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ABSTRACT: The ability to design nanomaterial characteristics requires exact control of particle structure
due to the sensitive relationship between the material properties and the particle size and morphology.
Borrowing nature’s approach where biomineralization is controlled by macromolecules, synthetic polymeric
matrices are used to guide the formation of stable, monodisperse iron oxide nanoparticles uniformly
distributed in the polymeric matrix. Particle size, size distribution, and morphology are determined by
the polymer-particle interactions and are independent of the chain molecular weight: γ-Fe2O3 particles
formed in strongly interacting polymeric media are small (∼10-20 nm) and pyramidal in shape, while
those formed in weakly interacting media are larger (∼40-60 nm) and spherical. This synthesis method
can be easily extended to a variety of inorganic nanoparticle chemistries, thereby enabling exact control
over material properties.

1. Introduction

The properties of nanostructured materials are de-
termined by the domain size and morphology.1 Classical
nucleation and growth processes tend to produce nano-
particles with a wide size distribution and little control
over particle morphology.2 The resulting heterogeneity
in material properties limits the use of polydisperse
nanoparticles in technologies such as photonic band-gap
or quantum dots (e.g., refs 2-6). Developing new
techniques for the controlled synthesis of monodisperse,
stable (namely, flocculation resistant) populations of
inorganic nanoparticles with easily tunable properties
is, therefore, one of the great challenges to materials
research today.7

In nature, the morphology and growth dynamics of
inorganic biominerals are controlled by biopolymers
(e.g., refs 8-10). Recent studies have shown that
synthetic polymers in solutions can “cap” growing metal
nanoparticles and affect their growth (e.g., refs 11 and
12). Here we develop this idea into a relatively universal
methodology for the synthesis of inorganic nanoclusters,
where the interfacial interactions between the growing
nanoparticle and a homogeneous polymeric environment
are used to select the particle properties. Specifically,
conducting the particle formation in a polymeric melt
allows control, in a predictable way, of particle size, size
distribution, and morphology.

Quite surprisingly, nanoparticle properties are insen-
sitive to the synthesis temperature and to polymer
molecular weight, so that relatively short chains may
be used to obtain the desired characteristics. Unlike
nanoparticles synthesized in small molecule environ-
ments, particles formed in a polymeric matrix are

stabilized against flocculation by an adsorbed layer. If
kept in the polymeric media, the result is a uniform
nanocomposite of well-dispersed metal nanoparticles
embedded in a polymeric matrix. If removed from the
polymeric media through dissolution in a solvent, the
result is sterically stabilized nanoparticles that resist
aggregation.

To demonstrate the methodology, we focus on the
decomposition of iron-carbonyl precursor to iron oxide
nanoclusters (γ-Fe2O3) in several types of polymeric
media. Iron oxides can appear in several stoichiometries
and phases that display widely different magnetic
properties, e.g., ferrimagnetic maghemite, γ-Fe2O3, and
antiferromagnetic hematite, R-Fe2O3.13,14 Therefore, the
use of iron oxide nanoparticles in applications such as
magnetic recording media or cellular imaging requires
exact control over the particles characteristics.15-17

Current methods for the synthesis of γ-Fe2O3 nanopar-
ticles include sol-gel processes,18-20 microemulsion
templating,21,22 or confinement in mesoporous media.23

Although generally successful, these methods require
the development of a templating medium (microemul-
sion, mesoporous scaffold) or specialized chemistries. In
contrast, the synthesis process described here involves
the simple mixing of iron pentacarbonyl (Fe(CO)5)
suspensions with a polymer melt, followed by heating
to moderate temperatures to initiate decomposition into
iron oxide, as described in detail in this paper and
elsewhere.24-26 It should be noted that the synthesis
temperature (which was varied between 70 and 143 °C)
affected the particle growth rate, but not the equilibrium
particle size.

2. Experimental Methods
2.1. Preparation of Composite Films. General. Measured

masses of polymeric pellets were initially mixed into an
appropriate solvent for 48 h at room temperature in a 100 mL
glass-stopperred Erlenmeyer flask. The solvent was dried
using molecular sieve pellets (Matheson, Coleman and Bell)
prior to its use and stored under a nitrogen atmosphere. Iron
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pentacarbonyl (Alfa Products, Thiokol/Ventron Division) was
filtered through filter paper circles (Whatman 7.0 cm, qualita-
tive 4) into a foil-covered test tube. One mL of the filtered Fe-
(CO)5 was then added dropwise into the polymer solution. After
mixing vigorously for approximately 5 min, the iron penta-
carbonyl/polymer solution was film cast onto sheets of glass
using a 0.005 in. or 0.020 in. steel doctor blade, and the solvent
was allowed to evaporate. Thermal decompositions were
carried out in a temperature-controlled vacuum oven with
controlled atmosphere capability. The decomposition temper-
ature (which was varied between 70 and 143 °C) was found to
change system kinetics but did not affect the equilibrium
particle size and size distribution. Since Fe(CO)5 has a
relatively high vapor pressure at room temperature, some of
the original carbonyl was lost due to evaporation prior to
decomposition. Therefore, all films were analyzed for iron
content to determine the actual Fe(CO)5 retained using the
infrared absorption band (measured on Nicolet MX-1 and
Nicolet Nexus 870 Fourier transform infrared spectrophotom-
eters) at 1996 cm-1 (carbonyl stretching). Further details may
be found in the pertinent references.24-26

Specific Systems. 10 g of polycarbonate (LEXAN, 131-111,
Mh W ) 32 200 g/mol, d ) 1.21 g/cm3) was initially dissolved in
43.9 mL of methylene chloride (Fisher Reagent), 10 g of
polysulfone (UDEL, Mh W ) 30 100 g/mol, d ) 1.24 g/cm3) was
dissolved in 41.5 mL of methylene chloride (Fisher Reagent),
5 g of polystyrene (Polyscience, Inc., different chain lengths
as discussed in the text, d ) 1.04-1.05 g/cm3) was dissolved
in 30.0 mL of toluene (Fisher-Reagent), 5 g of PMMA (Poly-
science, Inc., different chain lengths as discussed in the text,
d ) 1.17-1.20 g/cm3) was dissolved in 30.0 mL of toluene
(Fisher-Reagent), and finally, 10.0 g of poly(vinylidene difluo-
ride) pellets (Polyscience, Inc., Mh W ) 279 000 g/mol, d ) 1.75
g/cm3) was dissolved in 94.8 mL of N,N-dimethylformamide
(Fisher Reagent).

2.2. Particle Characterization. Particle size and size
distributions were measured by transmission electron micros-
copy using both TEM (Hitachi HF-2000, JEOL 2010, and
JEOL model 200CX) and a high-resolution TEM (JEOL
4000EX). The operating voltage was 200 keV for all three
microscopes. Electron diffraction patterns from a TEM field
emission gun were used to study the composition and mor-
phology of metallic particles. Two types of samples were
examined for each system: (1) A 0.1% solution of polymer and
Fe(CO)5 solution (in the appropriate system-specific solvent)
was applied to carbon-coated (100 Å thick) TEM grids, dried
to evaporate the solvent, and then heated to the decomposition
temperature. (2) Composite films were embedded in epoxy
resin (Epon 812) and ultramicrotomed (LKB Ultratome) for
TEM studies. Particle size, size distribution, and morphology
were found to be independent of the sample preparation
technique and are summarized in Table 1. The particles were
characterized by both electron diffraction analysis and X-ray

diffraction. In all cases, the particles were polycrystalline and
consisted of mainly γ-Fe2O3 (>90%), R-FeO(OH), and traces
of R-Fe, as shown in Table 1 as well.

2.3. Theoretical Model. As discussed above, the effect of
a polymeric environment of the synthesis of an inorganic
particle is not well understood. We develop here a scaling
model to describe, qualitatively, the effect of a polymeric
matrix on the formation of an inorganic particle.

The free energy of an adsorbed chain is composed of two
terms:27,28 one scaling as Na2/L2, where N is the chain length,
a is the segment size, and L is the adsorbed layer thickness,
and the interaction energy with the particle, which is given
by -4πεr2/n, where ε is the reduced interfacial energy (per
unit area), r the particle radius, and n the number of adsorbed
chains. The volume fraction of the adsorbed chains in the
adsorbed layer, x, is not unitysdespite the fact that the
synthesis is done in the melt. This is because there is
interpenetration of nonadsorbing chains into the layer. Thus,
n, L, and x are related through a geometric relationship (e.g.,
ref 25).

The number of metal particles is proportional to the metal
volume fraction, φ, divided by the volume of a single particle
(∼r3). The overall system energy scales, therefore27,28 (neglect-
ing the numerical coefficients), as φ[n(Na2/L2) - εr2 + ln φ]/r3.
Minimization of the free energy with respect to r, x, and n leads
to the relationship described below in he text.

The interactions between two nanoparticles are combined
of two competing forces: van der Waals,29 which favors
aggregation, and the deformation energy of the adsorbed
chains,25 which resists particles coming together: p ≈ (-A/
D2) + (nL2/r*2D2), where p is the interaction energy (per unit
area), A the Hamaker constant, n the number of adsorbed
chains per particle, L the adsorbed layer thickness (at equi-
librium), r* the equilibrium particle radius, and D the distance
between particle edges, assuming that D , r*. We see that, if
the expression in parentheses is positive, the net interaction
between particles will be repulsive. If it is negative, the
interaction will be attractive and they will flocculate. Substi-
tuting the equilibrium values obtained for r*, n, and L we get
the relationship described below.

3. Results and Discussion

We first examine the effect of the polymer environ-
ment on cluster properties by comparing iron oxide
clusters formed in a polystyrene melt (PS) to those
formed using a similar procedure in toluene, a small
molecule solvent. Although toluene and styrene are
chemically similar (Table 2), we find that the average
diameter of clusters in polystyrene is 67 ( 4 nm, while
those formed in toluene are of order 270 ( 100 nm. The
latter is in qualitative agreement with, for example,
Kimata et al.,30 who used hydrolysis of iron tri-n-
butoxide in an octanol/acetonitrile solution to form (γ-
Fe2O3) particles of order 0.5 µm.

The comparison between PS and toluene suggests
that it is the polymeric nature of the medium that
affects the nanoparticle size and size distribution. As a
result, one might expect that the polymer chain length
would affect the particle properties. However, quite
surprisingly, we find that the average particle diameter
is insensitive to the polymer molecular weightsfor over
2 orders of magnitude (approximately 3000-300 000
g/mol), as shown in Figure 1. Thus, controlling particle
synthesis via a polymeric matrix does not necessarily
require high chain lengths: once some critical molecular
weight has been exceeded, the chain molecular weight
does not play a role in modulating particle properties.

What is the mechanism by which a homogeneous
polymeric environment can control the properties of a
growing inorganic nanoparticle population? It is well-
known that polymers tend to form adsorbed layers, even

Table 1. Summary of the Composition, Particle Size and
Particle Size Distribution of the Iron Oxide Nanoclusters

Produced in Various Polymer Matrices via the
Decomposition of Fe(CO)5 Precursor under Ambient

Atmosphere and at Various Temperatures

polymer composite
system particles formed

particle size
(nm)

Fe(CO)5-PS γ-Fe2O3
R-FeO(OH) and R-Fe (trace)

67.2 ( 4.7a

Fe(CO)5-PC γ-Fe2O3
R-FeO(OH) and R-Fe (trace)

10.8 ( 1.9

Fe(CO)5-PSF γ-Fe2O3
R-FeO(OH) and R-Fe (trace)

22.1 ( 3.1

Fe(CO)5-PMMA γ-Fe2O3
R-FeO(OH) and R-Fe (trace)

11.4 ( 1.9a

Fe(CO)5-PVDF γ-Fe2O3
R-FeO(OH) and R-Fe (trace)

36.7 ( 4.0

Fe(CO)5-toluene γ-Fe2O3
R-FeO(OH) and R-Fe (trace)

270 ( 100

a For Mh W ) 250 000 g/mol.
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on weakly attractive substrates where the interaction
energy per contact is low.28 We propose that the ad-
sorbed layer surrounding the growing particle favors an
optimal interfacial curvature that sets the equilibrium
particle characteristics. Obviously, such a layer would
also affect growth kinetics by reducing the rate of metal
fragments transport to the growing particle. However,
as discussed above, temperature was found to affect the
rate of particle formation but not the equilibrium
particle size.

The free energy of an adsorbed polymer layer is
composed of two contributions: the first is due to the
chain/particle interaction energy, which favors a thin
layer and/or larger particle size. The second contribution
arises from the chain deformation energy, which favors
thick adsorbed layers whose dimension is similar to the

chain radius of gyration and/or smaller particle size.28

In the case of adsorption from a solvent, the mixing
energy and entropy between the adsorbed chains and
the solvent must be accounted for. However, in this case,
the adsorbed chains are similar to the surrounding
media, and mixing terms can be neglected. Using a
mean-field model to account for these contributions, we
find that the equilibrium particle size r should scale as
a{(1/ε - 1)1/2 -1}, where a is the polymer persistence
length and (-ε) a normalized polymer/particle interac-
tion energy, or surface energy per unit area (the
negative sign denotes a net attraction). All coefficients
of order unity are neglected. Thus, the model predicts
that the particle size is independent of the chain length,
in agreement with our data (Figure 1), and that r*
decreases with increasing strength of the polymer-
particle interaction energy.

To examine the effect of the polymer medium chem-
istry on the iron oxide cluster size, we compare particle
formation in several types of polymers, including PS,
poly(methyl methacrylate) (PMMA), bisphenol polycar-
bonate (PC), poly(vinylidene difluoride) (PVDF), and
polysulfone (PSF). These polymers span a variety of
functional groups that differ in the strength and nature
of their interactions with the iron oxide particles and
in their position along the polymer chain, either in the
main chain or on a side chain (Table 1). As shown in
Figure 2, we find that the characteristic nanoparticle
size decreases with increasing affinity (i.e., strength of
interaction) between the polymer and the iron oxide
particles. The qualitative assessment of the chemical
affinity between the surfaces of the iron oxide nanopar-
ticles and the functional groups in the various polymers
is based on the extensive catalysis literature concerning
the reactivity and the molecular mechanisms of interac-
tions between small organic molecules and metal oxide
surfaces.31-42 When polymers are brought into contact
with metal oxide nanoclusters, the chemical reactions
should be similar if not identical to those of their small
molecule counterparts with continuous surfaces, and
hence, much can be learned from these latter systems

Table 2. Chemical Structure of the Different
Decomposition Media (i.e., Polymeric Matrices) Used in

the Synthesis of γ-Fe2O3 Nanoparticlesa

a The volume fraction of iron oxide given in the table applies to
the systems shown in Figures 2 and 3.

Figure 1. Effect of chain molecular weight N on r*, the
diameter of equilibrium of γ-Fe2O3 nanoparticles. Two types
of polymeric synthesis media are shown: PS (spheres) and
PMMA (triangles). The metal volume fraction in PS was 2.8%
and in PMMA 3.2%. Error bars for PS are smaller than the
marker size. We see that, within the range examined, the
equilibrium particle size is independent of the chain length
for both types of polymeric matrices.

Figure 2. Equilibrium diameter of iron oxide nanoparticles
synthesized in different polymeric matrices. The polymers are
listed in order of increased interactions with the metal: PS/
iron oxide surface interactions are the weakest and PC the
strongest.41-45 The volume fraction of the metal for each
polymer was relatively low, as listed in Table 1. The average
molecular weight of the polymers was 250 000 g/mol for PS,
PSF, and PMMA, 300 000 g/mol for PVDF, and 30 000 g/mol
for PC. (Note that, as shown in Figure 1, chain molecular
weight had no effect on the equilibrium particle size in this
MW range.)
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regarding fundamental aspects of adhesion inter-
actions.43-47 Therefore, in the particular systems studied
here, the order of the extent of interaction with the iron
oxide nanoclusters is as follows: PC g PMMA > PSF
> PVDF > PS.

Particle size in the weakly interacting PS is relatively
large (∼67 nm) when compared to the ∼10 nm particles
formed in strongly interacting matrices such as PC and
PMMA. This is in agreement with the simple model
presented here. Another interesting feature is the fact
that the polydispersity in particle size was extremely
low in all cases, ranging from 4 nm in PS to 2 nm in
PMMA and PC.

The interactions between the polymeric medium and
the growing metal nanoparticles also control the particle
morphology. In a weakly interacting medium, the
polymer does not favor any particular crystallographic
facet, so the particles grow uniformly in all directions,
generating, at equilibrium, spherical objects. In strongly
interacting media, growth is inhibited at the polymeric
anchor points so that the particle growth is nonuni-
form.48,49 Indeed, in Figure 3 we find that particles
synthesized in the weakly interacting PS are spherical,
while those formed in the strongly interacting PMMA
are pyramidal. It is interesting to note that in both
polymers the particles seem to be homogeneously dis-
tributed throughout the polymeric matrix. Particle
volume fraction was kept relatively low in order to
optimize particle distribution homogeneity and inter-
particle distance.

Our model also predicts that the equilibrium particle
size is independent of the metal volume fraction in the
polymer matrix (φ). Figure 4a we plot the average
particle size as a function of φ for particles formed in
PS and in PMMA. We find that the size of particles in
PS is, indeed, independent of the metal volume fraction
up to φ ≈ 7%. However, the particle size in PMMA
remains constant only until φ ≈ 4%, above which it
increases rapidly. What could explain this uptake?
Figure 4b suggests an answer: in this micrograph, we

see stable particles of relatively uniform size, in this
case in a PVDF matrix, that are starting to form a
fractal-like flocculate. Indeed, it is reasonable to expect
that, as the metal (and thus particle) volume fraction
increases, so would the probability for flocculation.
However, is it likely that smaller particles formed in
the strongly interacting PMMA will flocculate at lower
volume fractions than the larger particles formed in the
weakly interacting PS?

Figure 3. Transmission electron micrographs (TEM) of γ-Fe2O3 particles formed in (a) PMMA (Mh W ) 250 000 g/mol and φFe2O3

) 3.2%) and (b) PS (Mh W ) 250 000 g/mol and φFe2O3 ) 2.8%). Micrographs were taken using both the direct deposition of sample
on TEM grids and microtoming the free-standing films, as discussed in the text. Images shown here were obtained by the second
method. Scale bars are as labeled. We see that the iron oxide particles in PMMA are smaller than those in PS, and their shape
is pyramidal rather than spherical. Note that in both cases the particles seem to be relatively uniform in size and evenly dispersed
throughout the polymer matrix.

Figure 4. (a) Effect of metal volume fraction on particle size
in PS (spheres) and PMMA (triangles). Mh W ) 250 000 g/mol
for both polymers in this case. Particle radii were normalized
by the equilibrium size in the limit of low volume fraction. The
dashed lines were calculated by our model: we first estimated
the ratio of interaction energy (εPS/εPMMA) in PS and PMMA
required to produce the appropriate equilibrium diameters
ratio (r*PS/r*PMMA ≈ 65/12), assuming that the Hamaker
constant is similar in both polymeric matrices. This ratio was
used to calculate the ratio of the critical volume fractions for
flocculation (φø) for the two polymers. Above the critical volume
fraction, average particle size was estimated using the Boltz-
mann distribution: r ∼ φe-p(φ)/kT. (b) An example of the
phenomenon leading to the onset of flocculation is shown in
the transmission electron micrographs (TEM) of Fe2O3 par-
ticles formed in PVDF (Mh W ) 279 000 g/mol, φFe2O3 ) 4.6%).
We see the initiation of a fractal-like flocculate composed of
uniform particles whose diameter is of order 30 nmsthe value
obtained in the limit of low volume fraction. As expected from
our model, particles in PVDF initiate flocculation at a volume
fraction that is lower than that of PS (approximately 8%) and
higher than that of PMMA (approximately 4%).
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Particle flocculation is induced by ubiquitous, attrac-
tive particle-particle van der Waals interactions. In our
system, these are balanced by a steric repulsion between
the polymer layers surrounding the particle. Our mean
field model predicts that flocculation will occur once the
metal volume fraction increases above a critical value.
The critical volume fraction for flocculation (φø) is found
to vary as a function of the particle-polymer interaction
energy, scaling, in the limit of high chain molecular
weight, as exp[AN{ε(1/ε - 1)1/2 - 1}/{(2/ε - 1)1/2 - 1}],
where A is the Hamaker constant and N the chain
molecular weight.28,50

The model therefore predicts that the critical volume
fraction for flocculation will decrease with increasing
particle-polymer interaction. As a result, flocculation
in the strongly interacting PMMA should occur at lower
volume fractions than in the weakly interacting PS, in
agreement with the data presented in Figure 4a. Also,
it should be noted that, unlike the equilibrium nano-
particle diameter, the critical flocculation volume frac-
tion increases sharply with the polymer chain molecular
weight. Flocculation may be inhibited by increasing the
matrix molecular weight, without affecting the proper-
ties of the individual particles.

Why do weakly interacting polymers stabilize par-
ticles better than strongly interacting ones? This is due
to the fact that the strength of the steric repulsion
increases with increasing chain density on the surface,
while its range is set by the adsorbed layer thickness,
as shown schematically in Figure 5. Since the adsorbed
layer thickness decreases, and the density increases,

with increasing polymer/particle affinity,28 in weakly
interacting media the adsorbed polymer layer provides
long-range, weak repulsion. On the other hand, in
strongly interacting media the repulsion is short range
and strong. van der Waals interactions are weak at long
range and strong at short range, so that stabilization
against flocculation is more sensitive to the range of the
repulsive force than its strength. Thus, weakly adsorbed
layers will stabilize particles against flocculation more
effectively than strongly interacting polymers.

4. Summary

In conclusion, we present here a method for the
controlled synthesis of inorganic nanoparticles in a
uniform polymeric environment. We show that the
particle size, size distribution, and morphology may be
controlled through the type of polymer used; strongly
interacting matrices produce smaller particles with a
nonspherical morphology, while weakly interacting
media lead to larger spherical particles. However, in all
cases, the polydispersity was shown to be low, in
contrast to nonpolymeric small molecule media where
the distribution is relatively wide even when the
interfacial interactions are favorable. The fact that
particle size is independent of the chain length means
that choice of the matrix molecular weight can be set
by processing requirements and will not affect the
inorganic particle properties. Also, particle size remains
independent of the inorganic volume fraction up to a
critical value, which decreases with increasing polymer-
particle interfacial interactions. Below this critical
value, the nanoparticles are uniformly distributed
throughout the polymeric matrix, while above it they
form larger flocculates. Therefore, it is possible to
produce nanocomposites of similar particle properties
but different inorganic content.

The ability to select nanoparticle properties through
their interactions with a polymeric matrix is not limited
to iron oxide or even to other metal chemistries.
Understanding the mechanism by which the polymer
matrix sets the nanoparticle size can be used to extend
the method to a variety of inorganic systems, thereby
enabling the formation of uniform nanoparticles and
nanocomposites with predesigned characteristics.
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