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We provide a brief non-comprehensive survey of some recent work on the in situ production of metal
nanoclusters in polymer films. The synthesis schemes rely on the well-known spontaneous microphase
separation of block copolymers to restrict metal species within nanoscale regions in the bulk morphology. In
one variation of the scheme, organometallic monomers are used to form one of the block sequences of the block
copolymer. A second approach relies on metal-sequestering moieties in one of the blocks which assemble to
produce ‘nanoreactors’ capable of being loaded with metal species for later reduction to zerovalent clusters.
Morphological evidence is provided to assess the success of these schemes. A few properties of the
metal-containing nanocomposite films are discussed here. These include electrical properties and catalytic

activity in hydrogenation reactions.

There has been growing interest during recent years in
materials with characteristic length scales on the order of
nanometers. Nanoclusters are the subject of research and
product development because they may possess interesting
and useful catalytic,'™> magnetic,°® optical,®~!® nonlinear
optical,'*!> semiconductor!® or other properties. Nanoclus-
ters are small particles of metal, metal oxides or semicon-
ductor materials; the size range of interest is usually 10-500 A
in diameter. These materials often display properties interme-
diate between the bulk and the atom, arising from quantum
size effects!®~18 or the large surface area-to-volume ratio!® of
very small particles.

The study of nanocomposite materials for applications such
as catalysts, UV-absorbing coatings and capacitors often
requires that the clusters be uniformly sized and homoge-
neously distributed throughout a dielectric support. A narrow
cluster size distribution is helpful to study size-dependent
properties and a dielectric support prevents electronic inter-
actions between the clusters and other conductive materials.
Further, the clusters must be stabilized against aggregation
and growth to maintain the performance of the composite
material within engineering specifications.

Polymers are often used as a stabilizing matrix for nano-
clusters. Most polymers are easily processable and a transpar-
ent, permeable, or conductive material can be chosen, as
required for specific applications. Polymer-metal cluster
nanocomposites have been synthesized by condensation of
metal vapors into liquid monomer, which is later poly-
merized,?%2! by reduction of metal complexes in solution
where the solvent also acts as a polymerizable ligand,?? and
by simultaneous metal evaporation and plasma poly-
merization.?3 Supercritical CO, solutions have also been used
to load bulk polymer films with metal salts and to reduce
these salts to metal nanoclusters by chemical post-
treatment.?*
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Recently, methods of synthesizing nanoclusters in
microphase-separated diblock copolymers?3—37 have been
reported that provide greater control over cluster formation.
Moller?> has prepared metal sulfide clusters within
microphase-separated diblock copolymers of polystyrene and
poly-2-vinylpyridine. Sulfides of Cu, Cd, Co, Ni, Zn and Ag
were prepared by solvent evaporation from solutions contain-
ing the diblock copolymer and a metal salt, followed by treat-
ment with gaseous H,S. The metal salts formed complexes
with the pendant pyridine rings, concentrating the metal ions
in the poly-2-vinylpyridine domains and leading to the well-
controlled formation of sulfide nanoclusters within the films.

Spatz et al.?” have used diblock copolymer micelles to form
polymer films containing well-ordered arrays of gold nano-
clusters with a narrow size distribution. Polystyrene-block-
poly(ethylene oxide) was dissolved in toluene, forming a
diblock copolymer micellar solution. When LiAuCl, is added
to the solution, Li* ions form complexes with PEO repeat
units, thus binding the [AuCl,]~ ions within the core of the
micelles. Polymer thin films were formed by placing a small
drop of the micellar solution on a TEM grid. Transmission
electron microscopy revealed that the micelles had organized
into a near-perfect hexagonal array. Annealing the sample
resulted in formation of a single gold nanocluster within each
diblock copolymer micelle. Kinetic control over the polymer
film morphology proved an effective means of arranging the
nanoparticles in an ordered array. Further, the size of the
nanoclusters could be controlled by varying the volume frac-
tion of each block or the LiAlICl, : EO ratio.

Past work in our group has focused on the synthesis of
metal,28=3° metal oxide3!:32 and semiconductor33—*° nano-
clusters within the microdomains of block copolymers pre-
pared by ring-opening metathesis polymerization (ROMP). In
this review we focus on recent observations and applications
for the case of the zero-valent metal clusters. Our technique
capitalizes on the formation of self-assembled microdomains
within diblock copolymers. Organometallic repeat units com-
prising one of the blocks are reduced by chemical treatment,
leading to formation of metal nanoclusters predominantly
within the original organometallic domains.?8-3° The polymer
morphology (lamellar, cylindrical or spherical) and domain
size are determined by the volume fraction of each block and
the total molecular weight of the block copolymer. Optimum
control over cluster formation is achieved by using a film with
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a spherical morphology; films containing a single cluster
within each spherical domain have been prepared.?®

A more general method for the synthesis of several tran-
sition metal nanoclusters (Ag, Au, Cu, Ni, Pb, Pd and Pt) has
also been developed.*! Metal ions or complexes are coordi-
nated to carboxylic acid groups within the hydrophilic blocks
of a diblock copolymer by immersion of the polymer in an
aqueous metal salt solution. The metal ions or complexes are
subsequently reduced by exposure to hydrogen at elevated
temperatures or by immersion in an aqueous sodium boro-
hydride solution. For several transition metals, this approach
leads to uniformly sized nanoclusters homogeneously dis-
persed within the water-soluble domains.

Organometallic Block Copolymers

The interfaces between dissimilar domains and the free inter-
faces of thin films both play an important role in nucleation
and growth of clusters formed in situ within microphase-
separated diblock copolymers. Silver clusters have been
formed under several different conditions using bulk films
(static-cast) and thin films (microtomed or spin-coated).*?

TEM (Fig. 1) and small-angle X-ray scattering (SAXS)
analysis*® of an [Ag]so,[MTD];,, bulk block copolymer film
revealed a lamellar morphology with a domain size of about
21 nm. Ag refers to the repeat unit of the silver-containing
block of the copolymer, Ag,(Hfacac),NORPHOS, where
NORPHOS = racemic 2-exo-3-endo-bis(diphenylphosphino)
bicyclo[2.2.1Theptane and MTD = methyltetradodecene. The
bulk film was thermally treated to produce silver nanoclusters.
The transmission electron micrograph given in Fig. 2 shows
that silver nanoclusters formed predominantly within the orig-
inal silver-containing microdomains with no disruption in the
original lamellar morphology. Wide-angle X-ray scattering
(WAXS) analysis confirmed that the clusters are zero-valent
silver in the cubic form.*> When a similar cluster synthesis
was carried out in bulk films of metal-containing homo-
polymers, the cluster formation was not well-controlled; large
clusters with a broad size distribution were obtained and the
clusters were not dispersed homogeneously throughout the
metal-containing homopolymer films.3® These results indicate
that the interfaces between blocks in a microphase-separated
diblock copolymer can act as favored cluster nucleation sites.
Because these interfaces are regularly spaced, the clusters form
uniformly throughout the block copolymer films. Moreover,
confinement within the lamellaec can control the growth of
clusters by reducing the local supply of silver.
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Fig. 1 Transmission electron micrograph of [Ag]e,[MTD];q,-
(Reproduced from ref. 43(b) with permission of the author)
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Fig. 2 Transmission electron micrograph of [Ag]s,[MTD];,, after
cluster formation; reduced as a bulk film (ca. 100 pm thick).
(Reproduced from ref. 43(b) with permission of the author)

If the thickness of a metal-containing homopolymer film is
reduced close to the dimensions of lamellae in block copoly-
mers, the ‘free interfaces’, that is the surfaces of the thin films,
can play a role similar to that of the interdomain interfaces in
block copolymers. Thus, small uniformly sized clusters are
expected to form within metal-containing homopolymers if
the film thickness is small enough. An [Ag]s, homopolymer
film thin enough (ca. 100 nm) to obtain a TEM micrograph
without microtoming was prepared by spin-coating. Before
cluster formation, there was no visible contrast in the TEM
micrograph. After cluster formation, relatively small (ca. 5 nm
in diameter), irregularly shaped clusters were obtained
throughout the film (Fig. 3). The film surfaces evidently did
play a similar role in cluster formation as the interfaces
between blocks in block copolymers, so that similarly small
clusters were produced both in the spin-coated film of homo-
polymer [Agls, and in the bulk film of diblock
[Agleo[MTD];4,. The spin-coated film of [Agls, is essen-
tially analogous to a single lamella of [Ag] blocks in
[Agleo[MTD];,,. Both can be considered as regions of con-
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Fig. 3 Transmission electron micrograph of the spin-coated film of
[Aglg, after cluster formation (ca. 100 nm thick). (Reproduced from
ref. 43(b) with permission of the author)



fined cluster growth in which there is only a two-dimensional
supply of silver and a readily accessible interface for heter-
ogeneous cluster nucleation.

Taking thin sections of a bulk film of [Agle,[MTD];,,
before cluster formation is essentially the same as adding new
‘free interfaces’ to the existing interfaces between blocks; the
[Ag] block can then be thought of as a one-dimensional rec-
tangular channel of nanoscopic dimensions. Reduction of the
silver in these channels (ca. 50 nm x 25 nm) resulted in a nar-
rower cluster size distribution (ca. 5 nm in diameter) than that
observed in Fig. 2 and 3. This was apparently the result of
more nucleation sites and fewer available silver atoms per
nucleation site.

Electrical Properties

Nanocomposite materials with conducting nanoparticles
embedded in a nonconducting polymer matrix may have
interesting electrical properties. In particular, microphase-
separated diblock copolymer films displaying a well-ordered
lamellar morphology may display highly anisotropic proper-
ties if the conducting clusters are confined within alternating
lamellae. A bulk film of [Ag]so[MTD];,, Was prepared by
static-casting. TEM analysis showed a well-ordered lamellar
morphology (Fig. 1) and SAXS studies indicated that most,
but not all, lamellar planes were oriented parallel to the plane
of the film. The [Aglso[MTD];,, film was thermally treated
to form clusters and the TEM micrograph after reduction
showed that silver nanoclusters formed predominantly within
the original silver-containing microdomains.

It is interesting to compare dielectric properties parallel and
perpendicular to the film plane. In practice, however, it is not
easy to measure dielectric properties parallel to the film plane
because the film is only about 100 um thick. However, if we
knew the dielectric constant of each lamellar region, we could
calculate the dielectric constant parallel to the film plane (g})
and confirm the measured value of the dielectric constant per-
pendicular to the film plane (¢). €, can be modeled as a series
combination of the dielectric constant of the [Ag] block (g},)
and the dielectric constant of the [MTD] block (eyrp) (Fig. 4).
Furthermore, €| can be modeled as a parallel combination of
€x, and eyrp. From series and parallel combinations of
blocks, we can write

1/, = (tAg/t)/s.i\g + (tmrp/t)/EmD 1)
S/H = (tAg/ t)S/Ag + (tmrp/t)emtp 2

where ¢ is the total film thickness, t,, is the thickness of [Ag]
domains and tygp is the thickness of [MTD] domains (i.e.,
t = tpy + tyrp). From the TEM micrographs (Fig. 2), we can
find t,,/t = 0.455 and tyrp/t = 0.545.

The array of experimentally derived*® values [g}, (4.80),
eurp (2.88), 14/t (0.455), and tyrp/t (0.545)] can be inserted
into eqn. (1) and (2). From eqn. (1), the calculated value of &
is 3.52, essentially identical with the measured value of €| at
10* Hz. From eqn. (2), €| is 3.76. Thus the dielectric constants

’

€1

tMTD

tAg

Fig. 4 Schematic representation of the oriented lamellae of

[Aglso[MTD];0,

for the static-cast film of [Ag]eo[MTD];,, showed only a
slight anisotropy (g}, = 3.52 vs. €} = 3.76). This result suggests
that the silver clusters in the alternating domains are well
below the percolation threshold. TEM photomicrographs
offer a through-going view of several layers of clusters, thereby
exaggerating the apparent proximity of the clusters.

Electrical conductivity measurements of a static-cast film of
[Agl¢o[MTD];,, were also performed.** s, was below the
detection limit (1071 S cm™?!) in DC mode; the value was
instead estimated at 2.2 x 1071 S cm ™! by extrapolation of
AC measurements to 10~* Hz. The values of s, were around
107° S em™'. The order of magnitude of s, is reasonable
when the silver content (30 wt% within microdomains) is con-
sidered.*+** The conductivity of the [Ag]so[MTD];,, film is
highly anisotropic.

Catalysis

Palladium nanoclusters®® have been synthesized by reduction
of microphase-separated diblock copolymer films of
[MTD],,3[Pd]s,. The catalytic activity of the resulting
nanocomposite materials for gas phase, heterogeneous hydro-
genation reactions has been measured.*®#” Two catalyst films,
A and B, were prepared containing an equal weight fraction
palladium but differing in cluster size. TEM analysis showed
that the clusters in catalyst film A had an average diameter of
30 A and appeared to form preferentially within the original
organometallic domains. Catalyst film B contained clusters of
ca. 14 A diameter. The clusters were again examined by TEM
after being used as ethylene hydrogenation catalysts. The
average cluster diameter for catalyst A after ten ethylene
hydrogenation runs was unchanged at 30 A, whereas the
average cluster diameter in B increased from 14 to 19 A after
eight experimental runs.

To study the catalyst activity as a function of cluster size,
batch mode ethylene hydrogenation reactions were performed.
The activity of each catalyst was calculated as the moles of
ethylene consumed per mole palladium per second. The
maximum activity for each run, as calculated from pairs of
consecutive data points, is reported in Table 1, along with the
mean and standard deviation for each catalyst.

The mean activity of catalyst A for ethylene hydrogenation
was 0.0012 + 0.0004 mol (mol Pd)~! s~!, while that of cata-
lyst B was 0.0021 + 0.0005 mol (mol Pd)~! s~ (see Table 1).
There was no trend towards loss of activity with repeated use
of the catalysts, indicating that the active sites are not deacti-
vated by, for example, carbonaceous deposits during the reac-
tion. On average, catalyst B is 1.8 times more active than
catalyst A. This difference in activity can be explained by dif-
ferences in the total palladium surface area between the cata-
lysts. Both catalysts contain the same weight fraction
palladium; therefore, the ratio of the total palladium surface

Table 1 Catalyst activity as a function of cluster size. Maximum
activity for ethylene hydrogenation for catalysts A and B at 120°C
with Py, = 30 psi, and Pc,y, = 15 psi,

Maximum activity/10 3 mol (mol Pd) ! s~*

Run Catalyst A Catalyst B
1 20 20
2 0.69 1.3
3 0.98 1.6
4 1.3 2.5
5 1.3 2.7
6 1.1 2.5
7 — 1.6
8 — 23
Mean 12 21
Std. dev. 0.4 0.5
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area in each catalyst can be estimated from the average cluster
diameter, assuming that the clusters are spherical, and mono-
disperse, and that the organometallic repeat units have been
reduced to the same extent. Using TEM cluster diameter mea-
surements made before and after the ethylene hydrogenation
experiments, catalyst B is expected to be 1.6-2.2 times more
active than catalyst A, based solely on the difference in total
palladium surface area. This result is in agreement with
experimental observations.

Catalyst films A and B were also used for 1,3-butadiene
hydrogenation reactions.*” Repeated use of the catalysts for
hydrogenation reactions had two main effects on the nano-
composite morphology. First, the palladium cluster diameter
increased gradually; this increase was more dramatic for B
with its smaller initial cluster size. The average cluster diam-
eter of A was 35 A after 27 hydrogenation runs and that of
catalyst B was 32 A after 32 experimental runs. There was no
evidence that entire clusters migrated through the polymer
matrix. Rather, it appeared that cluster growth was the result
of migration of individual palladium atoms through the
polymer matrix. The source of the palladium was either exist-
ing clusters or further reduction of previously unreacted
pendent organometallic complexes. Secondly, exposure to C,
gases also resulted in 15-60 pm voids opening up within the
polymer matrix. Further study of ethylene hydrogenation*¢-+’
showed that the activity of the nanocomposite catalysts more
than doubled after exposure to C, gases because the presence
of the voids decreased the mean diffusion path length within
the matrix, resulting in an increase in catalytic activity.

Table 2 summarizes the maximum activity and butene
selectivity for catalyst A at 120°C and with a
hydrogen : butadiene ratio of 4:1, 1:1 or 1:2. The data
clearly show that the selectivity for butenes over n-butane
increases as the hydrogen partial pressure decreases. The
product distribution data summarized in Table 3 show that
the trans-2-butene and cis-2-butene selectivities change little
with reactant partial pressure, but that the selectivity for 1-
butene increases significantly with decreasing Py, . Therefore,
the overall loss of butene selectivity with increasing hydrogen
partial pressure can be attributed to an increase in the rate of
hydrogenation of 1-butene to n-butane.

Reactions were also run at 120°C and Py, = Py, = 15
psi,, on films that had received similar exposure to C, gases.
The higher activity of catalyst B (Table 4) can again be

Table 2 Maximum activity and selectivity of catalyst A for 1,3-buta-
diene hydrogenation at 120 °C and different Py, : Py, ratios

Maximum activity®/ Maximum
Py, Pc, 1072 mol (mol Pd) ! s~ ! selectivity
4:1 5.5(1) 0.67
22(2) 0.57
9.3 (3) 0.55
8.6 (4) 0.60
12 (5) 0.70
Mean 7.5 0.62
Std. dev. 34 0.06
1:1 9.7 (6) 0.81
13(7) 0.88
8.7 (8) 0.85
Mean 10 0.85
Std. dev. 2 0.03
1:2 2909 0.99
2.6 (10) 0.96
24 (11) 0.96
25 (12) 0.92
Mean 2.6 0.96
Std. dev. 0.2 0.02

¢ Experimental run numbers are given in parentheses.

Table 3 Summary of reactant partial pressures and average product
distributions (%) for catalyst A at 120°C

1- trans-2- cis-2-
Py, /psi,  Pcy/psi, Butene  Butene Butene  n-Butane
40 10 20 30 11 39
15 15 27 39 18 16
10 20 45 35 16 4

explained by the greater total palladium surface area available
for reaction. A comparison of the data obtained at room tem-
perature and 120°C indicates that raising the reaction tem-
perature by ca. 100 °C increases catalyst activity by one order
of magnitude.*’

The average product distributions reported in Table 5 for
catalyst A and B at room temperature and 120 °C show that
the trans-2-butene and cis-2-butene selectivities vary little with
reaction temperature or cluster size. In contrast, the selectivity
for 1-butene increases significantly at the lower reaction tem-
perature and catalyst B has better selectivity for 1-butene than
catalyst A. The consistently high trans : cis ratio for 2-butene
production is typical of palladium catalysts.*®

Nanoreactors

To avoid the synthesis of a new ROMP monomer each time a
new type of metal cluster is desired in the polymer films, we
have developed a general method for the synthesis of tran-
sition metal nanoclusters (specifically Ag, Au, Cu, Ni, Pb, Pd
and Pt) using a single block copolymer.*! In this strategy,
metal ions or complexes are coordinated to carboxylic acid
groups within hydrophilic polyNORCOOH domains of an
[MTD],,,[NORCOOH];, diblock copolymer film. The ion
sequestering is accomplished by immersing the film in an
aqueous metal salt solution. Subsequent reduction of the
metal ions by exposure to hydrogen at elevated temperatures,
or immersion in an aqueous sodium borohydride solution,
results in formation of nanoclusters with a narrow size dis-
tribution, uniformly distributed within the polyNORCOOH
domains (see Fig. 5).

This ‘universal’

cluster synthesis technique wuses the

Table 4 Maximum activity and selectivity of catalysts A and B for
1,3-butadiene hydrogenation at 120 °C with Py, = P¢ g4, = 15 psi,

Maximum activity/10~2

mol (mol Pd)~ ! s ! Maximum selectivity

Catalyst A Catalyst B Catalyst A Catalyst B
9.7 27 0.81 0.90
13 8.5 0.88 0.75
8.7 89 0.85 0.88
31 0.92
Mean 10 19 0.85 0.86
Srd. dev. 0.2 10 0.03 0.07

Table 5 Average product distribution (%) of catalysts A and B at
20°C or 120°C with Py, = P¢,y, = 15 psi,

20°C 120°C

Product Catalyst A Catalyst B Catalyst A Catalyst B
1-Butene 37 47 27 36
trans-2- 30 34 39 35

Butene

cis-2- 10 13 18 16

Butene

n-Butane 23 6 16 13
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microphase separated block copolymer

Fig. 5 Block copolymer nanoreactor scheme for metal nanocluster
synthesis

microphase-separated morphology of the diblock copolymer
as a kinetic barrier to restrict cluster aggregation and migra-
tion out of the polyNORCOOH domains into the glassy
polyMTD matrix (T, ca. 210 °C). The technique allows for the
simple, in situ synthesis of several types of nanoclusters within
a diblock copolymer matrix. Furthermore, the technique
allows for the possibility of increasing cluster size and produc-
ing core-shell clusters through multiple loading and reduction
cycles.

Bulk block copolymer samples and thin microtomed sections
were loaded with metal ions or complexes by immersion in
aqueous metal salt solutions and then reduced. The Ag-, Au-,
Cu-, Pd- and Pt-containing films were also subjected to a
second loading and reduction cycle. Prior to reduction, the
faint outline of an interconnected cylindrical morphology was
observed in the Ag-, Pd- and Pb-containing films. No such
contrast between microdomains was visible in the Au-
containing film. After the first loading and reduction cycle,
uniformly sized silver (25-35 A) and palladium (10-20 A) clus-
ters were observed and appeared to be restricted to the poly-
NORCOOH domains of each film. After a second loading and
reduction cycle, the size of both the silver (40-90 A) and palla-
dium (20-30 A) clusters increased, but they remained fairly
uniformly sized and restricted to the polyNORCOOH
domains.

The interconnected cylindrical morphology of the Au-
containing film became visible after reduction of the film.
Numerous gold clusters (10-15 A) were observed in the poly-
NORCOOH domains and a few gold particles (200-500 A)
appeared to have grown beyond the polyNORCOOH
domains. Fig. 6 shows transmission electron micrographs of
the bulk Ag-containing film (a) after a single loading, (b) after
a single loading and reduction sequence and (c) after the
second loading and reduction sequence. The micrographs
clearly demonstrate the ability to control and modify cluster
size by use of the method outlined in Fig. 5.

All seven metal-loaded films were examined by WAXS
before and after reduction. WAXS analysis of the Ag-loaded
film showed that no fcc silver crystals formed prior to
reduction. After one and two loading/reduction cycles, broad
scattering peaks consistent with the [111], [200] and [220]
planes of the fcc silver lattice* were observed. A mean crystal
diameter of 40 A was estimated from the Scherrer equation®®
for the twice loaded and reduced film. Comparison with TEM
results indicates that many of the clusters in Fig. 6 are single
crystals.

Fig. 6 (a) Electron micrograph of bulk Ag* loaded film (bar = 300
A). (b) Electron micrograph of bulk silver-containing film after first
loading/reduction sequence (bar = 300 A). (c) Electron micrograph of
bulk silver-containing film after second loading/reduction sequence
(bar = 300 A)
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WAXS analysis of the twice loaded and reduced Pd-
containing film revealed a small peak consistent with scat-
tering from the [111] plane of the fcc palladium lattice.*® For
the Au-loaded films, peaks consistent with the [111], [200]
and [220] planes*® of the gold fcc lattice were observed. An
increase in the sharpness of the gold scattering peaks and a
slight upturn in the WAXS data at low angles are indicative of
the presence of large (several hundred Angstroms) gold clusters
in the twice loaded and reduced films. Very few such clusters
were observed by TEM, however, and it is possible that these
large clusters occur preferentially near the surface of the bulk
films where they would not be observed by TEM.

WAXS data from the once loaded and reduced Pb- and
Ni-containing films exhibited only a single broad peak due to
scattering from the amorphous polymer matrix. The Pt- and
Cu-containing films exhibited only a single amorphous scat-
tering peak after two loading and reduction cycles. Because
contrast was observed by TEM in the Pb-loaded film, it is
believed that the aqueous NaBH, was unable to penetrate the
film in sufficient quantity to reduce lead or nickel ions. The
absence of Pt clusters is attributed to slow diffusion of the
large [PtCls]?~ ions through the polymer matrix, while the
absence of copper clusters may be due to its relatively low
reduction potential.

NORCOONa Method

In a modification of the strategy represented in Fig. 5, carbox-
ylic acid groups are first converted to the sodium carboxylate
form by soaking in aqueous NaOH; transition metal and rare
earth ions are then substituted for Na™ ions by immersion of
the sodium carboxylate functionalized polymer in an aqueous
metal salt solution.! This method, represented in Fig. 7, can
be used to increase the rate and extent of metal uptake into
diblock copolymer films. The Ag loading capacity of sodium
carboxylate functionalized films was explored following
several loading and reduction sequences. The relationship

microphase separated block copolymer

Fig. 7 Modified scheme to facilitate metal ion loading into the block
copolymer nanoreactors
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between the extent of Ag* loading and cluster size during a
single sequence was also studied for the carboxylic acid func-
tionalized films.

Conversion of carboxylic acid groups  within
[MTD],0o[NORCOOH]s, diblock copolymers to the
sodium carboxylate form, [MTD],,,[NORCOONa]s,,

resulted in large increases in both the rate and extent
of transition metal and rare earth ion uptake from metal
acetates, chlorides, nitrates and sulfates. For Co-, Au-, Pd-
and Ni-containing compounds, significant loading could
often be achieved from 0.005 M aqueous metal salt solutions
into 10 pm thick [MTD],,,[NORCOONa];, films within
hours, whereas no loading was observed into
[MTD],oo[NORCOOH]s, films. The improvement in
loading is due largely to the acetate ion’s much lower stability
constant with Na* (K; ~ 0.7 1 mol™1!), than with H* (K, ~
6.3 x 10* 1 mol ). This allows transition metal and rare earth
ions (K; ~3-1600 1 mol~!) to displace the weakly bound
Na™ ions more easily than the much more strongly bound H*
ions.

A 10 pm thick [MTD],,, [NORCOONa];, film was sub-
jected to several loading and reduction sequences and dis-
played equilibrium Ag* uptake capacities of 0.77, 0.69, 0.67
and 045 moles Ag* per mole COONa during the first,
second, third and fourth loadings, respectively. This corre-
sponds to a cumulative loading of approximately 26 wt% Ag
in the polymer-Ag composite. The decrease in equilibrium
Ag* loading following several sequences is probably due to
the increasing volume fraction of Ag nanoclusters within the
polyNORCOONa domains, which may sterically prevent
exchange between Na‘* and Ag*t ions. Mean crystal sphere
diameters of 37, 50, 64 and 65 A were estimated from WAXS
data following the first, second, third and fourth loading and
reduction sequence, respectively. Thus, Ag nanoclusters pro-
duced in early loading and reduction cycles act as nucleation
sites for further cluster growth. During a single sequence, the
cluster size within diblock copolymer is relatively insensitive
to the extent of Ag™ uptake for loadings between 40 and 500
mg Ag* per g polyNORCOOH, consistent with a nucleation-
controlled cluster formation process. It is not known whether
the observed mean cluster size of ca. 30 A is a result of ther-
modynamic or kinetic constraints.>*

Summary

A brief survey has been presented to summarize block-
copolymer-based strategies for nanocluster/nanocomposite
synthesis. One strategy involves synthesis of suitable
organometallic monomers that can be incorporated into a
block copolymerization scheme such as ring-opening meta-
thesis polymerization. Thermodynamically driven microphase
separation assembles the metal-containing repeat units into
isolated domains in which the metal clusters are formed by
appropriate reduction techniques. A second strategy involves
copolymerization/microphase separation of a block copoly-
mer in which one of the block sequences contains ion-
sequestering ligands such as carboxylic acid groups. In this
more general nanoreactor scheme a wide variety of metal ions
can be selectively loaded into the copolymer morphology and
subsequently reduced to form clusters. Although the present
review has focused on zerovalent metal clusters, many other
possibilities, such as the production of metal sulfides, selenides
or oxides, are readily achieved.

A few properties and potential applications of the metal-
cluster-containing nanocomposites have been mentioned
here. Large dielectric anisotropy appears to require nearly
percolating clusters in one of the domains and this has not
been achieved in work to date. Hints of exceedingly large
anisotropies in electrical conductivity have been demonstrated
although the magnitudes of all the conductivities measured to



date are low. Perhaps surprisingly, palladium metal clusters
embedded in the block copolymer matrix retain very active
catalytic properties when examined in the context of olefin
and butadiene hydrogenation reactions. Evidently, whatever
the nature of the surface adsorption by the polymer chains,
these species are readily displaced by the unsaturated small
molecules as they participate in the metal-surface-catalyzed
hydrogenation reactions. The intriguing possibility arises for
using these nanocomposite films both as a catalyst and as a
part of a product separation scheme in a suitably designed
reactor.

Although not mentioned above, there are many more
potential applications for metal-cluster-containing films,
including those relying on magnetic and optical pheno-
mena.*>5! The fact that the well-dispersed metal clusters in
these block-copolymer-based nanocomposites are smaller
than the wavelength of visible light eliminates significant scat-
tering of light. This fact, coupled with the strong absorbances
offered by the surface plasmon phenomenon at specific wave-
lengths, makes it possible to imagine producing transparent
metal-containing nanocomposite films in a wide range of
colors and/or with light absorption selectivity in the UV or IR
portion of the spectrum.

There are many unanswered questions surrounding the for-
mation of the metal clusters in the block copolymer domains.
The enormous viscosites of bulk polymer systems always leads
to the likelihood that kinetically locked systems are being
considered instead of thermodynamically equilibrated
materials. Some aspects of the fundamental competition
between nucleation and growth were addressed above. The
degree to which metal-binding ligands on the copolymer
repeat units retard cluster growth is not well understood. The
competing possibilities for forming alloys, core-shell clusters
and side-by-side populations of clusters also need to be
explored in systematic detail in order to exploit fully the
nanocluster synthesis schemes described here.
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