
Functionalized Emulsion and Suspension Polymer
Particles: Nanoreactors for the Synthesis of Inorganic

Materials

L. Manziek, E. Langenmayr, A. Lamola, M. Gallagher, N. Brese,* and N. Annan

Rohm and Haas Company, Corporate Exploratory Research, 727 Norristown Rd,
Spring House, Pennsylvania 19477

Received March 31, 1998. Revised Manuscript Received August 12, 1998

Cross-linked acrylic emulsion polymers are prepared from ethyl acrylate, methacrylic acid,
and allyl methacrylate in aqueous media. The carboxylate groups on these polymers readily
form ionic complexes with cation species. These cation-loaded polymers can be burned in
air to yield pure oxides at temperatures as low as 150 °C. In an analogous fashion,
commercially available suspension particles composed of styrene and divinylbenzene can
be functionalized by reacting with sulfuric acid. The resultant sulfonic groups have a
different selectivity for cation species. This novel synthetic technique may be used with
most metallic elements, and it is demonstrated here for the formation of ZrO2, CeO2, LiMn2O4,
and Ba2YCu3O7, as well as catalysts in the Au/Pt and Pt/CeO2 systems. The rapid, intimate
mixing of metal ions results in low formation temperatures of nanosized materials, and the
myriad of potential processing techniques enables isolation of inorganic oxide powders,
precipitation of isolated inorganic clusters within a polymer matrix, and the coating of
substrates with nanoparticulate inorganic materials.

Introduction

As chemists studied increasingly larger metal clusters
and diminishingly smaller particles, it became inevi-
table that nanotechnology should emerge. The termi-
nology is hackneyed, but the chemistry has afforded a
stunning variety of materials with physical properties
reminiscent of both the atom and the conventional bulk
solid but quite distinct from each. The impressive
mechanical strength, strong magnetic response, dra-
matically reduced sintering temperatures, increased
catalytic activity, and enhanced optical properties of
nanometer-sized particles are all motivations for their
study.1

There are quite a number of techniques available for
the isolation of nanometer-sized materials. Physical
methods include gas condensation,2 molecular beam
epitaxy,3 high-energy ball milling,4 chemical vapor
deposition,5 mechanical alloying,6 and simple coprecipi-
tation.7 Chemical methods include spray pyrolysis,8
flame and plasma synthesis,9 sol-gel techniques,10

Pechini’s method,11 hydrothermal precipitation,12 use of
inverse microemulsions,13-16 and even protein17 or liquid
crystal18 templating. Some of these processes yield
broad particle size distributions or intermediate prod-
ucts which require further calcination to obtain the
desired product.

The interaction of polymers with inorganics has been
intensely studied, particularly for use in ion-exchange
processes for purification.19 Block copolymers have been
used to form inorganic materials,20-23 and there are
studies employing the combustion of emulsions to isolate
inorganic materials.24,25 We extend these studies26

considerably to include functionalized, cross-linked
acrylic emulsion polymers which afford excellent control

* Corresponding author. E-mail: rahneb@rohmhaas.com
(1) Dagani, R. Chem. Eng. News 1992, Nov. 23, 18.
(2) Siegel, R. W. J. Mater. Res. 1988, 3, 1367.
(3) Panish, M. B.; Temkin, H. Annu. Rev. Mater. Sci. 1989, 19, 209.
(4) Koch, C. C.; Jang, J. S. C.; Gross, S. S. J. Mater. Res. 1989, 4,

557.
(5) Fang, Y. K., Hsu, S. L. J. Appl. Phys. 1985, 57, 2980.
(6) Mateazzi, P.; Le Gaer, G. J. Am. Ceram. Soc. 1994, 74, 1382.
(7) Tang, Z. X.; Sorensen, C. M.; Klabunde, K. J.; Hadjipanayis, G.

C. J. Colloid Inter. Sci. 1991, 146, 38.
(8) Kodas, T. T.; Engler, E. M.; Lee, V. Y.; Jacowitz, R.; Baum, T.

H.; Roche, K.; Parkin, S. S. P.; Young, W. S.; Hughes, S. Appl. Phys.
Lett. 1988, 52, 1622.

(9) Ulrich, G. D. J. Coll. Interface Sci. 1982, 87, 257.
(10) Fegley, B., Jr.; White, P.; Bowen, H. K. Am. Ceram. Soc. Bull.

1985, 64, 1115.

(11) Pechini, M. P. U.S. Patent 3,330,697, 1967.
(12) Komarneni. S.; Roy, R.; Breval, E.; Ollinen, M.; Suwa, Y. Adv.

Ceram. Mater. 1986, 1, 87.
(13) Pillai, V.; Kumar, P.; Hou, M. J.; Ayyub, P.; Shah, D. O. Adv.

Colloid Interface Sci. 1995, 55, 241.
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over the stoichiometry, size, shape, and structure of
inorganic materials. The general strategy is depicted
in Figure 1.

Experimental Section

Particle size measurements were carried out on a Matec
Applied Sciences CHDF-1100, which separates particles of
different size on the basis of the hydrodynamic effects of
particles undergoing Poiseulle flow within a capillary tube.
Chemical composition was measured using inductively coupled
plasma (ICP) spectroscopy on a Bausch and Lomb 3510.
Thermogravimetric analysis (TGA) was performed on a Du-
Pont 2200 analyzer. Surface area measurements were carried
out on a Micromeritics ASAP2400 analyzer using the BET
method. X-ray diffraction (XRD) data were collected on a
Philips APD3720 diffractometer using a copper target. Trans-
mission electron microscopy (TEM) was carried out on a JEOL
JEM 1200EX. Residual carbon content was measured on a
Leico IR-412 unit.

Polymer Synthesis. Standard emulsion polymerization
techniques were used.27,28 A typical monomer emulsion was
formed by combining 200 g of water, 7 g of Rhodapon L-22, 90
g of ethyl acrylate, 90 g of glacial methacrylic acid, and 7.5 g
of allyl methacrylate. The mixture was shaken vigorously to
form a monomer emulsion. A 2 L round-bottom flask was
charged with 250 g of water and heated to 80 °C under flowing
nitrogen. The solution was agitated throughout the reaction
by a Teflon paddle which developed a 1 in. vortex in the liquid.
Ammonium persulfate (0.06 g) and 34 g of the monomer
emulsion were added to the reaction flask, and the mixture
was allowed to react for about 10 min. As this initial dose of
monomer emulsion polymerized, the solution turned from
opalescent to nearly translucent. The remaining 360 g of
monomer emulsion and 32.2 g of ammonium persulfate solu-
tion (as a 0.027 M aqueous solution) were added to the flask
at rates of 4 and 0.35 g/min, respectively. After the feeds were
completed, the vessel was maintained at 80 °C for 20 min and
cooled to 60 °C, and tert-butyl hydroperoxide (0.1 g) and
sodium formaldehyde sulfoxylate (0.06 g) were added to reduce
the amount of unconverted monomers. A typical particle size
measurement is shown in Figure 2. Three batches produced
with this procedure yielded particles of average size 117-121
nm with peak width at half-height of 82-107 nm. The size
and distribution of the latex particles is influenced by the
amount of surfactant, speed of agitation, amount of initial
monomer emulsion charge, and amount of persulfate used.
This cross-linked polymer has a theoretical loading capacity
of 5.6 mequiv of carboxylic acid groups per dry gram and was
the polymer used throughout this study, except as noted.

The synthesis of a quaternary-amine-functionalized emul-
sion polymer, here called polymer B, was described previ-

ously.29 To summarize, a methacrylic acid (60%), styrene
(35%), and divinylbenzene (5%) emulsion polymer was formed
in a manner analogous to that given above and was dried. In
an extremely hazardous reaction, the polymer was function-
alized by reaction with chloromethyl methyl ether and propy-
lene dichloride and then with dimethylethylamine.

Synthesis of ZrO2. A 31 g portion of a 16 wt % emulsion
(26.3 mequiv) was combined with 13.6 mL of 0.9 M NH4OH
(12 mequiv) to adjust the pH to 8.2. Aqueous zirconium nitrate
(0.42 g, 5 mequiv) was slowly added to the emulsion, while
the pH was maintained near 8.2. The product was spray dried,
and the polymer portion was removed using a thermal treat-
ment of 600 °C for 2 h in air.

In an alternate synthesis, 34 g of a 29 wt % styrene (65%)/
divinylbenzene (35%) emulsion polymer, Biocryl BPA-2100, of
average size 210 nm (50 mequiv) and 20 g of water were
charged to a glass jar. To the stirred mixture was added 11.3
mL of a 2.2 M solution of zirconyl chloride (25 mequiv). The
mixture was stirred for 46 h and rinsed with water until the
pH was neutral. A small portion of the beads was removed
and pyrolyzed at 650 °C to yield a white solid in 22% yield. To
the remaining resin were added 10 g of 19 N NaOH and 20 g
of water. The stirred mixture was heated at 80 °C for 2 h,
cooled to room temperature, rinsed with water until the pH
was neutral, and charged with an additional 10 mL of zirconyl
chloride solution. After reaction, the beads were rinsed to
neutrality and a small portion was removed and pyrolyzed to
yield white particles in 31% yield. This procedure was
repeated four additional times with 41%, 42%, 46%, and 49%
yield, respectively.

To prepare yttria-stabilized zirconia, 500 g of an 11.2 wt %
emulsion, Biocryl BPA-2100, with a mean particle size of 230
nm, was stirred. A 500 mL portion of a 0.19 M zirconium
oxynitrate and 0.007 M yttrium nitrate aqueous solution was
added dropwise over 2 h. The pH of the reaction mixture was
maintained at 3.4 with the addition of 150 mL of 1 M NH4OH
solution. An aliquot was ultracentrifuged, and the superna-
tant was found to contain 0.26% (0.24 mg) of the Zr in solution.
Yttrium was not detected. The metal-loaded polymer was
isolated by adding 250 mL of deionized water and then adding
dropwise 65 mL of an aqueous solution of acrylic strong base
polymer particle emulsion, Biocryl BPA-1000, with a mean
particle size of 150 nm and a solids content of 9.46%. The
flocculated mass was collected by filtration and dried at 110
°C overnight. The material was heated at 250 °C for 1 h, at
350 °C for 1 h, and then at 500-1000 °C for 4 h.

Synthesis of CeO2. A 31 g sample of a 16 wt % emulsion
(26.3 mequiv) was combined with 13.6 mL of 0.9 M NH4OH
(12 mequiv) to adjust the pH to 8.2. Aqueous cerium acetate
(0.53 g, 5 mequiv) was slowly added to the emulsion, while
the pH was maintained near 8.2. An aliquot was ultracen-
trifuged, and the supernate was found to contain 0.11 ppm
cerium ion. Nanocrystalline CeO2 was isolated by dewatering(27) Athey, R. D., Jr. Emulsion Polymer Technology; Marcel Dekker

Inc.: New York, 1991.
(28) Rohm & Haas Emulsion Polymerization of Acrylic Monomers;

Brochure SP-154. (29) Chong, B. P. U.S. Patent 4,359,537, 1982.

Figure 1. Schematic of nanoscale reactors and the production
of inorganic materials using them. The letters M and m
represent various metallic species which can bind to polymer
particles.

Figure 2. Polymer particle size distribution measured on a
Matec CHDF-1100. The weight distribution indicates an
average particle size of 120 nm and a peak width at half-height
of 82 nm.
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the emulsion (e.g., by spray drying) and heating the resultant
powder to 150 °C for 6 h in air. To deagglomerate the material,
20 g of CeO2 and 80 mL of water were rolled at 20 rpm for 24
h in a 500 mL ceramic jar, half-filled with 0.5 mm zirconia
beads.

In an alternate synthesis, 37.0 g of a 27 wt % emulsion (50
mequiv) was combined with 3.7 g of cerium(III) carbonate
hydrate (14.4 mequiv) and 53.0 g of water in a round-bottom
flask containing a magnetic stir bar and fitted with a gas outlet
tube. The gas outlet was directed to a water-filled, graduated
cylinder inverted in a container of water. The reaction was
monitored by evolution of carbon dioxide. After stirring the
quiescent mixture overnight at room temperature, it was
heated at 65 °C until the vigorous gas evoloution subsided.
The reaction was heated at 85 °C for 2 h and cooled to room
temperature. No residue was observed in the reaction flask,
and ICP analysis showed only 34 ppm cerium (<1%) remained
in solution. The material was spray dried, and an 8.7 g sample
of the dried material was pyrolyzed at 650 °C for 4 h to yield
1.5 g of pale yellow CeO2.

An intriguing alternative to pyrolysis is the in situ formation
of CeO2. As before, 31 g of a 16 wt % emulsion (26.3 mequiv)
was loaded with 5 mequiv of Ce3+ as an acetate solution.
Excess H2O2 was added to the loaded emulsion at 80 °C. The
reaction mixture changed color during the reaction from a
milky white to a creamy tan, indicative of the formation of
CeO2.

Synthesis of CdS. A 37.55 g sample of a 26.6 wt %
emulsion (56 mequiv) was neutralized by adding 48.5 mL of 1
M NH4OH to adjust the pH to 8.2. The mixture was stirred
for 10 min and then 56.79 mL of a 0.2 M CdCl2 solution (23.8
mequiv) was added dropwise with continuous stirring of the
mixture. The mixture was stirred for an additional 10 min,
the pH was measured at 6.0, and then 2 aliquots were
removed. These aliquots were ultracentrifuged, and the clear
supernatant was analyzed by ICP and found to contain 1065
ppm of Cd. Since 0.186 mg of Cd or 8.5% of the total cadmium
remained in solution, the mixture was dialyzed using an
Amicon TCF-10 ultrafiltration unit to remove the unloaded
cadmium. Ultrafiltration of the solution resulted in the
removal of some of the metal from the polymer as well, since
an equilibrium is set up between the polymer and the aqueous
phase. A 46 mg portion of cadmium was collected in 560 mL
of deionized water.

To the stirred mixture was added 2.0 mL of a 20% am-
monium sulfide solution. The mixture was stirred for an
additional 30 min and allowed to settle. A darker yellow
orange layer formed on the bottom of the flask. The canary
yellow polymer emulsion was decanted from the precipitate.

Synthesis of LiMn2O4. A 147 g portion of a 27.2 wt %
emulsion (194 mequiv) was diluted to 5 wt % solids. Aqueous
1.75 M LiOH solution (110.4 mL, 193 mequiv) was slowly
added to the emulsion. Some of the lithium ions were
displaced from the resin by the dropwise addition of 0.8 M
Mn(NO3)2 solution (98.6 mL, 158 mequiv). The solids were
collected by centrifugation for 90 min at 15 000 rpm on a
Sorvall Automatic Superspeed centrifuge and dried overnight
at 100 °C. Pure, crystalline LiMn2O4 was isolated by heating
the resultant powder to 400 °C for 2 h in air.

Synthesis of Ba2YCu3O7. A wet macroreticular styrene-
divinylbenzene suspension polymer (250 g, Rohm & Haas IRC-
718) was placed in a 2 L, polyurethane-lined steel jar along
with 500 cm3 of 3/8 in. alumina balls and 500 mL of deionized
water. The can was sealed and shaken on a Sweco Vibro-
energy wet grinding mill (model M18-5) for 20 h. The
material was reduced to a particle size of less than 500 nm.
To 24.98 g of this iminodiacetic acid-containing polymer were
added 337.02 g of deionized water and 9.15 g of Cu(NO3)2‚
2.5H2O. The suspension was stirred for 2 h at room temper-
ature. The pH of the solution was buffered to 4.5 by the
addition of ammonium acetate.

A sulfonated styrene/divinylbenze emulsion polymer, Biocryl
BPA-2100, was used which had an average particle size of 230
nm. To 500 g of a 10.8 wt % emulsion was added an aqueous
solution containing 6.85 g of barium nitrate and 5.02 g of

yttrium nitrate. The pH of the emulsion was controlled
between 5 and 6 with the addition of ammonium hydroxide.
The emulsion was stirred an additional 2 h.

The metal-loaded polymer suspension and the metal-loaded
emulsion polymer were mixed together. To the mixture was
added 15 mL of a 9.57 wt % aqueous emulsion of the
quaternary amine-functionalized emulsion polymer B contain-
ing dimethylaminoethyl methacrylate (60%), styrene (35%),
and divinylbenzene (5%). The polymers flocculated to form a
blue mass which was collected by filtration and dried under
vacuum at 40 °C overnight. ICP analysis of the filtrate
indicated that the flocculated mass contained a molar ratio of
Ba:Y:Cu of 1.99:1.0:3.0. Black powdered Ba2YCu3O7-x was
formed by heating the dried polymer mixture to 350 °C for 1
h, 500 ° for 2 h, and 750 °C for 1 h. The sample contained
<0.1% carbon.

Synthesis of Supported Catalysts. A typical synthesis
was to form Pt supported on CeO2. To a flask containing 0.50
g of platinum as aqueous hexachloroplatinic acid was added
261.23 g of a 9.57 wt % aqueous emulsion polymer B. To a
second flask was added 303.83 g of the standard 16.45 wt %
aqueous emulsion. The polymer was neutralized by the
addition of 150 mL of 1.0 M NH4OH, and 5.0 g of cerium as
aqueous cerium nitrate solution was added.

A beaker was charged with 122.11 g of the cerium-loaded
polymer, and 30 g of the Pt-loaded emulsion was added
dropwise. Water was added to avoid excess thickening of the
mixture, and the pH was maintained at 8.0 by the addition of
NH4OH. A flocculated mass formed which was collected by
filtration and dried overnight at 110 °C. ICP analysis indi-
cated that the metal ions remained with the polymer mass
(1.47 ppm Pt and 0.05 ppm Ce found in 800 mL of filtrate).
The dried powder was heated in air to 250 °C for 1h, 350 °C
for 1 h, and 500 °C for 4 h.

Similar supported materials can be formed by loading Pt,
Pd, Rh, or Au onto the quaternary amine-functionalized
emulsion and Mn, Ba, Zr, or Ce onto the standard acrylic-based
emulsion. These materials can be used in other strong metal
support interactions (SMSI) applications. A representative
sampling of the materials formed via this approach are given
in Table 1.

Results

ZrO2. X-ray diffraction patterns collected from sev-
eral materials indicate that either tetragonal or cubic
zirconia is formed when the Zr-loaded emulsion polymer
is burned at 600 °C, remarkably in the absence of
stabilizers such as yttrium (see Figure 3). The XRD
peaks are broad, so the tetragonal and cubic forms
cannot be distinguished. Use of the Scherrer equation
on these data, however, suggests a crystallite size of 4
nm, while TEM shows a slightly larger primary particle
of 5-7 nm. The surface area of zirconia powder
prepared at 500 °C via this technique can be as high as
77 m2/g (see Table 2). Helium pycnometry indicates
that the domains have little or no microporosity. Nev-
ertheless, heat treatment of the zirconia at 1000 °C
results in the transformation to the thermodynamically
favored monoclinic phase. As expected, the addition of

Table 1. Strong Metal Support Interactions Prepared
Using Nanoscale Reactors

metal support

temp (°C)
at 50%

conversion reaction catalyzed

Au MnO2 RT CO + O2 f CO2
Pd BaOx 250 NOx + CO f N2 + CO2
Rh ZrO2/CeO2 250 NOx + CO f N2 + CO2
Pt CeO2 180 CO + HC + O2 f CO2 + H2O
Pt ZrO2/CeO2 250 CO + O2 f CO2
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3% yttrium to zirconium results directly in a cubic
material.

Treatment of the zirconium-loaded suspension poly-
mer with aqueous sodium hydroxide causes the precipi-
tation of an insoluble zirconium species within the
polymer matrix. This procedure serves to free the
binding sites of the polymer, so that they can be
reloaded with zirconium ion. The regenerative cycle of
loading, precipitation, and reloading can be done re-
peatedly with no apparent damage to the polymer
matrix. This procedure enables the yield of inorganic
nanocrystals harvested from the polymer matrix to be
more than doubled!

CeO2. TGA experiments were conducted in flowing
air. The halcyon removal of the polymer was ac-
complished even during an isothermal hold at 250 °C
(see Figure 4). This proves to be too low a removal
temperature for most other systems, indicating a certain
catalytic effect of some metallic species on the decom-
position of the polymeric material. X-ray diffraction
patterns collected from these materials indicate the
formation of pure CeO2.

TEM indicates a uniform particle size of about 7 nm
with a dispersion of only a few nanometers. About 80
particles are formed from each 100 nm diameter nano-
reactor, and these tend to form as 1-2 micron, raspberry-
like agglomerates during the polymer removal process.
However, the agglomerates are friable and can be
shattered readily with soft media to a primary crystal-
lite size of 7 nm. Uniformly sized CeO2 is especially
useful in polishing applications.30

The formation of CeO2 nanoparticles from insoluble,
basic cerium carbonate is an attractive synthetic route.
The strong affinity of the emulsion for cerium rapidly

destroys the cerium carbonate and causes the release
of carbon dioxide during reaction at 65 °C. This route
to CeO2 eliminates the need to neutralize the emulsion,
uses a solid salt in place of an acidic cerium solution,
simplifies the synthetic process, and precludes the
formation of ammonium nitrate as a byproduct.

The formation of CeO2 nanoparticles by the addition
of H2O2 to metal-loaded emulsion polymer particles is
shown in Figure 5. This emulsion does not withstand
exposure to strong base, but peroxide treatment serves
the same function as the base treatment of zirconium-
loaded suspension polymers. Removal of the metal ions

(30) Masui, T.; Fujiwara, K.; Machida, K.; Adachi, G.; Sakata, T.;
Mori, H. Chem. Mater. 1997, 9, 2197.

Figure 3. X-ray diffraction patterns for polymer-derived ZrO2

(solid) and for ZrO2 derived from the pyrolysis of ZrO(NO3)2

(dashed). The peak at 44° is an artifact of the sample holder.

Table 2. Surface Area of Polymer-Derived Zirconia after
4 h Heat Treatments

ZrO2 Y0.03Zr0.97O2

temp (°C)
surface area

(m2/g) temp (°C)
surface area

(m2/g)

500 77.2 500 43.8
800 47.7 800 14.2

1000 14.7 1000 0.90

Figure 4. Thermogravimetric analysis of Ce-loaded nanore-
actors. The polymer portion is removed smoothly during an
isothermal hold at 250 °C in 15 min.

Figure 5. TEM image of CeO2 formed within a polymer
matrix by the addition of peroxide. The binding sites of this
polymer can be repeatedly loaded and regenerated in this
fashion.
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from the binding sites of the nanoreactors should
regenerate those sites.

CdS. Transmission electron microscopy shows that
a large number of roughly 5 nm diameter CdS particles
are produced during the reaction with (NH4)2S, and the
particles are uniformly distributed throughout the
polymer matrix (see Figure 6). The aqueous emulsion
polymer particle solution develops an intense canary
yellow color (absorption λmax ) 462 nm) upon addition
of the ammonium sulfide, which corresponds to an
average spherical particle size of 5 nm.31,32 As expected,
lowering the cadmium concentration in the nanoreactors
results in the formation of smaller crystallites of CdS
with a corresponding shift in the absorption spectrum
to higher energy.33 We have observed that ZnS and its
solid solutions (i.e., ZnxCd1-xS) can be formed in a
similar fashion.

LiMn2O4. A typical X-ray diffraction pattern is given
in Figure 7. Surface area is affected by heat treatment
and can be adjusted from 2 to 24 m2/g (see Table 3).

Electrodes for electrochemical testing were fabricated
by mixing 80 parts LiMn2O4, 13 parts Essegri Super S
carbon, and 7 parts Atochem KynarFlex 2801-00 poly-
(vinylidene difluoride) binder prepared as a 10 to 12%
solution in 1-methyl-2-pyrrolidinone (NMP). The paste
was cast onto 18 µm thick aluminum foil using a doctor
blade with a 250 µm gap. The film was dried in a forced-
air oven at 80 °C for 1 h and pressed between two
polished steel plates at 1.4 MPa for 2 min. Electrode

disks, 1.2 cm in diameter, were punched from the film
and kept under vacuum at 140 °C for 16 h. Electro-
chemical testing was carried out in a Swagelock T-fitting
constructed of Teflon. The cell was assembled in an
argon-filled drybox by placing lithium foil on one stain-
less steel rod, the LiMn2O4 electrode on another, and
inserting at least one Hoechst Celguard polypropylene
separator between the two. A few drops a standard 1
M LiBF4 solution in ethylene carbonate/diethyl carbon-
ate was added, and the electrodes were squeezed
together. Additional solvent was added, and the cell
was sealed.

Electrochemical testing was conducted on a battery
tester manufactured by Arbin Instruments. Testing
was done in a constant current mode from 3 to 4.3 V at
50 °C with a 5 h charge/discharge rate. The polymer-
derived cathode materials have electrochemical capaci-
ties of 110-120 mAh/g, which compare favorably to the
capacity of 100-130 mAh/g of some commercially avail-
able materials (see Figure 8).

Ba2YCu3O7-x. X-ray diffraction showed the material
to be quite similar to a commercial sample (see Figure
9). Crystallite size is affected by calcination time and

(31) Bawendi, M. G.; Steigerwald, M. L.; Brus, L. E. Annu. Rev.
Phys. Chem. 1990, 41, 477.

(32) Henglein, A. Chem. Rev. 1989, 89, 1861.
(33) Dékány, I.; Nagy, L.; Túri, L.; Király, Z.; Kotov, N. A.; Fendler,

J. H. Langmuir 1996, 12, 3709.

Figure 6. TEM image of CdS particles dispersed within an
emulsion polymer particle.

Figure 7. X-ray diffraction pattern for polymer-derived
LiMn2O4.

Table 3. Surface Area of Polymer-Derived LiMn2O4

temp (°C) time (h)

surface
area

(m2/g) temp (°C) time (h)

surface
area

(m2/g)

850 18 2.0 600 18 11.1
800 2 5.3 500 18 12.3
750 2 8.0 375 2 23.5

Figure 8. Discharge capacity for polymer-derived LiMn2O4

(solid circles) and commercially available material (open
circles). Cycling was carried out from 3 to 4.5 V at 50 °C with
a 5 h charge/discharge rate.
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temperature. The powder was pressed into a 0.5 in.
diameter pellet and heated in oxygen at 750 °C for 1 h
followed by heating at 910 °C for 1 h. The pellet was
cooled in air to room temperature, and copper electrodes
were connected with indium. The resistivity was mea-
sured using a four-point method and found to disappear
by 77 K.

Metals Supported on Metal Oxides: Pt/CeO2.
TEM images of Pt supported on CeO2 are given in
Figure 10. Each cluster of domains results from a single
nanoreactor, thus the domains shown in the micrograph
are the result of two emulsion polymer particles.

Except for the Au/MnO2-x system, all the samples
were all evaluated at elevated temperatures using a
model reactor to simulate the processing of automotive
exhaust gas (see Table 1). The importance of SMSI is
clearly demonstrated by the ability of these materials
to lower the lightoff temperature for a given reaction
or to allow a change in reactant stoichiometry. For
example, in CO oxidation, a standard platinum sup-
ported on alumina catalyst has a lightoff temperature
of 250 °C, while the same amount of platinum supported

on ceria prepared using this technology has a much
lower lightoff temperature of 180 °C. Similarly, sup-
porting palladium on barium oxide enables this catalyst
to reduce nitric oxides at higher oxygen concentrations
than is possible when palladium is supported on alu-
mina. This is in agreement with work conducted by
Toyota.34

We have been able to coat nonconventional catalyst
supports, such as metal foils, metal gauzes and metal
oxide powders. Owing to the high charge density on
the surface of these particles, even perfluorinated
polymers can be coated with a monolayer of emulsion
polymer particles!

Discussion

The ability to tailor the characteristics and structures
of emulsion and suspension polymer particles is a direct
result of the extensive research effort that has been
carried out over the past 75 years.35 Numerous tech-
niques have been developed during this time to modify
and to control the particle size, degree and type of
chemical functionality, and the shape and internal
structure of emulsion polymer particles (see Figure
11).36,37 These modifications were partially motivated
by the utility of concentrating metallic species, notably
in waste treatment and purification processes. The
present work leverages that robust technology but uses
it for a completely different purpose. We concentrate
metallic species, most notably as stoichiometric mix-
tures, to promote the formation of valuable inorganic
materials. The polymers have become “nanoreactors”
to bind metallic species.

The generality of the process makes it quite powerful.
Most elements in the periodic table can be loaded into
a nanoscale reactor, although we illustrated the tech-
nique with a limited number of examples. Our prole-
tarian, cross-linked polymer has weak acid (carboxylic)
functionality, and its selectivity generally tracks with
the known hydrolysis constants38,39 of the ionic species
in water. The carboxylic groups bind most strongly to

(34) Shinjoh, H.; Yokota, K.; Doi, H.; Sugiura, M.; Matsuura, S.
Nippon Kagaku Kaishi 1995, 10, 779.

(35) Dinsmore, R. J. U.S. Patent 1,732,795, 1929.
(36) Frazza, M. S.; Ho, K. W.; Kowalski, A.; Raney, R. R.; Vogel,

M. U.S. Patent 5,147,937, 1992.
(37) Blankenship, R. M.; Novak, R. W.; Neyhart, C. J.; Vogel, M.;

Kowalski, A. U.S. Patent 5,510,422, 1996.
(38) Hawkes, S. J. J. Chem. Educ. 1996, 73, 516.
(39) Smith, R. M.; Martell, A. E.; Motekaitis, R. J. NIST Critical

Stability Constants of Metal Complexes Database, v 2.0, NIST Standard
Reference Database 46; US Department of Commerce, National Insti-
tute of Standards and Technology: Washington, DC, 1995.

Figure 9. X-ray diffraction patterns for polymer-derived
Ba2YCu3O7-x (solid) and commercially available material
(dashed).

Figure 10. TEM image of Pt supported on CeO2 domains.
Polymer was removed by heating at 350 °C in air for 10 min.
Arrows denote some of the Pt particles.

Figure 11. Some potential shapes and structures of emulsion
polymers.
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hard Lewis acids, those cations with a high charge-to-
size ratio.40 For example, some Cd2+ (pKa ) 10.1)
migrated off a metal-loaded polymer particle during
ultrafiltration, while Y3+ (pKa ) 7.7) is largely retained.

Functionalization of the particles after polymerization
can enhance the selectivity for certain metal species.
Readily available alternative functionalities include
sulfonic acid and quaternary amine groups, which bind
soft acids more effectively. To form Ba2YCu3O7, for
example, the sulfonic acid containing resin, BPA-2100,
is much more effective at binding Ba2+, while the
chelating iminodiacetic acid-containing one, IRC-718, is
more suited to Cu2+ than are the standard carboxylic-
containing polymers. When necessary, a variety of
other functional groups may be incorporated into emul-
sion and suspension polymers (see Figure 12). The
choice of functional group is dictated by the character-
istics of the metal to be bound as well as synthesis cost,
polymer loading capacity, and the required pH stability
range.

An economic consideration is the loading potential of
these nanoreactors. In these atypical emulsion poly-
merizations, the level of functional monomer can be
varied from as little as trace amounts to greater than
90% of the total polymer composition. For example,
when acrylic acid is used as the functional monomer, a
loading capacity of up to 11 mequiv/g of polymer is
possible! In the case of platinum, this could provide a
50 wt % yield after polymer removal.

Within these robust, cross-linked polymer matrixes,
chemical reactions can be carried out which cause the
metallic species to precipitate within the particle. The
oxidation of cerium by peroxide to form CeO2 is a useful
example. The polymer must still be pyrolyzed to
harvest the inorganic materials, but this regeneration
process increases the economic allure of an already
enticing technology.

Since the polymers used in this study all contain
oxygen, the greatest utility of this technique is in
producing oxides. Nevertheless, we have successfully
precipitated sulfides within the polymer matrix. Nu-
merous groups have demonstrated exceptional control
over metal-sulfide cluster formation using organic
species as templates and as reagents to passivate
dangling bonds.41-44 The present study suffers from the

same limitation that the nanoparticles agglomerate, if
the organic species is removed.

The number, shape, and size of the resultant inor-
ganic materials is dependent on the nature of the
polymer and the metal loading concentration. The
pyrolysis of a polymer particle does not produce a single
nanoparticle but rather yields a number (30-80) of
aggregated particles. The ability to control the particle
size and shape is critical to the formation of optical
materials such as CdS, where the band gap (i.e. emis-
sion color) is tuned by the size and surface character-
istics of the material. Quantum confinement effects are
observed in other optical materials as well as catalytic,
magnetic, and electronic materials.45-47

The inorganic phase is generally isolated from loaded
polymer particles by simple pyrolysis. The loaded
polymer can be isolated by any suitable dewatering
technique such as evaporation, flocculation, ultracen-
trifugation, or spray drying. Removal of the polymer
from the dried mass can be achieved at temperatures
as low as 150 °C, depending on the choice of monomers
and functionality. Remarkably little residual carbon is
found (<0.1%) in these crystalline inorganic materials.

A powerful alternative to isolating bulk powders is
the use of this nanotechnology to coat substrates.
Loaded latexes can be painted, dip-coated, wash-coated
or even spray pyrolyzed directly onto surfaces. If the

(40) For example, Jensen, W. B. The Lewis Acid-Base Concepts:
An Overview, Wiley: New York, 1980.

(41) Sankaran, V.; Yue, J.; Cohen, R. E.; Schrock, R. R.; Silbey, R.
J. Chem. Mater. 1993, 5, 1133.

(42) Zhou, H. S.; Sasahara, H.; Honma, I.; Komiyama, H. Chem.
Mater. 1994, 6, 1534.

(43) Murakoshi, K.; Hosokawa, H.; Saitoh, M.; Wada, Y.; Sakata,
T.; Mori, H.; Satoh, M.; Yanagida, S. J. Chem. Soc., Faraday Trans.
1998, 94, 579.

(44) Peng, X.; Schlamp, M. C.; Kadavanich, A. V.; Alivisatos, A. P.
J. Am. Chem. Soc. 1997, 119, 7019.

(45) Alivisatos, A. P. Science 1996, 271, 933.
(46) Davis, M. E.; Katz, A.; Ahmad, W. R. Chem. Mater. 1996, 8,

1820.
(47) Leslie-Pelecky, D. L.; Rieke, R. D. Chem. Mater. 1996, 8, 1770.

Figure 12. Functional group possibilities for emulsion poly-
mers.

Figure 13. Process flow diagram for forming inorganic films
using nanoscale reactor technology.
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polymer is removed, a fine coating of inorganic nano-
crystals remains. This procedure is especially appropri-
ate for the fabrication of catalysts.

The preparation and use of precious metal loaded
emulsion polymer particles as catalysts have previously
been described in the literature;48,49 however, to our
knowledge, the formation of mixed metal alloys follow-
ing the polymer removal process has not been previously
demonstrated. For elements that readily undergo re-
duction during calcination in air (e.g., the platinum
group metals), our technology affords a simple method
for creating strong metal support interactions which are
typically formed by supporting a metal on a reducible
metal oxide. We have shown that the material can be
deposited directly onto catalyst supports such as 400
cell/in. cordierite honeycomb (see Figure 13). Of course,
the metal-loaded polymer can be isolated as a free
flowing powder and then formulated with standard
catalyst washcoating techniques as well.

The benefits of this technology are diverse and
substantial. Materials in aqueous media are easy to
handle and have certain safety advantages. The nano-
scale dimension of the polymer reactors result in intimate
mixing during the metal loading process, rapid loading,
and short equilibration times. Proper choice of func-
tional groups offers selectivity and tight control over

stoichiometry. Homogeneous products are formed at
low reaction temperatures with reproducible, uniform
particle shape and size.

Summary

Functionalized, cross-linked emulsion or suspension
polymers can be used as reaction vessels for inorganic
reactions. The resultant, nanometer-sized inorganic
compounds can be isolated, for example, by in situ
oxidation with H2O2, in situ precipitation with base or
(NH4)2S, or pyrolysis of the loaded reactors. Alterna-
tively, metal-loaded particles can be coated onto a
variety of substrates and further treated. This technol-
ogy provides unique control over stoichiometry, particle
morphology, and crystalline phase. Furthermore, reac-
tion temperatures are lower than traditional methods,
due to the short diffusion path lengths. Polymeric
nanoreactor technology is a versatile tool for the control
and formation of inorganic materials.
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