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The size of iron oxide nanoparticles, prepared from the thermal
decomposition of Fe(CQO)s in a high boiling solvent in the
presence of oleic acid, is affected by water concentration, giving
particles from sizes of 5.6 nm to as low as 2.2 nm.

The size control of near monodisperse iron and iron oxide
nanoparticles synthesized from the thermal decomposition of
Fe(CO)s in high boiling solvents and surfactants is well estab-
lished. However, the processes associated with Fe(CO)s decom-
position and subsequent particle formation are extremely
complex and ill-understood.!> Many factors, such as solvent
and surfactant choice,™ concentration ratios,® reaction
times*’ and temperature* have been shown to play important
roles. Even so, not all of the impacting factors have been
identified. Recently, several research groups have attempted to
separate and understand these factors in order to tailor particle
size. Despite many modes of control, most studies have
achieved sizes in the 3-20 nm range™® and very few have
shown particles with average diameters below 4 nm.*° The
most recent foci for attaining size control have been methods
aimed at the separation of nucleation from growth pro-
cesses.”'® As described by the LaMer model, growth onto
existing particles is thermodynamically favourable, yet nuclea-
tion is kinetically favoured when the concentration of the active
species involved in nucleation is high.'"'* By extension, there
are two general modes of attack for achieving small particles,
namely increasing the number of nucleation events or inhibit-
ing growth on the nucleated particles.

The latter has been studied by using surfactants that interact
strongly with particle surfaces to inhibit growth. Weakly
binding surfactants, such as oleylamine, give larger parti-
cles.'*!1> A combination of trioctylphosphine and trioctylphos-
phine oxide has been shown to give 3 nm particles.®? Oleic
acid and other long chain carboxylic acids are the most
commonly used surfactants for obtaining some of the smallest
monodisperse particles reported for the thermal decomposi-
tions of Fe(CO)s in high boiling solvents.*’ Oleic acid and
oleate salts under varying synthetic conditions yield mono-
disperse particles in the 4-22 nm range.>'®'” However, Hyeon
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et al. have shown that increasing the oleic acid : Fe(CO)s ratio
counter-intuitively increases particle size. This has been attrib-
uted to oleic acid binding the reactive species as iron oleate
complexes and inhibiting nucleation events.'” This counteracts
the achievements of inhibiting growth.

In order to increase nucleation events, in essence some
method should be developed to achieve rapid decomposition
of Fe(CO)s. Hyeon et al. have described nucleation as result-
ing from Fe(CO)s decomposition and growth occurring from
the more stable iron oleate complexes that are created in situ or
by subsequent addition.'®!'® Fe(CO)s decomposition can be
aided by increasing reaction temperatures,® but nucleation is
inhibited by the formation of iron oleate complexes at high
temperatures. One of the earliest reported syntheses of mono-
disperse iron/iron oxide nanoparticles by thermal decomposi-
tion of Fe(CO)s used polymers as “‘surfactants” which were
shown to catalyze the decomposition. Despite the catalysis, the
smallest particle sizes reported were 6 nm.>

Here, we report evidence that water promotes the decom-
position of Fe(CO)s to increase nucleation events and de-
creases particle size down to 2.2 nm and, as such, is an
important factor in determining the particle size.

Particles were synthesized from the thermal decomposition
of Fe(CO)s in oleic acid and benzyl ether as outlined in
Supporting Information.t The decomposition of Fe(CO)s in
high boiling solvents gives Fe(0) nanoparticles,!” and

Fig. 1 Brightfield TEM images of iron oxide nanoparticles synthesized
from the thermal decomposition of Fe(CO)s in benzyl ether and oleic
acid (bar = 10 nm): (a) 101 ppm H,O, particle diameters = 5.6 + 0.5
nm; (b) 181 ppm H,0, 4.9 + 0.6 nm; (c) 657 ppm H>0, 3.5 + 0.4 nm;
(d) 1590 ppm H,0, 2.2 £+ 0.4 nm.
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Fig. 2 The effect of water concentration on the average particle
diameter in the thermal decomposition of Fe(CO)s to give iron oxide
nanoparticles. Error bars are the standard error of the mean to
highlight the differences in samples at the same water concentration.
A curve is presented to guide the eye.

subsequent oxidation in ambient conditions gives crystalline
v-Fe>05 nanoparticles'® (Supporting Informationt).

A distinctive trend relating particle size and initial water
concentration was observed (Fig. 1 and Fig. 2). ANalysis Of
VAriation (ANOVA) between the different water concentra-
tions indicated the groups are statistically different at more
than 99.999% confidence. Tukey’s test for multiple compar-
isons over the different water concentrations indicates a
statistically significant decrease in particle size with water
concentration (Supporting Informationf). With a water-
saturated solution (~ 1600 ppm), average particle sizes were
as low as 2.2 nm. At much lower concentrations of water
(~100 ppm), average particle sizes were as large as 5.6 nm
using otherwise identical reaction conditions. The standard
deviations of the particle sizes for each data set were typically
below 0.6 nm (see Supporting Informationt).

Several explanations for this trend were dismissed based on
literature precedent. It was possible that water was behaving
as a base, deprotonating the oleic acid to oleate making it a
more strongly binding surfactant. However, the addition of
other bases, such as short chain amines, gave larger particles.’
Equally, the addition of oxidants into the reaction mixture,
another possible role for the water, also gave larger particles.'”

Instead we propose that the water becomes intimately
involved in the decomposition of Fe(CO)s to afford a more
rapid decomposition and thereby increases nucleation events.

Fe(CO)s is a well studied model catalyst for the water-
gas-shift reaction outlined in (1),

Fe(CO)s
H,0+CO —" H, +CO, (1)

The activation energy for the catalyzed reaction in (1) has been
measured to be 22 kcal mol™' in water—methanol'® and
19 kcal mol~" in the gas phase.'® The rate-determining step
is the initial addition of water, loss of a proton and insertion to
form Fe(CO),COOH.'® Without CO overpressure, decarbo-
nylation is rapid and it is not rate-determining in the decom-
position of Fe(CO)s.'? Indeed, the further loss of CO from the
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Fig. 3 Log-log plot of average particle diameter versus water
concentration.

catalyst to form polynuclear iron complexes has long been
known.'%

The rate-determining step for Fe(CO)s decomposition in the
absence of water-gas-shift conditions is the first decarbonyla-
tion. This process has an activation energy nearly twice that of
the water-gas-shift reaction at 40 kcal mol~".?! Therefore, the
presence of water lowers the activation energy for the decom-
position of Fe(CO)s by nearly a factor of 2. Since the rate of
reaction is exponentially related to the negative of activation
energy by the Arrhenius equation,® this lowering of the
activation energy markedly increases the decomposition rate
to afford a higher concentration of the unidentified active
species for particle formation. This, in turn, leads to more
nucleation events and decreased particle size.

A log—log plot of the data (Fig. 3) gives a linear trend with
an equation:

log d = —0.30 log [H,O] + 1.3 R*> = 0.8013 )

where d is the average particle diameter. The R of 0.80
indicates a strong correlation between the two variables. The
value is a result of the scatter in the plot (the source of which
will be discussed shortly) around the underlying linear trend.*
The relationship can be expressed as:

d = 21[H20]—0.30 (3)

A physical interpretation of this result is not straightforward
and requires a theoretical understanding of the relationship
between particle volume, diameter and nucleation sites. Since
the amount of Fe(CO)s in each reaction is constant, it can be
assumed the total amount of iron is the same for every sample.
Therefore the total volume, Vi, of iron oxide is constant and
may be expressed as the sum of all of the spherical particle
volumes:

n . dn 3
Vit = Zgﬂf b} 4)
n=1

where n is the number of particles. Assuming our samples
are monodisperse (i.e., the diameters are equal), eqn (4) simpli-

fies to:
A\ °
Viot = n%n (5) (5)
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Fig. 4 FT-IR of the gas released from the thermal decomposition of
Fe(CO)s in benzyl ether and oleic acid. Peaks indicative of Fe(CO)s are
off-scale to allow visualization of the other components.

Rearrangement gives:

1
d= (%) s (©)
T
Using our hypothesis that water is intimately involved in
nucleation and the concentration of water is directly propor-
tional to the number of nuclei formed, a relationship is devel-
oped which describes the experimental results. Collecting
constants as k, a theoretical relationship of:

d = k[H,0] % (7

results, which is consistent with our experimental exponential
dependency of —0.30 (3). This further supports the hypothesis
that water is involved in nucleation.

To confirm water-gas-shift processes were indeed occurring,
the gases emanating from the reaction were collected and
analyzed by gas phase Fourier transform infrared spectroscopy
(FT-IR) (Fig. 4). Ambient CO, was minimized and subtracted
from the spectrum. FT-IR analysis confirmed four gases re-
leased from the reaction solution: CO (R and S rotational bands
at 2170 and 2115 cm ™), Fe(CO)s (11 bands between 2002-2041,
644, 619 cm™ "), CO, (R and S rotational bands of the asym-
metric stretch at 2360 and 2339 ecm™') and water vapour
(asymmetric stretching modes between 3500-3800 cm™", bend-
ing modes between 1500 and 1900 cm™").

The presence of CO is consistent with the decomposition of
Fe(CO)s and the presence of CO, confirms water-gas-shift reac-
tions occur despite the acidic conditions.'” The other gas pro-
duced by the water-gas-shift reaction, H,, was not identified as it
is not IR active. As the reaction temperatures were well above the
boiling points of Fe(CO)s (bp 103 °C)? and water, the presence of
a very strong absorbance from Fe(CO)s and a weaker contribu-
tion from H,O is not surprising. However, their presence indicates
the concentrations of these two species in solution are somewhat
variable. For this reason, every effort was made to ensure
consistent heating rates and identical reaction apparatus were
employed so that these effects would be as systematic as possible.

Consistent heating rates and resting temperatures were vital
to the observation of the present trend (Fig. 2). Compared to
the ~ 1 h heating time to reach ~200 °C (Fig. 2), when heating
took at least twice as long to reach the resting temperature
much larger particles were obtained: 4.4 + 0.5 nm at initially
1073 ppm H,O and 4.6 £+ 0.5 nm at initially 1590 ppm H,O.
Slower heating allows more substantial evaporation of H,O,

reducing the influence of water-gas-shift chemistry for
Fe(CO)s decomposition.

This effect of heating rates on the particle diameter is the
likely cause of the observed scatter in the plot (Fig. 2). In
repetitive experiments at the same water concentrations
ANOVA revealed the samples were indeed statistically
different (Supporting Informationt, visualized as error bars
in Fig. 2). Small variations in heating rates resulted in subtle
changes in the H,O concentration causing scatter in the plot.

The present findings illuminate the influence of water con-
centration on particle size in the decomposition of Fe(CO)s to
give near monodisperse nanoparticles of iron oxide. Average
particle sizes were observed to range from 5.6 nm down to
2.2 nm by simply changing the water concentration.
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