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Iron nanoparticles as potential magnetic carriers
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Abstract

Using a sequential synthesis o!ered by reverse micelles, stable magnetic nanoparticles based on iron can be formed.
Sequential synthesis allows an iron core to be passivated by a thin layer of gold. These nanocomposite materials o!er
enhanced magnetic properties over existing iron oxide-based particles as well as reduced non-speci"c binding of proteins
due to the small size. Published by Elsevier Science B.V.
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1. Introduction

Over the past 10 years the computer and
semiconductor industry has been fueling an explos-
ive growth in materials research to reach the lofty
goals required by the market. This explosion has
pushed research for new materials into the
nanometer size regime. Nanoparticles have been
synthesized in a variety of methods ranging from
sputtering to chemical vapor deposition [1]. Cur-
rently, one of the most versatile methods explored
are wet chemical methods such as the microemul-
sion technique [2].

Microemulsion techniques rely on the self-as-
sembly nature of surfactants to push aqueous react-
ants into a micelle. Due to the dynamic nature of
micelles, aqueous components can come together
and react to form particles that are constrained to
the size of the micelle. By changing the reaction

conditions the methods can even be applied se-
quentially to form core}shell structures [3]. Origin-
ally, this sequential methodology was used with
similar materials such as CdS/CdSe, and CdS/ZnS
[4,5]. The synthesis using reverse micelles o!ers
a preferred method for preparing nanoparticles
that have a very narrow size distribution and very
uniform morphology. Synthesizing core}shell
structures has many advantages, such as tailoring
the magnetic properties, functionalizing the par-
ticles, and protecting the particles [6]. Iron
nanoparticles often are pyrophoric due to their
high surface area. By coating an iron nanoparticle
with a stable noble metal like gold, the iron is
protected from oxidation. Further, since gold is
diamagnetic the magnetic properties of iron would
not be adversely a!ected.

2. Experimental

The reverse micelle reaction is carried out using
cetyltrimethylammonium bromide (CTAB) as the
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Fig. 1. A typical powder di!raction pattern collected using a Phillips-Norelco X-ray di!ractometer with a graphite monochromator and
PMT detector. The peaks can be indexed to the reference pattern of gold and iron.

surfactant, octane as the oil phase, and aqueous
reactants as the water phase [7]. Varying the water
to surfactant ratio (�) can form micelles ranging in
size from 5 to 30m thus leading to careful control
over the particle size. A co-surfactant of n-butanol
is used to help decrease the fraction of the micellar
head group that is neutralized and thereby increase
the stability of the micelle [8].Without the addition
of the co-surfactant, the amount of free water avail-
able to carry on the reactions is greatly reduced, as
most of the water is locked in the head group of the
CTAB [9].

The metal particles are formed inside the reverse
micelle by the reduction of a metal salt using so-
dium borohydride. The sequential synthesis o!ered
by reverse micelles is utilized to "rst prepare an
iron core by the reduction of ferrous sulfate by
sodium borohydride. After the reaction has been
allowed to go to completion, the micelles within the
reactionmixture are expanded to accommodate the
shell using a larger micelle containing additional
sodium borohydride. The shell is formed using an
aqueous hydrogen tetrachloroaurate solution. The
particles are then washed, collected in a magnetic
"eld and dried under vacuum. The dried powder is
analyzed using powder X-ray di!raction (XRD),
SQUID magnetometry, transmission electron micro-
scopy (TEM) and electron dispersive absorption
spectroscopy.

3. Results

A typical XRD plot is presented in Fig. 1. The
plot reveals a typical pattern for face centered cubic
(FCC) gold. The pattern for a body centered (BCC)
iron is obscured under the gold. During extended
scan times, the overlapping peaks begin to separate,
but due to the extended times needed to resolve
iron from gold, XRD is used to con"rm the pres-
ence of gold. This conclusion is also con"rmed in
the electron di!raction patterns where there is a dif-
fusion of the rings due to a slight mismatch between
the overlapping of 200, and 220 of the FCC gold
di!usion rings with 110, and 220 of the BCC iron
rings. Although di!raction studies cannot di!eren-
tiate between iron and gold in the system, they do
demonstrate a high degree of crystallinity and uni-
formity in the particles. The peak location can be
indexed to that of FCC gold structure [10]. A rep-
resentative transmission electron micrograph is
presented in Fig. 2.

Elemental analysis of the particle was carried out
using EDAX attached to a TEM. By focusing the
electron beam to two nanometers on EDS mode,
the results showed that the particles are 67% iron
and 33% gold corresponding to a particle which is
7 nm in diameter coated with a 1 nm thick shell of
gold. This was con"rmed with the magnetic charac-
terization. A representative magnetic susceptibility
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Fig. 3. Field-cooled and zero-"eld-cooledmagnetic susceptibility versus temperature plot. The samples were cooled and measured in an
applied "eld of 1000Oe. The inset presents a magnetization versus "eld plot measured at 10K at a "eld sweep between !50 and 50 kOe.

Fig. 2. TEM image of a sample of 12 nm iron}gold particles
(dark spots). Lighter areas are the surfactant CTAB. The bar
length equals 25 nm.

plot, presented in Fig. 3, exhibits a cusp in the
zero-"eld cooled (ZFC) susceptibility at the block-
ing temperature, ¹

�
. Above ¹

�
, in the super-

paramagnetic regime, the particles are free to align
with the "eld during the measuring time and depart

from the ZFC susceptibility at a temperature near
the ZFC maxima and monotonically increase be-
low this temperature. For a superparamagnetic sys-
tem, the blocking temperature is dependent upon
the measuring "eld.

Below the temperature where the nanocom-
posites have superparamagnetic behavior, the
nanomaterials reveal a remanent magnetization
and coercivity. The inset in Fig. 3 records the mag-
netization of the gold-coated iron, Au@Fe, sample
as the magnetic "eld of the susceptometer cycles
between #50 and !50 kOe. Remanent magnetiz-
ation (M

�
) and coercivities (H

�
) for all nanopar-

ticles are 13.67 emu/g and 400Oe, respectively.
Above the blocking temperature, in the super-
paramagnetic regime, no coercivity or remanence is
observed. An estimate of the average magnetic size
can be obtained from the slope of the magnetiz-
ation near zero "eld. As stated in Ref. [11], the
major contribution to the slope near zero "eld for
superparamagnetic particles with a size distribu-
tion, comes from the largest particles and therefore,
an upper bound for the magnetic size may be esti-
mated. Using the data shown in Fig. 3 and accord-
ing to the equation,
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Table 1
For comparison purposes, two commercial magnetic carriers
were dried and prepared in a manner similar to the gold}iron
nanocomposites

Material Size diameter
(nm)

Iron content
(%)

Susceptibility at
)300K (emu/cm	)

Seramag 850 17 3.29�10
�

Dynal 2400 12 2.72�10
�

Gold}Iron 12 65 6.57�10
�

where d
���

is the maximum diameter, k the Bol-
tzmann constant, ¹ the temperature (100K), dM/
dH"the slope near zero "eld (0.0308 emu/
gOe), and � is the density of iron (7.97 g/cm	), the
magnetic particle size for Fe can be determined.
Assuming that the saturation magnetization,
M


corresponds to that of the bulk material

(220.7 emu/g), the magnetic diameter of the par-
ticles is 4.1 nm. This is di!erent from that calculated
from the elemental analysis collected from EDAX
but not unexpected. It is common with nanopar-
ticles synthesized in reverse micelles to have a layer
on the surface that is magnetically &dead'. This
comes from disordered surface spins on the iron
core [12]. The thickness varies with the reaction
conditions but is usually between 1 and 2nm thick.

4. Conclusions

This work demonstrates a method for the syn-
thesis of a uniform nanocomposite made from iron
with a gold shell. Since the coating is uniform, the
particles are not air-sensitive unlike most metal
nanoparticles. This allows for a much smaller and
more versatile magnetic nanoparticles with poten-
tial uses as a magnetic carrier.

The magnetic properties of the particles are com-
pared with two other commercial magnetic car-
riers, Seramag M-280 and Dynal Dynabeads in
Table 1. In each case, the commercial products rely
on magnetic iron oxides. Iron nanoparticles o!er
an order of magnitude greater susceptibility at
room temperature. This translates to lower mag-
netic "elds needed to manipulate the particles or
improved localization of the particles. In addition
to the improved magnetic properties, gold-coated
iron nanoparticles have increased functionality as
a result of the very diverse chemistry associated
with gold.

The smaller size of the particles allows additional
advantages. The particles have a much lower sur-
face area reducing non-speci"c protein binding.
Since many immunological responses rely on sur-
face antigen recognition, the smaller size should
result in a reduced immunological response. The
smaller size and improved magnetic properties

combined suggest that iron-basedmagnetic carriers
would be superior to the existing iron oxide-based
carriers.
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