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ABSTRACT: The effect of a polymeric medium on the nucleation and growth kinetics of iron oxide
(γ-Fe2O3) clusters is studied. We show that the kinetics in both poly(methyl methacrylate) and polystyrene
are dominated by the nucleation stage, while the growth stage is largely suppressed. The rate constant
is found to decrease with temperature. Most surprisingly, particles formed in a strongly adsorbing polymer,
poly(methyl methacrylate), are shown to grow more slowly than those in a weakly interacting polymer,
polystyrene. The kinetic mechanism is used to explain why the size distribution of nanoclusters formed
in polymeric media is narrow when compared to particles synthesized in small molecule solvents.

1. Introduction

In many systems, sample size does not affect the
material characteristics. However, in nanostructured
materials, chemical activity and mechanical or optical
properties are set by the (nano)domain size.1 Controlling
material properties requires, therefore, control of the
nanodomain size and size distribution, since polydis-
persity in domain size implies polydispersity in material
properties.

Recent studies have shown that conducting the syn-
thesis of inorganic nanoclusters in polymeric media
(either bulk/melt or solution) yields relatively narrow
size and morphology distributions.2-10 The synthesis
procedure usually involves mixing an inorganic precur-
sor (e.g., metal-carbonyl) into a polymeric suspension.
Cluster formation is then triggered, commonly, by
raising the temperature to initiate precursor decomposi-
tion and cluster formation.

Although the cluster size varies as a function of such
parameters as the type of polymer, the polymer con-
centration (when conducted in solution), or system
temperature,2-10 the narrow size distribution seems to
be a universal characteristic. For example, Gubin3

showed that the size of Co particles formed in polyeth-
ylene is 3.6 ( 1 nm, while iron clusters formed in that
matrix were on average 3.2 ( 0.3 nm. Similarly, we have
shown5 that γ-Fe2O3 clusters synthesized in melt poly-
styrene (PS) are 65 ( 4 nm, 25 ( 3 nm in polysulfone,
and 10 ( 2 nm in poly(methyl methacrylate) (PMMA).
It should be noted that, while the size of metal clusters
formed in polymer solutions is known to depend on the
polymer MW and concentration,6 the size of particles
formed in bulk polymeric media was found to be
insensitive to the polymer MW for both PS and PMMA
in the range 104-106 g/mol.5 The only exceptions to this
rule of narrow size distributions in nanoparticles syn-
thesized in polymeric media are systems where the

inorganic content is high, but there the polydispersity
has been traced to effects of flocculation.5

Although data to date suggest that the narrow size
distribution in polymer-controlled cluster synthesis is
relatively universal,2-10 the mechanism by which the
polymer “selects” a preferred nanocluster size has not
been determined. One possibility is that the polymers
“cap” or adsorb onto the particles once they reach a
certain size, thereby prohibiting further growth.3-6

Indeed, a mean-field model of equilibrium adsorption
onto nanoparticles suggests that polymer adsorption is
optimized on a specific nanoparticle radius.5,6 The
capping mechanism explains why the preferred radius
of particles synthesized in bulk polymer is independent
of the polymer MW, while particles formed in a polymer/
solvent suspension vary nonmonotonically with the
polymer length. It is also consistent with the observation
that particle size is independent of the precursor initial
concentration (below the flocculation threshold) and that
cluster dimensions decrease with increasing polymer/
particle compatibility.3,5,6

The capping mechanism, however, has one major
flaw. Consider a system of inorganic precursor in a
polymeric suspension. As the temperature is raised, the
precursor decomposes and aggregation is initialized.
Some stable clusters form at early times and grow until
reaching the preferred size set by polymer adsorption
and capping. New clusters continue to formsand grows
until they too reach the preferred size. Concurrently (in
finite systems) the suspension is depleted of precursor.
Eventually, the suspension is completely depleted of
precursor, and nucleation and growth is stopped. This
scenario suggests that, at any point in time, smaller
clusters that did not have a chance to grow to the
preferred (capping set) size will be observed. Yet, as
discussed above, the size distributions are narrow in
widely different systems, and particles that are much
smaller than the average size are not observed.2-10

Indeed, polydispersity in the particle size is as likely to
be due to particles larger than the average size as to
those smaller than that.2-10

To date, studies of nanocluster synthesis in polymeric
suspensions tend to focus on the particle properties and
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distribution at the end of the synthesis process. The goal
of this paper is to study the kinetics of nanocluster
nucleation and growth in polymeric suspensions, in an
effort to identify the nucleation and growth stages and
better understand the process by which the nanoclusters
are formed. This understanding may suggest the un-
derlying mechanism by which nanocluster formation in
polymeric suspensions yields uniform clusters.

We follow the synthesis of iron oxide (γ-Fe2O3) nano-
particles from the decomposition of iron pentacarbonyl
(Fe(CO)5) in two different types of polymeric media:
polystyrene (PS) and poly(methyl methacrylate) (PMMA).
PS is known to adsorb onto metal surfaces through weak
dipole-dipole interactions, while PMMA interacts with
the metal surface through the coordination of the
carbonyl groups on the acrylate side group, resulting
in a relatively strong bond, as shown in Figure 1.

The decomposition reaction of Fe(CO)5 leading to the
formation iron clusters is initiated by the loss of at least
one CO ligand in the iron precursor, followed by a
cascade of ligand dissociation and complex rearrange-
ments, giving rise to coordinatively unsaturated, multi-
nuclear iron complexes, having a higher metal/ligand
ratio than the original precursor.6-9 These Fe “active”
fragments, or “metallomers” (similar to the “mer”-based
nomenclature for polymers), are highly reactive,10,11

generating a nucleation and growth process that cul-
minates in the formation of nanocrystals. In systems
such as the case here, the presence of ambient oxygen
leads to oxidation of the Fe “active” species to give rise
to Fe2O3 particles:

where we neglect the released CO gas because it is
flushed out of the system.

We find that, in both PS and PMMA, the decomposi-
tion rate of iron pentacarbonyl may be described as an
exponentially decaying function with a characteristic
decay time that decreases with increasing system tem-
perature. The characteristic decomposition time is found
to be significantly higher in the strongly interacting
PMMA when compared to the weakly interacting PS.

To understand the kinetics of nanocluster formation
in polymeric media, we compare the (theoretically
calculated) rates of nucleation and growth. The expo-
nential decay rate observed suggests that the system
is dominated by the nucleation process and that growth
is suppressed. As will be shown below, the ratio of
nucleation to growth time scales is most sensitive to the

value of the surface tension between the clusters and
the media, which is a function of the chain MW;12,13 in
high-MW polymers, this ratio is much smaller than in
oligomeric solvents, thereby suggesting that nucleation
in these systems is rapid when compared to growth.

2. Materials and Methods

Sample preparation follows procedures previously pub-
lished.5,6 The polymer is mixed into an appropriate solvent,
e.g. methylene chloride (Fisher Reagent), for 24-48 h at room
temperature, followed by solvent drying using molecular sieve
pellets (Matheson, Coleman and Bell). 1 mL of filtered iron
pentacarbonyl (Alfa Products, Thiokol/Ventron Division) was
added dropwise to the dried polymer film, mixed for ∼5 min,
and then film cast onto sheets of glass. All films were analyzed
for iron content to determine actual Fe(CO)5 retained. Systems
examined included 5.0 g of polystyrene pellets (Polyscience,
Inc., Mh w ) 159 400 g/mol) initially dissolved in 30.0 mL of
toluene (Fisher-Reagent) at 50 °C and 5.0 g of PMMA pellets
(Polyscience, Inc., Mh w ) 323 000) initially dissolved in 32.2 mL
of chlorobenzene (Fisher-Reagent).

Thermal decompositions were carried out in a temperature-
controlled vacuum oven with controlled atmosphere capability.
Decomposition times and temperatures were varied for kinetic
measurements. The rate of iron oxide cluster formation was
measured by infrared spectroscopy on a Nicolet MX-1 and a
Nicolet Nexus 870 Fourier transform infrared spectrophotom-
eters. We monitored the increase in the intensity of the
asymmetric Fe-O stretching vibration of γ-Fe2O3 at 520
cm-1,14-16 yielding the infrared profile shown in Figure 2a. The
rate of precursor decomposition was determined by monitoring
the variations in the intensity of the two strong absorption
bands at 2019 and 1996 cm-1, corresponding to the asymmetric
and symmetric stretching vibrations of the carbonyl groups
in a hydrocarbon solvent (Figure 2b) and in the various
polymeric matrices used in the study (Figure 2c). The slight
shift to lower wavenumbers of the carbonyl absorption bands
in the polymeric medium is attributed to the restriction in the
mobility of the iron carbonyl species in the polymer matrix.
The carbonyl stretching band at 1996 cm-1, which was
observed to change during decomposition of the Fe(CO)5-
polymer films, was used to follow the kinetics and subse-
quently was also used for the calculation of the activation
energies for the thermal decomposition reactions in the
composite films. The absorptions of the infrared carbonyl
stretching band at 1996 cm-1 for polymer films with different
iron carbonyl initial standardized concentrations were used
to calculate the extinction coefficient, ε, for Fe(CO)5 in the
various polymers through the relationship Aabs ) dεiφi, where
d is the optical path, εi is the molar absorptivity of a given
species at a specific wavenumber, and φi is the molar concen-
tration of a given species in the system.20

Decompositions of Fe(CO)5 in a hydrocarbon solvent, e.g.,
ethylbenzene, in the absence of polymer were measured at
different temperatures and followed by infrared spectroscopy
in sealed demountable liquid cells equipped with either NaCl
or KBr polished crystals. Ethylbenzene (Fisher, spectroscopic
grade) was used as a reference. The molar extinction coefficient
was calculated by constructing a calibration curve, and the
value of 8000 L mol-1 cm-1 was used for determination of
Fe(CO)5 initial concentration in the ethylbenzene solution.

3. Results

The process of iron oxide nanocluster formation may
be divided into two steps: the formation of active Fe
fragments due to the loss of CO ligand(s) and aggrega-
tion of such active fragments into the stable iron oxide
nanoparticles.

Optimally, to measure the rate of nanocluster forma-
tion, we would follow cluster growth through the IR
peak associated with the iron oxide at 520 cm-1. Un-
fortunately, this characteristic absorption band resides

Figure 1. Cluster/polymer interactions: polystyrene (PS)
adsorbs on metal surfaces through weak dipole-dipole inter-
actions. Poly(methyl methacrylate) (PMMA) interacts with the
metal surface through the coordination of the carbonyl groups
on the acrylate side group, resulting in a relatively strong
bond.
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at the lower end of the mid-IR range of our instruments
and hence is susceptible to artifacts due to beam
cutoff.17,18 On the other hand, the rate of precursor
decomposition can be clearly monitored through the
decrease in the intensity of the carbonyl absorption
bands of Fe(CO)5 (see Figure 2). However, to use the
rate of precursor decomposition as a measure of nano-
cluster synthesis, we must be able to relate the two. As
described in eq 1, iron cluster formation involves several
steps. Since iron atoms are confined to the system (and
cannot, for example, evaporate as a gas), we can use a
simple mass balance on the iron atoms to relate the
different species’ molar concentrations. The precursor
concentration (which we will denote by φ5), the unstable
species (defined as φ), and the solid nanoclusters (φs)

where φ0 is the initial (molar) concentration of precursor
in the system, a known parameter, and φ5(t) is measured

as described in Figure 2. mFe is the MW of Fe atoms.
Thus, to evaluate the rate of solid nanocluster forma-
tion (∂φs/∂t), we need to be able to measure the concen-
tration of the unstable species, Fe(CO)m, where m < 5,
or Fex(CO)y, where x/y e 4.

When the decomposition of Fe(CO)5 is conducted in
oligomeric media (i.e., solvents), it is possible to observe
the formation and temporary accumulation of Fe3(CO)12
(x/y ) 4), as suggested by the appearance of its char-
acteristic carbonyl stretch at 2046 cm-1 (see Figure
3a).19,20 Under the specific experimental conditions
Fe3(CO)12 behaves as a metastable multinuclear carbo-
nyl complex and further loses a carbonyl ligand to gen-
erate unsaturated, unstable, and reactive species that
drive the formation of the iron “metallomers”. However,
Figure 3b shows that when the decomposition of
Fe(CO)5 is conducted in either of the bulk polymeric
media used in this work (PS and PMMA), the appear-
ance of this intermediate is not observed, regardless of
the decomposition temperature. We conclude that the
lack of an FTIR peak at 2046 cm-1 when the synthesis
is conducted in a polymeric environment is due to the
fact that the concentration of Fe3(CO)12 (and thus any
other intermediary species) remains below the detection
limit of the FTIR (e10-6 M). This implies that φ ≈ 0,
which leads (via the rearrangement of eq 2) to φs ≈ φ0
- φ5.

One may speculate that even if the concentration of
Fe3(CO)12, φ, is low, ∂φ/∂t may be large. In that case,
∂φs/∂t * -∂φ5/∂t, and we could not determine the rate of
cluster formation from the precursor decomposition rate.
However, ∂φ/∂t defines the net accumulation of the
intermediate species, namely, the difference between its
rate of formation through Fe(CO)5 decomposition and
rate of decomposition to the stable iron cluster. If the
net rate is positive, we should see some accumulation
of the intermediate species over time; yet, even at long
times after the initiation of the process, we do not see
the characteristic peak at 2046 cm-1. A negative value
of ∂φ/∂t indicates that the rate of cluster formation is
higher than the rate of precursor decomposition, in
which case cluster formation would be suppressed
rapidly by the depletion in the intermediate species.

The absence of detectable amounts of intermediate
species throughout the experiment suggests that the
rate of nanocluster formation, ∂φs/∂t, is equal (and oppo-
site in sign) to the decomposition rate of the precursor,
∂φ5/∂t. To examine this conclusion, we compare the
relative absorbance of the Fe(CO)5 peak, as a function
of time, to that of the Fe2O3 in one particular system
(Figure 3c): Both absorbance values are normalized by
their highest value (which in the case of the precursor
means the initial value, while for the cluster it is the
final value at long times). As discussed above, the inten-
sity of the species’ characteristic infrared absorption
band Aabs is linearly proportional to the molar concen-
tration of the species,20 so that the rate of change of the
normalized absorbance, ∂(A(t)/A0)/∂t is equal to ∂φ/∂t.

Comparing the rate coefficients for precursor decom-
position (∂φ5/∂t) to that of solid formation(∂φs/∂t), we
see that the two are opposite it sign and equal in
magnitude, thereby strengthening our claim that the
rate coefficients for both the decomposition of Fe(CO)5,
K1, and formation of Fe2O3, K3, are comparable.

Since we established that ∂φs/∂t ≈ -∂φ5/∂t, we can now
perform the quantitative kinetic analysis based on the
effective molar extinction coefficients of Fe(CO)5 at the

Figure 2. Infrared absorption spectra of iron carbonyl
(precursor) and iron oxide (cluster) in the reaction medium:
(a) The increase in the FTIR signature absorption bands of
γ-Fe2O3, specifically the asymmetric Fe-O stretch at 520 cm-1,
as a function of reaction progress. (b) Infrared spectrum of
Fe(CO)5 precursor in pure hydrocarbon solvent (toluene,
CH3C6H5) prior to decomposition. (c) Infrared spectrum of
Fe(CO)5 precursor in a polystyrene film, prior to decomposition.

mFe(φ5 + φ + φs) ) mFeφ0 (2)
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1996 cm-1 band. In Figure 4 we plot the decrease in
the iron carbonyl volume fraction in the two polymeric
matrices: poly(methyl methacrylate) (PMMA) and poly-
styrene (PS). We see that the precursor decomposes
faster as the temperature increases, in both types of
media, suggesting an endothermic process. Also, the
precursor decomposes faster in PS than in PMMA, as
indicated by the characteristic time scale required to
reduce the precursor concentration by a fixed fraction.

4. Kinetic Model
The data presented in Figure 4 show the decay rate

of the precursor, ∂φ5/∂t, which we have shown corre-
sponds to the rate of solid formation, -∂φs/∂t. Although
we can draw some qualitative conclusions (e.g., that
increasing the temperature increases the decomposition
and thus solid formation), quantitative analysis of the
rate of precursor decay and thus of cluster formation
requires understanding of the relationship between
cluster formation and time and its effect on the rate of
precursor degradation.

The kinetics of nucleation and growth have been
extensively studies (see, for example, refs 19-23).
However, most previous studies assume infinite reser-
voir, where φ5 remains constant with time, and thus
do not directly apply to our closed system.19-23 Thus,
we adapt here the traditional nucleation and growth
models to account for the finite precursor concetration
(namely, its depletion with time), as well as the fact that
the nanoclusters formed are extremely uniform in
dimeter.2-10

Cluster formation is divided into two stages: First is
the nucleation stage, where a critical number of atoms
come together to form a stable (critical) nucleus. Clus-
ters smaller than the critical size dissolve, while clusters
larger than the critical size are stable. The second stage
is the growth stage, where the stable nuclei grow
through the addition of more atoms.19-23 Classical
models for homogeneous nucleation and growth suggest
that the energy of an embryonic inorganic cluster of
volume V and surface area A is dominated by a
combination of the “bulk” energy (which is given by the
interaction energy gain due to association of the atoms,
or “monomers”) and the interfacial tension with the
surrounding media:

where F is the free energy of a given embryonic cluster,
ε is the net interaction energy associated with moving
an inorganic molecule from the environment into the
cluster (given on a per volume basis), a function of the
chemical potential difference between the two states
and, thus, of the inorganic molecule concentration, and
γ is the interfacial tension between the particle and its
environment. For a spherical cluster, the critical nucleus
size r* and the barrier for the critical nucleus formation
F* are given by

Clusters whose size is smaller than r* will dissolve,
since the energy gain due to association is smaller than
the energy loss due to formation of an interface. Clusters
larger than r* will continue to grow, since the interfacial
penalty is smaller than the gain due to addition of more
“monomers”, or molecules.

The rate of stable nuclei formation (per unit volume)
may be related to the energy barrier height, F*, through
the Boltzmann relationship

Figure 3. Determination of the relationship between the
decomposition of Fe(CO)5 and formation of Fe2O3: (a) The
absorbance spectrum of a decomposing solution of Fe(CO)5 in
ethylbenzene at 132 °C, showing the characteristic Fe(CO)5
absorption bands at 1996 and 2021 cm-1 and a new band at
2046 cm-1, identified as belonging to Fe3(CO)12, corresponding
to the asymmetric stretch of the terminal carbonyl groups. (b)
IR spectra of Fe(CO)5 decomposition in PMMA (at 132 °C) in
the 2046 cm-1 range; we see the absence of any peak
characteristic of Fe3(CO)12. The peak is not detectable in either
PS or PMMA at all the temperatures and time scales examined
in this study. Note that, in comparison, this peak is extremely
visible for iron pentacarbonyl decomposition in ethylbenzene
(a). (c) Comparison of the absorbance of Fe(CO)5, normalized
by the absorbance value (A*) at t ) 0 (triangles) and Fe2O3,
normalized by the value (A*) of absorbance at t ≈ 65 h
(squares), as calculated on the basis of the relative intensity
of their characteristic infrared absorption bands in PMMA (at
132 °C). As discussed in the text, A/A* is an indicator of the
relative concentration of each species. Error bars are smaller
than the symbol size. The lines describe a fit to an exponential
function (see the discussion for Figure 4). We find that the
normalized absorbance, a measure of concentration, of the
precursor Fe(CO)5 scales as e-0.07t, while that of the Fe2O3
scales as e0.06t. Thus, the rates of precursor decomposition and
cluster formation are approximately equal, -∂φ5/∂t ) 0.07 ≈
∂φs/∂t ) 0.06, as expected from the fact that there is no
detectable amount of intermediates (unstable species).

F ) -εV + γA (3)

r* ) 2γ
ε

(4a)

F* ) 16πγ3

3ε
2

(4b)

dn̂
dt

≈ Rφe-F*/kT (5)
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where R is a rate constant, a function of the diffusion
coefficient of atoms in the media (D), ñ is the number
of clusters per unit volume, k is the Boltzmann constant,
and T is the temperature. The linear dependence of the
nucleation rate on φ, the concentration of unstable
species, reflects the fact that the probability of atoms
coming together to form a critical cluster increases with
the concentration of the (unstable) species.

Once a stable cluster, or nucleus, is formed, it may
grow through two mechanisms: (a) molecular species
addition and/or (b) aggregation with other nuclei. The
rate of molecular addition is dominated by molecular
transport through the suspension media (namely, dif-
fusion). Aggregation is a more complex process, since it
depends on both the rate of transport of the clusters and
the strength of cluster-cluster interactions, and has
been shown2-10 to be negligible in systems where the

metal volume fraction was lowsas in the cases studied
in this paper. Moreover, aggregation of clusters does not
affect the (measured) concentration of iron oxide or the
depletion in precursor concentration.

Cluster growth through molecular addition is con-
trolled by the diffusional flux to the clusters. The full
diffusion/growth problem is complex and cannot be
solved analytically, since it involves a moving bound-
arysthe cluster radiussas well as a time-dependent
diffusant concentration. However, applying a simpli-
fied approach, we can define the flux to the growing
cluster through a “boundary layer”, where the con-
centration of unstable iron molecules at the cluster
interface is zero, and outside the boundary layer it is
given by the average suspension concentration. The
increase of the cluster radius r with time is roughly
given then by

Figure 4. Normalized volume fraction of Fe(CO)5, φ5, as a function of time. (a) Fe(CO)5 in PS in 143 °C. Data fits shown include
linear (L), power law (P), and growth dominated (G) as in eq 11 and exponential (E), as given by eq 9. We see that only the
exponential fit captures the correct trends. (b) Fe(CO)5 in PS for T ) 138 °C (circles) and T ) 143 °C (squares). Both temperatures
are above the polymer Tg. Error bars are smaller than the symbol size. Lines describe a fit to an exponential decay, as predicted
from the nucleation-dominated analysis (eq 9). (c) Fe(CO)5 in PMMA for T ) 138 °C (circles) and T ) 143 °C (squares). Both
temperatures are above Tg. Error bars are smaller than the symbol size. Lines describe a fit to an exponential decay function.
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where D is the diffusion coefficient of the unstable
species in the media and L the characteristic length
scale of the diffusion boundary layer thickness.

Combining the nucleation and the growth rates, we
get for the overall concentration (or volume fraction) of
the solid clusters

where clusters nucleated at time t′ grow through the
diffusion process over the period (t - t′).

When the concentration of iron pentacarbonyl is
constant (e.g., an infinite reservoir), the rates of new
nuclei formation and growth are constants as well. If
dr/dt is constant (see eq 6), r(t) scales as t, and eq 7
yields a cluster formation rate that scales as t2, which
translates to a precursor decay rate that scales as -t2.
However, it is clearly seen (Figure 4) that the rate of
cluster formation, or iron pentacarbonyl decay, cannot
be described by such a function.

Moreover, if nucleation and growth have similar rates,
then the resulting clusters must be polydisperse: As
shown in Figure 5, clusters formed initially can grow
to larger sizes than clusters formed at later stages. This
is exacerbated by the continuous depletion of the
precursor, which would further suppress the growth of
clusters formed at long time when compared to those
(already large ones) nucleated initially.

On the other hand, if one rate dominates (Figure 5),
then the cluster distribution will be narrow: If nucle-
ation is rapid but growth is slow in comparison, then
(regardless of when a cluster was formed) all clusters
will remain more or less at the critical cluster size, r*.
On the other hand, if nucleation is slow when compared
to growth, the clusters formed initially will rapidly grow
and deplete the suspension, thereby suppressing further
nucleation. Obviously, this analysis is overly simplified
and idealized, but it allows us to calculate rate constants
applicable to these two limits.

In the case where the nucleation rate dominates
(namely, growth is suppressed), r remains constant at
r*, so that eq 7 may be written as

for simplicity we neglect numerical coefficients such as
(4π/3). This yields a classical exponential decay:

where τ is the characteristic nucleation time, equal to

Large values of τ indicate slow nucleation, and thus
decomposition rate, while a low value of τ describes a
rapid decrease in the iron-carbonyl concentration due
to rapid nucleation.

In the opposite regime, F*/kT is very large so that ñ
remains constant (at the initial value n̂ ∼ φ0e-F*/kT) and
does not increase with time. The reduction in the iron-
carbonyl concentration is therefore dominated by the
diffusional flux to the clusters. (Note that cluster growth
by flocculation will not affect the concentration of the
iron-carbonyl atoms.) Assuming that all clusters are
(more or less) similar in size, the depletion in the iron-
carbonyl volume fraction is equal to the volume of the
growing clusters:

This leads to (assuming that r* is small)

where the characteristic decay time scale here is given
by â ) L/Dφ0

2/3(4πn̂/3)1/3. Note that, unlike the decay
rate associated with the nucleation process (τ), which
is independent of φ0, â is inversely proportional to the

dr
dt

≈ D
L

φ (6)

φs ) ∫0

t∫t′

t dn̂
dt

|t′r2 dr
dt

dt′ dt (7)

φs ≈ φ0 - φ5 )

∫0

t dn̂
dt

|t 4πdr*3

3
dt ∼ ∫0

t
keaφ5r*3e-F*/kT dt (8)

φ5

φ0
≈ e-t/τ (9a)

τ ) 1
aker*3e-F*/kT

) 1
aker*3

eF*/kT (9b)

Figure 5. Effect of nucleation and growth rates on the
nancluster size distribution. The dark spheres denote the
dispersed molecular species. Stable nuclei (r*) are taken, in
this system, to be 4 molecules (or atoms) large. In the
nucleation dominated regime (left), clusters that are smaller
than 4 units dissolve, while those that are equal to 4 units
remain stable. However, since the growth rate is much slower
than the nucleation rate, the suspension is depleted before
significant growth occurs, thereby leading to a uniform dis-
tribution of clusters of size 4. In systems where both rates are
similar (center), nucleation and growth occur simultaneously.
As a result, clusters formed initially grow to be much larger
than those nucleated at later stages, and the cluster size
distribution is large. When the growth rate dominates (right),
nucleation takes place only initially. Once some nuclei formed
growth takes place, rapidly depleting the suspension and
inhibiting further nucleation. The resulting clusters are
relatively uniform in size.

φs ≈ φ0 - φ5 ) 4π
3

n̂r(t)3 (10)

r(t) ∼ xe2t/â - 1 (11a)

φ5

φ0
≈ 1 - (xe2t/â - 1)3 (11b)
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initial iron-carbonyl volume fraction. Thus, growth
occurs more rapidly in systems with higher precursor
concentrations. The average volume of the clusters is
therefore given by the overall amount of precursor (Vφ0,
where V is the suspension volume) divided by the
number of nuclei, n̂. Since in this limit the nuclei form
only initially before significant precursor depletion
occurred, n̂ ∼ φ0 (eq 5). As a result, the average size of
the clusters is expected to be insensitive to precursor
concentration.

5. Discussion
The synthesis of metal nanoclusters in polymeric

media is known to yield narrow cluster size distribu-
tions.2-10 In this paper we examine the kinetics of iron
oxide nanocluster formation in polymeric (bulk) media
by following the decomposition rate of the precursor,
iron pentacarbonyl. The rate of precursor decomposition
can be used to determine the rate of colid cluster
formation, since we show that the concentration of
intermediate species is negligible (Figure 3).

We suggest that a uniform, or monodisperse, cluster
population can be obtained only if either nucleation or
growth dominates cluster formation (see Figure 5).
Similar rates for these two stages will yield a polydis-
perse distribution.

In Figure 4 we attempt to fit our data to the rate
functions derived for the two stages. We see that the
decomposition rate is successfully described by the
exponential decay function for both polymers at all the
temperatures examined and that large deviations are
seen when attempting to use the growth function (or,
indeed, extraction of the nucleation rate constants yields
(see Figure 6) that the rate constants for both PS and
PMMA decrease with temperature, namely, the rate of
nucleation increases with increasing temperature.

If the rate of nucleation dominates, eq 9b suggests
that the temperature dependence of the characteristic
time constant, τ, scales as eF*/kT. The values of the fit-
ting parameters may be used to yield quantitative
information regarding the system (assuming for sim-
plicity that the transport rate in both polymers, R, is
similar): The prefactor to the exponential should cor-
respond, according to eq 9b, to 1/(Rr*3), thereby sug-
gesting that (r*PS/r*PMMA) should be equal to ≈3.8.
Previously, we measured the equilibrium size of iron
oxide nanoclusters synthesized in the two types of
polymers,5 finding that the cluster size in PS is 65 ( 4
nm and 20 ( 2 nm in PMMA (independent of temper-
ature or precursor concentration); namely, their ratio
is ∼3.25squite similar to the one predicted by the
nucleation-dominated model. The nucleation energy
barrier, F*, is found to be slightly lower for PMMA than
for PS (a factor of ∼0.9), also as may be expected from
the fact that the interactions between PMMA and the
iron clusters are more favorable than those of PS.

Equation 9b also helps explain why the characteristic
time scale for the precursor depletion is higher (slower)
in PMMA than in PS: the significant parameter setting
the rate is the surface tension between the nucleating
particles and the surrounding media. In PMMA, the
interactions are more favorable than in PS, leading to
smaller surface tension, smaller equilibrium particles,
and slower decomposition rates.

Our results thus far are consistent with the supposi-
tion that in polymeric media the nucleation rate is much
faster than growth rate. Note that this does not neces-
sarily imply fast kinetics; indeed, we find that the
characteristic time scales may be on the order of hours,
but it does means that growth would be even slower.
In small molecule solvents, the wide range of particle
sizes suggests that the two rates are comparable (see
Figure 5). Why then is nucleation faster, when com-
pared to growth, in polymeric media but not in small
molecule solvents?

To answer this, we need to compare the ratio of the
characteristic time scales for nucleation and for growth,

where we have used the relationship n̂ ∼ φ0eF*/kT and
neglected numerical coefficients of order 1.

One issue that may significantly differentiate the
rates of nucleation and growth in oligomers when
compared to polymeric media is the transport rate of
small molecule (precursor, unstable) species. The trans-
port rate of molecular species in polymeric melts is well-
known to be much slower than in small molecule
solvents.23 However, both R and D are rate constants
describing the transport of molecular species in the
media. Thus, it is reasonable to expect that, although
their magnitudes are smaller in polymers than in
solvents, their ratio will be largely unchanged. We also
expect the thickness of the diffusion layer (L) and the
energy of metal atom association (ε) to be similar in
small molecule and polymeric media of similar chem-
istries (e.g., PS and styrene or toluene).

Combining these, we reach the following conclusion:
The ratio of the nucleation and growth time scales is

Figure 6. Nucleation time constant (τ) as a function of system
temperature in PMMA (triangles) and PS (spheres). All
temperatures are above the Tg of either polymers. The rate
constants were calculated from a fit of the data to an
exponentially decaying profile, as shown in Figure 4. We see
that the decay rate in PMMA is always higher than in PS,
indicating a slower decomposition rate. The lines describe a
fit to the function AeB/T. For PMMA, A ≈ 2.5 × 10-8 and B ≈
8980. For PS, A ≈ 4.6 × 10-10 and B ≈ 8100. According to eq
9b, A scales as 1/r*3, suggesting that the ratio of the PS criti-
cal nucleus size to that of the PMMA is approximately (2.5 ×
10-8/4.6 × 10-10)1/3 ) 3.8. Previous studies5 have shown that
the ratio between the equilibrium cluster sizes in PS and
PMMA is 3.25.

1
ar*3e-F*/kT

, L
Dφ0e

-F*/3kT
(12a)

e32πγ3/9ε2kT

(2γ/ε)3
, RL

Dφ0
(12b)
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set by the interfacial tension between the media and
the nucleating clusters. For nucleation to be more rapid
that growth e32πγ3/9ε2kT must be small relative to some
constant (8RL/Dε2φ0), while high values of this expo-
nential factor indicate similar rates.

The surface tension of polymers varies as γ ) γ0 -
γ1/Mn or as γ0 - γ2/Mn

2/3, where Mn is the polymer
molecular weight.12,13 In Figure 7 we plot the ratio of
the nucleation to growth time scales as a function of
Mn: we see that the ratio of the rates is high in the limit
of low molecular weights and decreases as the molecular
weight increases. Thus, in high-MW media, the ratio
between the characteristic time scale for nucleation to
growth is expected to be smaller than in the equivalent
oligomeric solvent, thereby leading to the dominance of
the nucleation stage.

In conclusion, we examine here the kinetics of iron
oxide nanocluster synthesis in polymeric media. We
follow the rate of precursor decomposition as a function
of time and decomposition temperature, as a measure

of the cluster formation rate. We find that in both PS
and PMMA, at all temperatures examine, the system
is dominated by the nucleation stage and that growth
is largely suppressed. The rapid rate of nucleation, when
compared to growth, is linked to the effect of chain MW
on the surface tension between the polymeric media and
the nanoclusters.
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Figure 7. Effect of chain MW on the ratio of the nucleation
time scale to growth time scale (eq 12). We use the correla-
tion γ ) γ0 - γ1/Mn, as suggested in the literature.12,13 A )
32π/9ε2. All constants are taken to be equal to 1 for simplicity,
and the y axis is normalized by the value at MN ) 1. We see
that the ratio of the two time scales decreases significantly
with increasing chain MW, thereby suggesting that in high
MW systems the rate of nucleation becomes smaller when
compared to growth.
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