a polymer matrix containing
Pd particles with an average diameter of∼nm, have been
prepared by several different methods in the past: by the
condensation of metal vapors into a solvent containing monomer
that is subsequently polymerized9 or by the chemical synthesis
of polymers and copolymers with organometallic moieties that
are subsequently reduced to Pd atoms.10 Another form of Pd
particle preparation initiated by Hirai et al. was the reduction
of Pd ions in aqueous solution in the presence of a polyelec-
trolyte, thereby stabilizing the Pd atoms against large-scale
flocculation by both steric and double-layer interactions.11

Horiuchi and co-workers have worked extensively on the
thermal and e-beam reduction of palladium-acetyl acetonate
precursors in polymer matrices.12,13

In our previous work we have used a reduction technique
within nonaqueous solutions containing hydrophobic homopoly-
mers and copolymers. The solutions were subsequently solvent
cast to produce the polymer/Pd particle composites with Pd
particles of an average diameter of∼5 nm. The use of a diblock
copolymer made it possible to promote the selective incorpora-
tion of the Pd particles within one of the microphases.14 This
phenomenon arose from the preferential interactions of the Pd
particle with one copolymer species over the other. This type
of behavior was studied in depth in our group by varying the
length of the block copolymers and by performing the reduction
process in different order, i.e., mixing prereduced particles with
the polymer within solution14,15or performing the reduction of
Pd2+ ions in microdomain spaces developed by microphase
separation in block copolymer solutions.16 In this manner we
have demonstrated several methods for producing well-defined
Pd particle sizes within the polymer matrix. Such reports fit
well with contemporary research by other research groups on
the incorporation of metallic and semiconducting nanoparticles
into block copolymer matrices.17-19

In our most recent research we have been interested in
producing porous polymer membranes loaded with the Pd
nanoparticles. We believe such a material is advantageous in
several applications because of the better access to reactive sites
within the polymer matrix. The double gyroid (Ia3hd) polymer
microdomain structure is a very suitable candidate for such a
bicontinuous structure and has been observed in diblock and
triblock copolymer systems,20,21 through the combination of
homopolymers and diblock copolymer systems22 or even
through the combination of diblock copolymer systems.23 The
double gyroid structure also has superior mechanical properties
than the more classical microphase structures, e.g., spherical
and lamellar, arising from the fact that it is essentially two
mirrored interleaved network structures.24,25 This type of
structure has been exploited to create porous and relief ceramic
structures by selectively degrading one part of the polymer and
oxidizing the silicon-containing portion.26

In this work we will demonstrate a different processing
technique to produce a porous cross-linked double gyroid texture
that can be loaded with Pd particles. In doing so, we show that
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it is possible to kinetically control the dimensions of the Pd
particles.

Experimental Method
The poly(isoprene) (PI) homopolymer and poly(isoprene)-block-

poly(2-vinylpyridine) (PI-b-P2VP) diblock copolymer used in this
work were synthesized by living anionic polymerization, as
described elsewhere.27 The PI and poly(2-vinylpyridine) (P2VP)
component of the diblock had a number-averaged molecular weight,
Mn, of 2.58× 104 and 4.05× 104 and a polydispersity index,Mw/
Mn, of 1.04. The PI homopolymers had a number-averaged
molecular weight,Mn, of 3.84× 103 and aMw/Mn of 1.06.

To create the gyroid microphase texture, PI and PI-b-P2VP were
weighed together into a chloroform solvent so that the weight
fraction of P2VP in the polymer mixture was 0.34. The homoge-
neous solution (5 wt % of the polymer mixture in solvent) was
allowed to evaporate slowly over a period of a month. The resulting
solution cast polymer film was dried in a vacuum oven for 2 days
at 80°C to remove the final traces of solvent. The final dimensions
of such polymer films were typically 0.5 mm thick disks with a 20
mm radii.

Pieces of the cast film was exposed to diiodobutane (DIB) vapor
at 80°C for up to 2 days to selectively cross-link the P2VP network
microphases.28 DIB is also a preferential stain for the P2VP phase
for use with transmission electron microscopy (TEM). The samples
were then dried under vacuum to remove unreacted DIB. It was
possible to alter the degree of cross-linking by varying the exposure
time. The degree of cross-linking (DC) was defined as the number
of DIB units absorbed and reacted divided by the total number of
pyridine pairs present within the sample. Thus, DC can be
determined from a knowledge of chemical composition of the
polymer mixture and the weights of the samples before and after
exposure. After long exposures DC was found to be 0.85( 0.05.
In the finite exposure times used in this study, 6, 12, and 24 h, DC
was found to be 0.24, 0.27, and 0.55, respectively.

The PI matrix of the polymer was then degraded by ozonolysis
in an O3/heptane solution for 48 h. The degraded PI phase was
subsequently removed by immersion in a hexane/trimethyl phos-
phonate solution for 24 h. A more detailed analysis of the
consequences of the above techniques in creating the double gyroid
porous texture was described elsewhere.28

The post-degraded P2VP network was then soaked in a warm
bath (80°C) made from a 50 mL (25:75) mixture of 1-proponal
and toluene. This mixed solvent contained 0.3 g of palladium
acetylacetonate [Pd(acac)2], which has been shown to be reduced
by 1-propanol to palladium atoms.14 The amount of Pd(acac)2 added
to the solvents was intended to give an initial ion concentration in
excess to the total number of pyridine units in the system. It is
expected that this reduction process will occur within the polymer
network but also can occur within the solution itself. The immersion
time was controlled and varied from 1 h to 4days as part of the
experimental strategy. Additionally, the toluene was replaced with
other solventssbenzene, 1,4-dioxane, and acetonesin order to
investigate this influence upon Pd nanoparticle growth. A schematic
depicting the preparation process of the Pd filled polymer system
is summarized in Figure 1.

The microdomain structure of the samples prepared in this way
were then examined by TEM (JEM2000FXZ, JEOL, Tokyo, Japan)
operated at 120 kV. Ultrathin sections for TEM were obtained using
a Reichert-Nissei Ultracut-S cryo-ultramicrotome. The size distribu-
tion of the Pd nanoparticles observed in the resulting micrographs
was then analyzed by use of standard imaging software. This
approach was endorsed by independent manual measurements on
selected micrographs. Typically 300-400 particles were counted
and measured within a 0.16µm2 area of the micrograph. Since the
sampled area of the micrographs was constant, the number of
particles found represents the particle number density,N.

Results and Discussion
The microdomain structure of the double gyroid phase is itself

an interesting and complex issue. While it is outside the scope

of discussions of the current paper, it is worthwhile to show
representative TEM micrographs of the as-cast PI-b-P2VP/PI
microdomain after staining with DIB but without any further
processing and without the addition of Pd particles (Figure 2).
The computer graphic shown in Figure 2a depicts a 3D unit
cell structure of the double gyroid single crystal, constructed
on the basis of an equation in differential geometry that has the
Ia3hd space group symmetry. Slices (of thickness equal to the
unit cell repeat length) of this structure are taken parallel to the
(100) and (111) plane. The overall contrast of the slices is
obtained by integrating the local contrast of the domains along
the direction normal to the slice. The local contrast was given
according to a pseudo-electron scattering density proportional
to the contributions of the degraded PI (density assigned as 0)
and DIB-stained P2VP domains (density assigned as 1), both
of which are present at a given position in the slice. In this

Figure 1. Schematic of the process for preparation of the Pd-loaded
double gyroid textures.

Figure 2. (a) 3-D rendering of double gyroid unit cell. Slices of the
unit cell along the (100) and (111) crystal plane are shown in (b) and
(c), respectively. The brightest and darkest regions refer to areas of
the TEMS slice where there is a predominant amount of PI and P2VP,
respectively. Parts e and d respectively show two TEM micrographs,
which are similar to (b) and (c), of the P2VP-b-PI/PI blend after cross-
linking but no further processing. The bright regions refer to the PI
domain. The dark regions refer to the DIB-stained P2VP phase.
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way, we produce a TEM simulation (TEMS),29 numerically
calculated TEM images for slices with a given thickness and
direction of the model structure, to compare to the TEM images
actually observed. This is shown very clearly by comparing parts
c and d of Figure 2 which show respectively the TEMS for the
slice parallel to the (111) plane viewed along the [111] direction
and an actual TEM from an ultrathin section of PI-b-P2VP/PI
blend. This comparison was also seen between a TEMS slice
parallel to the (100) plane viewed along the [100] direction and
experiment (parts b and e of Figure 2, respectively). More details
of this computer simulation method can be found elsewhere,29

though there are also independently existing software that use
similar generation methods, e.g., TEMsim.30,31

TEM micrographs of the polymer systemafter cross-linking
and degradation have indicated that this microdomain structure
remains, and subsequent figures in this paper contain an
underlying image similar to Figure 2e. Hence, the removal of
the PI matrix phase does not affect the skeletal structure of the
P2VP double gyroid network. It is assumed that the primary
reason for a lack of collapse of the double networks, which
interpenetrate each other without touching, after PI removal is
due to a grain boundary structure that acts as a scaffold for the
P2VP double gyroid network.

Figure 3 shows representative TEM of the polymer structure
after reduction in a 1-propanol/toluene/ Pd(acac)2 bath for a
range of times. The Pd particles, approximately spherical in
shape, are visibly growing in size with the reduction time.
Moreover, in the final stages of the time scale shown in Figure
3 the particle number density,N, is decreasing. It alsoseems
that the Pd particles are to be found in the P2VP phase (stained
dark by DIB) and not in the void areas. That this is not
immediately apparent is a testament to the three-dimensional
nature of the double gyroid texture. Pd particle that may seem
(from the micrographs) to be within the void phase (bright
phase) of the micrographs are more likely to be found at a lower
or upper overlapping layer of the P2VP gyroid network in the
ultrathin section used for the TEM observation. However, it is
unequivocally proved that the particles reside only in the P2VP
phase by conducting similar experiments within a lamellar
microphase morphology. Figure 4 shows just such a micrograph,
where the processing described above has been applied to the
pure PI-b-P2VP polymer forming a lamellar morphology and
the degraded structure has been immersed in the Pd(acac)2 bath
for 48 h. It should be noted that the P2VP lamellae (stained
dark) and the degraded PI lamellae (existing as a void space)
are oriented with their interfaces parallel to the electron beam
so that two sets of lamellae are not overlapping.

TEM micrographs of the double gyroid polymer samples,
subject to the reducing reaction in the Pd bath, were collected
in order to obtain a quantitative measure of the nature of the
particle growth mechanism. Particle analysis software allowed
us to determine the population and size distribution as a function
of time. Illustrative examples of the particle size distribution
are shown in Figure 5. It is notable that the initial size
distribution is quite narrow and broadens at longer times. The
distributions clearly reinforce the information gleaned from the
TEM. Fitting the distributions with a normal Gaussian model,
we can extract the dynamics of the mean particle diameter,Dh
(Figure 6). The half-width at half-maximum (hwhm) normalized
by Dh is roughly equivalent for the three data sets shown in
Figure 5, i.e., 0.20, 0.20, and 0.17 for the particle size
distributions after 1, 13, and 120 h, respectively.

There is a clear power law dependence forDh which goes as
t1/6 (Figure 6a). At the same time we see that the number density,

N, of particles appears to first rise quickly as a function of time
before decaying to reach a constant value of about 280 particles
per 0.16µm2 (Figure 6b). It is worthwhile to consider the various
possible processes that are at work during immersion of the
polymer within the reducing bath. Both inside and outside of
the swollen gyroid network, Pd2+ ions are being reduced to Pd
atoms, and these atoms are subsequently aggregating into larger

Figure 3. TEM micrographs of Pd-loaded gyroid network after
reduction in 1-propanol/toluene/Pd(acac)2 for different times at 85°C:
(a) 13, (b) 24, and (c) 48 h. The bright regions refer to the degraded PI
domain (void spaces). The dark regions refer to the DIB stained P2VP
phase. The darkest spots are the Pd clusters.
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particles. The number of these particles that make their way
into the swollen P2VP polymer network will be a complex
function of several parameters that depend on the relative
interaction between the Pd2+ ions and the Pd atoms with the
solvent and with the P2VP network. The picture is slightly
simpler if we consider only Pd2+ ions that have diffused and
adsorbed into the P2VP texture. This process is shown
schematically in Figure 7. The adsorbed ions will be reduced
to Pd atoms in the presence of 1-propanol in the swollen cross-
linked network. These atoms quickly aggregate to small Pd atom
clusters or particles (process 1). There may be an exchange of
ions between the inside and the outside of the network driven
by osmotic pressure (process 2). The number of Pd particles
will increase with time as a consequence of the reduction and
aggregation. These particles will then coalesce within the texture
into larger particles (processes 3a and 3b). As a consequence,
the particle number tends to decrease with time. However, the
precise nature of this latter stage is subject to speculation.

There are two feasible dominant modes of particle growth.
The first, often known as Ostwald ripening and predicted by a
Lifschitz-Slyozov-Wagner (LSW) model,32,33might occur by
an evaporation/condensation mechanism of small Pd clusters
existing in the neighborhood of large Pd clusters whereby Pd
atoms from a smaller particle aggregate evaporate into the matrix

(the P2VP network) and diffuse toward a larger aggregate
(process 3a), driven by the Gibbs-Thomson effect. The
alternative model would be that of diffusion of the aggregates
within the matrix and the subsequent formation of a larger
aggregate by coalescence (process 3b). Both models are
characterized by a power law time dependence forDh , astn. The
LSW model predicts an exponent of1/3. The diffusion and
coalescence model hasn ) 1/6 and 1/3, respectively, in the
absence and presence of hydrodynamic interactions.34 These
predictions are plotted in Figure 6a, and it is clear that the

Figure 4. TEM micrograph of Pd loaded into a lamellar microphase.
The bright regions refer to the degraded PI domains. The dark regions
refer to the DIB-stained P2VP. The darkest spots are the Pd clusters.

Figure 5. Particle size distributions and Gaussian fits from TEM
micrographs of Pd particles reduced within the double gyroid texture
in 1-propanol/toluene/ Pd(acac)2 for different reduction times at 85°C.
They-axis refers to the normalized probability density functionP(D),
where∫P(D) dD ) 1. Three different times are shown: 1, 13, and 120
h. The histogram fort ) 13 h has been omitted for clarity.

Figure 6. (a) ExperimentalDh vs time for the Pd reduction in
1-propanol/toluene/Pd(acac)2 at 85°C extracted from particle analysis
(full circles). Also shown are the power law predictions from the
diffusion and coalescence model (without hydrodynamic interactions),
full line, and the LSW theory, dashed line. (b) The number of particles
in a 0.16µm2 area of the TEM micrograph as a function of time.

Figure 7. Schematic of the various processes that will occur during
the immersion of the gyroid network into the Pd reducing bath. The
three processes highlighted are discussed in the text.
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diffusion and coalescence model without hydrodynamic interac-
tions has a very good agreement.

The coarsening process of metal particles via either of the
two models mentioned were originally proposed to occur in hot
melts of binary metal alloys, e.g. Oki et al.35 Whether or not
such coarsening occurs in the swollen polymer network at low
temperatures is not self-evident. There are other caveats to using
the coarsening models since the exponents are based on theory
where the total number of Pd atoms is conserved during the
coarsening process. Since there is a bath of Pd2+ ions surround-
ing the network, and Pd2+ ions can constantly be fed into the
network via diffusion driven by osmotic pressure of ions as a
consequence of reduction and annihilation of Pd2+ ions within
the network phase, this will not necessarily be the case.
However, we might argue that there is a critical concentration
of Pd2+ ions that may be adsorbed into the P2VP texture and
reduced into Pd atoms. We can argue that there is a given
concentration of Pd2+ ions inside and outside of the P2VP
network immediately before the reduction of Pd2+ ions starts
to occur. There may be an exchange or interdiffusion of ions
between inside and outside of the networks during the reduction,
but the total ion concentration subject to reduction will not be
altered by the exchange of ions. The reduction of Pd2+ ions
inside and outside the network are effectively independent of
each other, and the reduced atoms effectively stay in the same
region, i.e., either within the network or outside of it. In this
way a quasi-conserved system might exist. Such a notion is
corroborated by the behavior ofN as a function of time. The
initially fast increase in particle number density,N, could refer
to the reduction of Pd ions to atoms and the aggregation of
atoms into particles, as shown by process 1 in Figure 7. The
subsequent slower decay ofN suggests that the large number
of small Pd particles thus created grow into a smaller number
of larger Pd particles via process 3a or process 3b. However,
experiments to verify this are currently underway. It is prudent
at this stage to only show that we can control the size and
distribution of Pd particles dynamically. Such control will be
critical in the potential application of such materials.

There are other factors that can influence the nature of Pd
particle growth in the matrix. One is the degree of cross-linking
achieved with DIB. Cross-linking density alters the degree to
which the network can swell with the 1-propanol/toluene/Pd-
(acac)2 solution and so may affect the mobility of the Pd atoms
and particles. However, it was found that there was no
discernible change in particle size for samples exposed in the
reducing bath for the same amount of time but which had
previously been exposed to DIB vapor for differing times (6,
12, and 24 h). As explained within the previous section, we
were able to quantify the extent to which the sample had been
cross-linked using the parameter DC, but this measure gives us
no clue as to the mesh size of the cross-linked network. This
latter parameter is probably the most useful way to characterize
the mobility of the Pd particles in the network, and dynamic
mechanical experiments are underway currently to extract this
parameter.

Another influence on particle growth is the nature of cosolvent
that is used with 1-propanol. A variety of other solvents were
tried, and this effect is shown graphically in Figure 8. It is
apparent that the particle size for a given reduction time (18 h)
and temperature (85°C) can be altered with the type of solvent
used. Both benzene (Figure 8a) and 1,4-dioxane (Figure 8b)
produce larger Pd aggregates than when toluene (Figure 6a) is
used. Acetone (Figure 8c), on the other hand, produced
significantly smaller Pd aggregates. This conjecture is compli-

cated by the fact that the 1-propanol/acetone/ Pd(acac)2 bath
was operated at 55°C due to the lower boiling point of acetone.
However, this does show that the three-way nature of interac-

Figure 8. Comparison of the particle sizes produced in P2VP networks
immersed (for 18 h) into Pd reducing baths that have different
cosolvents with 1-propanol. The cosolvents are (a) benzene, (b) 1,4-
dioxane, and (c) acetone. The reducing temperature is 85°C for (a)
and (b) and 55°C for (c).
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tions between Pd2+, the cosolvent, and the polymer matrix is a
factor in the reduction and aggregation process.

Conclusions
The use of voiding or porogens and subsequent backfilling

with nanoparticles as a general technique to introduce hybrid
character to materials is widespread. We believe that the work
we have shown represents a novel method for achieving high
loadings of metal particles into a polymer texture. The open
structure afforded by the voided bicontinuous gyroid architecture
forms the in situ ambience, swollen by an organic solution,
within which metal ions are reduced. The high degree of loading
is partly a result of reduction conditions within an organic
solvent. Metal ions in an aqueous solvent would have difficulty
to sufficiently swell the voided P2VP texture. We would like
to note also the possibility that the metal ions in an aqueous
solution mixed with a proper amount of an organic solvent may
enable us to localize the reduced metal ions selectively near
the surface of the texture.

The technique has several other qualities that make it
attractive from an application point of view. We can produce
Pd aggregates in a very controllable fashion with well-defined
size distributions within well-controlled ordered textures having
nanoperiodicity. The double gyroid network texture upon which
we impose the particles is a highly interconnected porous
network. Cross-linking of the texture makes it more stable to
chemical and physical attack. The high porosity also implies a
high specific surface area which is often a sought-after quality
in catalyst technology. However, the general technique is also
one that might be applied in other fields such as tunable
dielectric material for optical processing. One concern might
be the mechanical integrity of the system. As mentioned, we
believe that the double gyroid network does not collapse due
to the support of the grain boundary structure, but such systems
tend to be fragile.

Moreover, the work involves some interesting phenomena
and poses a fundamental question regarding the nature of metal
particle aggregation and growth within swollen polymer net-
works inside the gyroid textures. The entire question of metal
nanoparticle aggregation in polymer systems is not one that has
been dealt with so far in any detail. However, there are
interesting analogies to the behavior observed in binary metal
systems where LSW or diffusion-coalescence type behavior
is predominant. We would like to know whether our apparent
diffusion and coalescence behavior is something that arises from
the nonconservative nature of our system or whether it arises
from the nature of the polymer microdomain structure or from
another effect. It is not possible to conjecture further on this
without having some data concerning simpler systems, e.g., the
metal particle growth in homopolymers matrices containing the
metal ions and reducing agents, and this is a current topic of
research.

We should note that the above argument is related to the
following fundamental scientific problems, the clarification of
which deserves future study. The state of Pd atoms changes
from a gaseous to a liquid state and eventually to a solid state.
A gaseous state is relevant to isolated Pd atoms themselves or
to a very small Pd clusters. A liquid state occurs during the
growth of clusters via processes 3a and 3b or via the absorption
of gaseous Pd atoms at the surfaces of the clusters. The growth
of the clusters via processes 3a and 3b would be pinned when
the clusters are solidified. Wide-angle X-ray diffraction studies
after completion of the reduction reaction revealed that the
nanoparticles exhibit diffraction peaks at the same Bragg angles
as those for bulk Pd metals.

A more detailed analysis of the application potentials for the
resulting hybrid catalyst material is left for future research. There
are some outstanding questions that have arisen from this
research. For example, the exact location of the palladium
nanoparticlessare they located within the gyroid texture or at
its surfaceswill have implications for the catalytic efficiency
of the materials. Such questions are answered through either
more involved ET-TEM studies,36 small-angle X-ray scattering
(SAXS),37 or more direct studies of Pd-catalyzed reactions.
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